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Superconducting wires

Low T, superconductors: High T_ superconductors (gen. Il tapes):

https://www.luvata.com
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THeva rodm

https://www.theva.de

600 amps of traditional copper cable vs. the
equivalent of 600 amps of High-Temperature
~ Superconducting Wire, Photo: MetOx 2024

g https://www.metoxtech.com/superconductors-101




Superconducting cables

ITER TF conductor ITER CS conductorStored magnetic energy of 6.4 GJ in the central solenoid will
initiate and sustain a plasma current of 15 MA for durations of
300-500 seconds. Maximum field of 13 tesla will be reached in the
center of the stacked modules, making the central solenoid the
most powerful of all ITER magnet systems.

‘-"\. N

https://www.iter.org/machine/magnets

I‘

https://nationalmaglab.org/magnet-development/applied-superconductivity-center/image-

gallery/nb3sn-image-gallery/

10 T, 60 kA range HTS cable

High Luminosity LHC Project

https://hilumilhc.web.cern.ch/article/completion-hts-rebco-cables
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Superconductor’s modelling in various formulations using the predefined physics

A-formulation
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Superconductor’s modelling in various formulations using the basic COMSOL capability

- B Se-tt'lngs - M f._lli_lf._'. I:"ll_"]_‘ ) SETtlngs
= Ste Elv - Weak Form PDE T Q for |ation o L v v v Variables
-()- m & Lt
| Domain decomposition vabat: [Weok Form PDE 1 : u “9® H phuls_ijD_:DE.mph (root Label:  Variables 1 :
i - 4 %7 Global Definitions
| Intop operators .
| Mat database ~ Domain Selection :::::::fs 1 Geometric Entity Selection
| Materials = ! N ;
| Sources Selection: Al domains 4 @ Model 1 (mod1) Geometric entity level:  Domain -
X X . 4 = Definitions Selection: Manual -
. 1 (not applicable) - - Noriables 1
f2] HH 2 (not applicable) i v 2 .
IH PP Variables 2 —
B_H 3 ", Interpolation 1 (Jc_fet) e
H_H 4 Triangle 1 (#ri1) s
H;ang - boundary coup! 2 - Selections .
AA P |5 Boundary Systern 1 (sysT)
] Output Override and Contribution P (] View 1
b [E Boundary System 1 (sys1) e 2 Gec-m.etry1 ¥ Variables
b ] View 1 i . i Materials -
vy Geometry 1 ¥ Weak Expressions H _d)_fo rm u I at I O n 4 Aw General Form PDE {g) Name Expression Unit Description
— b, Dy
. Poul Fi 1
i Materials -(tho*)_z+Es_z)*test{d(HH _xy)}+ mu*test{HH_x}*d(HH_x.t) e General Form PDE & rho%Jz vim
weak > ‘s Zero Flux 1 Ex rho*lx V/m
(rho*)_z+Es_z)*test(d(HH_y.x))+ mu*test(HH_y)*d(HH_y.t) Model Builder - 2 Settings b @8 Initial Values 1 Ey tha*ly V/m
VIUUC L e "
b 25 Zero Flux 1 = F Stw Sl =X V . = Constraint 1 Jz Hyx-Hxy Afm?
© W Initial Values 1 : - bl # Equation View ! Hzy-H Afm?
_ 4 @ H-phis_5_axi PDEmph (root) : 4 7o Weak Form PDE (i g AL o
» & Boundary couplin k Label: SC Variables eak Form w) l )
Y ping 4 &% Global Definiti o Iy Huz-Hzx Afm
P o 7 Global Definitions b @ Weak Form PDE 1
57 Equation View . . Bx mu0_const*Hx T
. Parameters 1 Geometric Entity ¢ > = Zero Flux 1
AA (A4 i i B " By mul_const*Hy T
b S Weak Form PDE 1 =) Materials o » B Initial Values 1
b 25 Zero Flux 1 4 == Model 1 (mod1) Geometric entity levek b & Pointwise Constraint 1 Bz mw0_const™Hz T
o= Il
@ | ?l_owu: ! 4 = Definitions Selection: & Dirichlet Boundary Condition 1 | | | "orm/ sqrt((x+eps) 2+(y+... | A/m?
y nitial Values
Air Variables normH sqrt((Hx+eps)~2+(Hy... A/m
b & Boundary coupling 2 = Flux/Source 1 qgri( ps) "2 +(Hy
. © Dirichlet BC 4= SC Variables 5 Equation View normB normH*mu0_const T
b E3 BLEC Triangle 1 (tri7) A Mesh 1 tho (E¢/I)*(abs(normi)/c... | Qm
. &5 Bn BC b — Boundary System 1 (sys1) ; Study 1 Jc Je_fetinormB) Afm?®
p P View 1
5 Equation View A E;]ometry 1
4 5 ODE_COIL (ODE COIL) & Materials
B .- L
» 7 Placeholder .
4 A General Form PDE (g) ¥ Variables
NO-COUPLING (1 path, 4 tu b @ General Form PDE 1
ALL-COUPLING (4 paths, 1t b 25 Zero Flux 1 » N . i
o ) ) b 55 Zero Flux ame xpression
Porgh IENJ: DU:.I ING 2 paths, 2 © & Initial Values 1 E tho_sc*)
k3 uation View
M hq1 @ & Constraint 1 ] Hrz-Hzr
L Mes|
- & & Dirichlet Boundary Condition 1 tho._sc (Ec/)c)* (abs()/}c) A(n-1)
By . |
5+ Equation View normH sqrt{(Hr+eps)*2+(Hz+eps)2)
4 Lw Coefficient Form PDE () normB normH*mull_const
+ U Coefficient Form PDE 1 "
o Br Hr*mul_const
o e Fluct Bz Hz*mul_const
b @ Initial Values 1 =
* & Flux/Source 1




A-formulation for time domain in Comsol Multiphysics™ (AC/DC module)

Maxwell equation for time domain: E=— B_A
dt %10
2
Current in non-superconducting domain: | = oF
‘€15
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T L
. (E 2 1t
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[1] F Gomory et al 2010 Supercond. Sci. Technol. 23 034012
[2] M Solovyov and F Gomory 2019 Supercond. Sci. Technol. 32 115001




Bean's critical state model [3]

)
+eo,»  for aA/at <0 11—3’
J:<_]cor fOT‘ aA/at>O
\O’ for t=0,A = const
B=0

[3] Bean, C. P. (15 March 1962). "Magnetization of Hard Superconductors". Physical Review Letters. 8 (6). American Physical Society (APS): 250-253.




Bean's critical state model [3]
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[3] Bean, C. P. (15 March 1962). "Magnetization of Hard Superconductors". Physical Review Letters. 8 (6). American Physical Society (APS): 250-253.




Hysteresis losses reduction by tape filamentization.
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Cables: D;, =7 mm, n,,.s = 10, W, .. = 3mm,; cables differ in terms of the arrangement of the tape in the outer layer.
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Cables: D,, =7 mm, Niapes = 10, Wigpe = 3MM, Ngjae = S

Opposite lay angles Afm? Coinