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Opportunities offered by the use of HTS in Fusion

1. Possibility to work at higher temperature (10 + 20 K, instead of at 4.5 K)

« Decrease of operating costs

 Remarkable improvement in heat absorption capability: between 4 K and 20 K
thermal conductivity and specific heat of materials (steel, Al, Cu) increase
substantially. BUT less effective cooling from Helium.

» Possibility to abandon Helium as a coolant?

2. Possibility to work at high |_ /I, with large temperature / stability margin

op’''cr
A. J. Creely and others

3. Possibility to access higher magnetic fields 1w«
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Opportunities offered by the use of HTS in Fusion

These efforts reflect a dynamic and diversified HTS technology
ecosystem, with startups pushing rapid prototyping while public
sector laboratories pursue long term development trajectories.®
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Relevant HTS Materials for Fusion

Whole Wire Critical Current Density (A/mm?, 4.2 K)
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es and Cables: Materials and Processing

Relevant HTS Materials for Fusion

Bi-2212 round wires: EM behaviour resembles Nb;Sn. BUT
requires heat treatment at ~900 °C under high pressure (~100
bar). Moreover, its silver matrix may be activated in radiation
environments. The cost is high.

Bi-2223 tapes: low performance under perpendicular GEREEEEE2ERTE
. . o . . (Reinforced with Stainless Steel )
magnetic fields, it is more appropriate for use in current

leads. Its production has been interrupted worldwide. B T L
"sus

16 Superconducting Wires and Cables: Materials and Processing

REBCO tapes: strongly anisotropic
superconducting properties, but high in-field
performance, industrial maturity and recent cost
reduction. Most of the present HTS fusion
conductor designs involve REBCO tapes.

Electroplating
Copper Stabilizer

m Valentina Corato— HTS magnets for fusion — muEDM Magne‘[ \/\ Figure 12 The layered architecture of a IBAD 2 G HTS Coated Conductor commercialized by SuperPower, USA. The active layer (REBCO)
constitutes only 1% of the total cross-section (courtesy of SuperPower Inc., a Furukawa Company, copyright 2015)



Technological challenges in HTS high-field magnets

1.
2.
3.
4.
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AC losses

Damage due to irradiation



Mechanical Structures for high field magnets

In large magnets with fields > 15 T mechanical structures are
very demanding.

Federici_Nucl. Fus. 2024

12 w—— Only Physics Considerations
w— Rad. Buld Constraints
Div. Protection P_JBQAR «92MW T/m

0

R, [m]

J eng

(ii) .
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Mechanical issues with REBCO tapes

REBCO is also strain-sensitive and subject to mechanical failure mechanisms.
, - Typical failure mode: delamination of the REBCO
10} -m_%*m 5 layer when subjected to shear stress.
o
2 ) \'\ 1 E REBCO conductor
2 \. Q
g o8 ‘ l% Copper REBCO
o 9} Axial tensile— === —>700MPa
B S stress Hastelloy . >
= ominal 19
e S Transverse -4 BTSN |8-
- . AEREER ) = tensile stress T‘ 10-100MPa m
-2.0 -15 -1.0 -0.5 0.0 05 1.0 l m
£[%) Transverse F
compressive stress 7y >100MPa g
Mechanical support is requ_ired in stisicsiase 3 —~ >tompa S
) REBCO conductors to avoid v =
. . Cleavage stress
performance degradation with e | e
electromagnetic cycles Peel stress k.
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HTS Cable Technologies for Fusion

Copper stabilizer
YBCO Tapes

==
-

Investigated solutions can be categorized in:

62 mm

NIFS, N. Yanagi
Yanagi_Cryogenics 2016 o

Stainless-steel jacket

Takayasu_SUST 2012

- ————ym

1) Not Twisted not transposed

MIT, M. Takayasu

2) Twisted / transposed stacked-tape

: — - . ~ |
3) Conductor on Round Core (CORC®) “ Q Advanced Conductor Technologies LLC

Van der Laan_SUST 2011 Abandoned in fusion due to
both high material loss and

R \ « % - difficulty of managing tight 2-D
B bending radii in a transposed,

Goldacker_SUST 2014 multistage cable structure.
10
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Not Twisted not transposed stacked cables:
2015 — 530 kN/m

Stacked Tapes Assembled in Rigid Structure (STARS): NIFS (Japan) First experimental
First proposal back in 2005 (initially with Bi-2223) demonstration of a 100 kA
_________________ PPN o HTS Cable (@ 5.3 T/ 20 K)
: N L — 8
Helical Coil ,_\‘ ‘ | m —~ 140 ' 7 E
ﬂ‘\\ g 120 F 6 2
.;;.qm | %@%@?@@ ct;::al :nsulailonIj . ® 60 ; 3 é
Welding N ‘L J‘(:i: — 4 ”_ ainless-steel jacke [ — s
\6’/}%"@{'? Yanagi_Nucl Fus 2015 § :z : f ®
R Cooling Channels fi—]
it 0 0
Figure 2. Schematic illustration of the FFHR-d1 helical coils with joint-winding of the d HTS cond: The jointing work 0 0.5 1 1.5 2

should be performed by slight lifting of the conductors.

Time (hour)

) SWISS PLASMA
ek, RSCEE

LAssO W E=—— Under consideration for the
(Laminated stacked-tape soldered conductor) EU Pilot Plant
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Stacked-tape transposed conductors 2015 — 720 kN/m

based on «macro-strands» 2023 — 660 kN/m
Round Strand — «Rutherford-like» assembled Aligned Stacks Transposed in
D. Uglietti_SUST 2015 (A Roebel Arrangement (ASTRA)
: DAY B SR CICC — «Roebel-like» assembled

SWISS PLASMA
CENTER

<« 50Mm —» | 5L ovskiy SUST 2023

First experimental demonstration of a 60 kA
CICC @ 5K, 12 T, BUT degradation with

<« 26 mm »

« Cable design: *
+ Roebel cabling

loading cycles @ 720 kN/m aqueous DMSO solution e Socbok ot

« Separate cooling channel

14 ASTRA at +40 kA, 10.9T

g ey number of oyoles First tests  showed
x 12 g —9 degradation by em.
= 210 s loads up to 660 kN/m.
<10 ?_} — a3
% g Likely due to voids in the
® WUCD #1™\g WUCD #2 m soldered stack. Soldering
y | | , method being improved.
“u 500 1,000 1,500 2,000 10 16 18 20 22 24 26

Number of cycles n, r fusior - Temperature, K 12



Twisted stacked tape conductor (TSTC) MT~2011

ENEA - 2014-2023

Original proposal by MIT  Then taken over by many. For example at ENEA:
Takayasu_|IEEE TAS 2011

o Al-slotted core — TST conductor

. Mostly developed in two versions:

5 HTS stacks 6 HTS stacks

Target: 35 kA
@42K-18T

Target: 20 kKA
@42K-12T

teel Jacket
1 Sector-shaped

SECtor ASsembled profile (Stabilizer)
(SECAS) CICC
Steel Spiral :
Muzzi IEEE TAS 2023 Flexible
- BRASTs Compact
Easy to handle
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Twisted stacked cables: the VIPER Conductor

2020 — 382 kN/m

Vacuum pressure Impregnated, insulated, Partially transposed, Extruded, and Roll-formed (VIPER)
TSTC - type cable

STAINLESS STEEL JACKET HS STACK First experimental demonstration of solder filling
e e technique as an effective way to immobilize the tapes.

CHANNEL

COPPER FORMER
Bravo Cycles : 5K, 10.9T, 35kA (382knim) 1 stack only
Cable < —e— Armadillo
jacket < | O Post-WUCD
S 32— A Post-Revl
Cable = F 0 BPOgt-Ouench
- o | —e— Bandicoot .
SILVER PLATING “l'g"]"n":m former = | O gggy\ﬁve[ijf(l:[} Ful Iy rglevant.
COPPER SADDLE :_ 21 A '_ _— k= 30— o Post-Quench with SOlId,

INDIUM WIRE . 0277mm ] . monolithic core,
[ no load
28 accumulation
| effect
HartW|g_SUST 2020 1 10 10° 10°
Hartwig_ASC 2020 | IxB cycles

< 4% degradation
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Wound tape cable concepts: CORC® - based

Conductor on Round Core (CORC?®)

CORC Wire .
S—— @2-4mm E»>
- ———— bt s "
(Picture courtesy ACT) . w

=

CORC Cable/Strand
@ CORC

@ 5-8 mm

:
»
Q Advanced Conductor Technologies LLC

AW —
a ¥ L%

£e

Demountable

_ Stainless Steel

Jacket

Internal
Helium Gas
Cooling

Jin_Engineering 2025

Six-around-One (7 . g ' 8
CORCCable ————+=— I ‘ = ' =
kr"‘ - - & 3
w 9
. | 4
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2025 — 900 kN/m

Highly Flexible REBCO Cable (HFRC), with
a “CORC-like” base element

The first to achieve 900 kN/m and demonstrate
stable performance with loading cycles.

&

"N
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Current (kA)



Development of HTS Fusion Conductors: probed

range of electro-magnetic load (SULTAN tests)

Breschi_IEEE TAS 25

1000 Stacked — SolderfFill.
"FS/MIT, ASIPP 372 kN/m (1 stack only) /
0 e piT VIPER®  ® HFRC pr ”
(\,0() —_————— . ———— —— —— (—l—\.\—l.ll_ —— %“ : Reverse 1xB Tragér.-wmlé
EPFL NINT 3 ™o . MLE N
. 7()() RSTTC : T : /\QIPP - %. 0.8;_ Reverse IxB
E 600 CI(\)(RE.(C[]E‘TE (.[Bc]\tia” HFRC. EPFL 506 [0 Brawoh c=0% | 09‘:3. 3;
Z _  ITERCS ® ASTRA 8 o4 |} Smodeox | 100 o o o
Al SO0 [ e aefer. o e o .. .. ST A . T F % craten cuoom | |ose| 8oy te
: CES/MIT ‘! Lo ‘)/\( I ; 0.2; — L,'%E_‘ e e e
= 400 @ CORC Based i care CORC-CICC $ o
oo R ; Bravo/Charlie €F'S 1 10 10° 10°
300 = mStack-based ja} 5 E IxB cycle number
- | crspar BIT . ::l"l‘: Stacked — DMSO-impregnation
MIT/TUFTS Alpha . 660 kN/m
] 00 TSTCH ASTRA conductor
25 T T T T
0 ,
2012 2016 2020 2024 24‘-¥ ]
Year P
From the fairly limited database available: M
- Both Stacked tape and «CORC-like» concepts might work, |
- Both Solder-filled or Non-solder-Filled might work, .. IS
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Electric field, ;«Vicm

«CORC-like» — NO Solderfill.
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=
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On the definition of high-current cables: DTW

Do all fusion coils use «cables»? - Not necessarily:

a new paradigm has emerged, with the introduction of HTS in fusion . From TE website
| call it: No-insulation, Direct Tape Winding (DTW) approach

e B T L SSe=— Vieif@ IEEE TAS 24| ::3 -
z -

Not applicable to pulsed magnets

Quench managament fully qualified / verified? "
? l&'x"“‘l't‘{;:mu' q}w,

Highlights from the Live-Streamed 20 Tesla HTS Magnet Demo Event
-
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Ibus (kA)

Pohm (W) Vjgint(mV) Vyadial mV) B (T)

T(K)

—ustrain

No-Insulation coil: SPARC TFMC quench test

1kA 35kA 40.5 kA bus current interrupt
__ flattop flattop flattop and recovery
40E- 3
= charge " —
200 to35 discharge
of_(a)
20
10% maximum B at
E (b) center of tape stack
ocE
40E- total radial voltage
0 — _ over 16 pancakes
A0 (o)
0.8 All17 =
parlcake—to—pancake‘_‘ _ _tz_fDJOijf’
0.4 Joints emerrm e
@ Gojonts
0 90D joints
= total
200
0 (e)
= —— max. midplane coil 3
30 — — - Hecoolant:inlet =
25 - He coolant: outlet =
200 strain on curved leg azimuthal

of magnet case

Time (103 s)

A iy

-_— -

b
SPARC %
o

N

Operation at (20T, 20K) of SPARC TF model coil
demonstrated on 5" September 2021

Whyte et al., IEEE TAS 24

Burn
region

40 60 80 100 120 140
Temperature [K]

Vieira et al., IEEE TAS 24

Fig. 8. Postquench analysis of the TFMC. (a) Shows Pancake #12 during the
postmortem with a sharply defined region of thermal damage in the upper-left
tight corner. (b) Shows a 3-D FEA simulation 170 s into the evolution of a 30 kA
quench; the burn region is reproduced almost perfectly.
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Quench detection / coil protection challenge in HTS

Large operational margin of HTS - very slow Normal Zone propagation = quench detection by “standard”
voltage-based detection techniques is difficult. Alternative non-voltage techniques for Q.D. in HTS are
being developed.

Marchevsky_Instruments 2021 Wang_IEEE_TAS 2005
= M0
. Ly MK o
[Ts Transverse propagation E . P (b}
Hot spot . — :: E _.E._ /-'
e Resllstance develops % 0K (Ag cap) — .ﬁcff} A
N - ¥ mainly due to quench 2 . o -
R R Y . TR e -
L " propagation: normal - s T
—— zone grows in size -] - e
Z 140 YBCQH et ]
Longitudinal propagation 10-40 m/s g o i A
= ___2:-' e - _.--"'. .
HTS E o0 ,_.-f*'H.f P - -
P o e - !
Transverse propagation? Resistance  develops g !__i " I -
mainly due to heating s A0 !___.-r_'__’:..-{l' R — -
of a hot spot: normal £ T:’-'i- i
zone heats up T

Longitudinal propagation 1-10 cm/s ) JIu 0 &l '."n #0 Ei]
I'ransport current (%1,

In LTS: _Top > 0.5 == NZPV ~few tensﬂ Bruzzone_Nucl. Fusion 2018

Tc(Bop) sec om
In HTS: —2— ~ 0.1 + 0.2 == high cryogenic stability == NZPV ~few —
T¢c(Bop) sec
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Conductor

Reference /
Non-twisted

Solder-filled
(Bis;Sny,Ag;)

ASTRA

ENEAAI

Quench studies in SULTAN (l,, = 15 kA)

ENEA Bl

Stabilizer material Copper Aluminum Copper
Aabilizer [Mm?] 150 150 144 255 292 120
Ajrer [mm?] 715 652 360 94+82 (SS) | 94+82 (SS) 847
Stack of tapes Soldered Soldered Soldered Not soldered | Not soldered Soldered
Twisting T/NT T NT NT NT T/NT (triplet T)
+
#tapes x #stack 3.0 mm width x 25 x 3 33mmx 21 x1 | 4mm x19x4 [4mm x13x 6 gl
8x2mm)x3
Cooling direct | indirect indirect direct direct direct

Bykovskiy SUST 2023
Dicuonzo_Phd Thesis 2022 (avilable online)

Zappatore_Cryogenics 2023
Zappatore_Cryogenics 2025

M Valentina Corato— HTS magnets for fusion — muEDM Magnet Workshop — June 15-16, 2026
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Quench studies in SULTAN (l,, = 15 kA)

Conductor

Twisted / Non-
twisted

ASTRA

Solder-filled
(Bis;Sn,,Ag4 solder)

Aluminum Slotted
Core

*
i
&b

O

Tes [K]

Between 10 and 20 Quench runs carried out for each

102

9.0 16
1001 =
8.5 15 ““us,i‘ of
8.0 14 = 98] T ~-Ref. s
: S &b KiT-C~~Bgf. NT
Z e g _ KIT-R~._
7.5 135 j I JRRN
A = @1 R
T A5TRA
(%)
6.5 11 - 92 - :
! . . . . Al
60 0 50 100 150 200 e 90 4 O L 2
Thotspe o [K]
H 88 T T T r r - - -
Zappatore_Cryogenics 25 160 180 200 220 240 260 280 300

Maximum hotspot temperature [K]

A temperature peak above

150 Kmay lead to DC === Max. T}, Criterion?
performance degradation
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2mm

Alternative quench detection methods in 10kA coil

Fiberaptics

HTS Tape sQD

o o

Quench Detection Strip

Sn40Pb

Double pancake HTS insulated coil made by:

Cooling Tube

LASSO (Laminated Stacked-tape Soldered)
conductor: 15 tapes of 4 mm width, 25 mm width,
1.5 mm thickness, ~50 m length

Bore 200 mm, 29 turns per pancake, ~1 mH

Temperature-based quench detection by a co-
wound strip containing SQD wires, thermocouple
chains and optical fibers

Inter-pancake and intra-pancake joints, cooling
pipe placed between the pancakes

Inner Joint

Pancake

Braided

. Conductor
Instrumentation

Terminals

Insulation Steel Casing ¥l |



Alternative quench detection methods in 10kA coil

100

10}

10

\ \VVVYVY

2“...’

10 10° 10"

Quench in turn #8 LEFT

Superconducting Quench Detection wire response

Immune to EM noise and mechanical stresses
Following temperature evolution

Reliable, i.e. responded on all quenches

No issues on longer length

Requires calibration

Limited choice for detection threshold (Nb;Sn, MgB,,
IBS, ReBCO)

—&—Vtotal / 1V
1/10 kA

—&—\heater / 100 V

=$=SQDR/10 Q2

¢

i
L2 ZANENENRN

Time after trigger/ s

Optical Fiber response
TCC response

Noisy signal % Strong attenuation on bare fibers embedded in
Requires specific layout to exclude ‘blind’ spots QD strip

Requires special tooling to produce in long length % Weak sensitivity on temperature and strong on
Requires calibration mechanical strain

Following temperature evolution » Use on longer length becomes more problematic

Response on T-gradient at any temperature > Requires calibration



AC Losses in HTS cables: issue for pulsed coils

- Hysteresis losses depend on the dimensions of the superconductor: in the wide HTS
tapes (mm-size vs. micron-size of LTS wire filaments) hysteresis losses have a large
weight in the overall loss budget.

Work in progress:

1.OE+11 .
Hysteresis Loss per Tape of YBCO Twisted Tapes HystereSIS Iosses oC ch =
i e Striated tapes
I'wisted > it . =
L~ 1.OE+0 _ /
<2 T'emperature = 4.2 K /"r‘___...._- 2
£ E 1.OE+05 2w =4 mm = - StT'lp (Bel)de
9 < P ITER TF Nb3Sn wire T[
& 10E+03 / 0
__; ;—: Infinitive array assumption
Z ~ 10E+01 4 2
i QhSum strlp ]cW|B | tanh(f) $sech (6)]
1.OE-01
1.0E-03 = B '
0.001 0.01 0.1 I 10 100 eml T SgH(Be B,
FIELD Ba (T) =

2B,
De Marzi_SUST 2024
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AC Losses in HTS cables: issue for pulsed coils

- Hysteresis losses depend on the dimensions of the superconductor: in the wide HTS
tapes (mm-size vs. micron-size of LTS wire filaments) hysteresis losses have a large
weight in the overall loss budget.

- Asfor LTS, the conductor layout has an effect on the coupling loss component.

I 2
Similar coupling losses as in ITER LTS CICC »r. = :il—:(z’ai)2 ne = £2 <ﬁ>

200 T T T T T -
180 [ Stacked tape, no twist, Cu shell . R, { Pet
160 |- L <T A g s
T M Bec ' B ] B,=0.2T, B=2T, T=5K 0a=0° B,=02T, B=2T, T'=5K 0a=90°
S 120} . s ] T T ] =
2 & w | Twisted stacked tape, Cu shell < 40 ‘ : ﬁrst 5 15 = 40 first Bqg
5 100 - ¥ x 7 B 3\ ‘. s = B(I 3 =
= L /. 4 = 30 : = 30
g ® P e & typical ITER TF V' fat E /flat  F
60 |- / P, e S o & ’ S ; ‘ p 24
o PO e o £ 3 20 \ % 20 typlcaléTER CS fw
40 \ Stacked tape, no twist [ = ‘: = o /
20 ™ ’ 8 i g O 1'0_).11:1d §
o pesm] Eo F IR — 5
0 2= r’ 1 1 acl ;_V:J v f-ﬁ i ~ :
000 001 002 003 004 005 006 007 L j 3 2 [ T R
frequency (Hz) 0 0.5 1 15 2 0 0.5 1 15 2
Frequency, Hz Frequency, Hz

Yagotintsev - HTS4Fusion W.S. 2015 Bykovskiy PhD Thesis (available online)
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AC Losses in HTS cables: issue for pulsed coils

Some cable concepts are designed to target the minimization of coupling losses effects.

Examples: subdivision of the Cu stabilizing core. PIT-VIPER Sanabria_SUST 2024
De Marzi_SUST 2024 a) o O}
e arZI_ = VIPER «PIT VIPER - Field =VIPER «PIT VIPER - Field
ric | 9 4 i 24
. Al g 8 | e ! %
201 g 4 2 ::'3 20
8 7 st g :
1 o o™ . o
‘ 0.5 - 5 S s ./N. ooooooooooooooo 4 4
‘ 4 — 1} 0 5 10 15 20
0 10 20 30 40 S50 Ticals)
T g ‘- i/ i\ T..measured at 10.8 T and 25 kA lat
j A — A N ‘ ‘ g ‘ 5 : ring.lhl.s
L] : BN 7 : 12.50 A ]
s - s 4 20 ey - N ;_2_
= L 3 ) n < 12.00 *_*\._.——.
0 0 s i‘o 15 .o T i .‘s 20 15 10 ) 0 s 10 15 20 =il [ i
. . 11.50 - :
Potential ¢ (colour map) and the in-plane x-y I WUCD cycle
current density for a SECAS cable with different 11.00 h - - -
inter-sector contact impedance. 0 500 1000 1500 2000
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Irradiation of HTS tapes

Exposure of HTS tapes to fast neutron flux degrade the superconducting properties

1.000

0.9751

0.950+

0.9251

0.900+

0.8751
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0.8251

—+— SP SCS09S
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SuNAM HCN S New

- Theva TUW S

DNano Opt S

1

2 3

s (1022 m~2)

2.00; —+— SPSCS09 S
1.751 --¥-- SP SCS10 S
-4 SPSCS13 S
1.504
>0 SuUNAM HCN S
1.251 + - Theva TUW S
C—"‘:gl.ot}f DNano Opt S
0.751
0.50 —
30K, 15T ol
0.251 ey
000, ____________________________ ! U SyS— .
0 1 2 3 4 5
® (1022 m~2)

O The slope of the degradation of both T,and J, is quite universal.
U The J. initial increase depends on the sample and is determined by the original defect structure.

U The degradation of superconducting properties may come from suppressed superfluid density due to
pair breaking defects. The quantitative correlation between defects and SC depression is under study.
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Neutron Flux simulated in Fusion Magnets (i, Potecic
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= Monte Carlo calculations of neutron fluxes and spectra on SC cables of TF coils for DEMO design

Detailed estimation of dpa in TF coils and also in HTS of CS
coils will give an updated picture

reactor total flux at TFC | nuclear power | dpa at 10 Full

[1] P. Pereslavtsev et al., Fusion Engineering and Design 89 (2014) 1979-1983
[2] F. Ledda et al., Fusion Engineering and Design 202 (2024) 114323
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Concluding remarks

O Fusion has become the real pulling application for HTS, through private startups
relying entirely on HTS as enabling technology and public projects implementing it in
combination with LTS technology.

0 Mechanical robustness of conductor is a key aspect to avoid degradation with EM cycles.
Good results have been achieved in HTS conductors with different layouts.

O Alternative quench detection methods are under study: SQD wires, Optical fibers, etc.

L Strategies to reduce AC losses: striated tapes to lower hysteresis losses, sectorial cable
design for coupling losses.

0 Damage due to neutron irradiation is acceptable for large tokamaks, but is presently
critical for compact tokamaks. Mitigation: optimize the inboard shield thickness and
composition to keep neutron flux below damage limits; consider replaceable components.
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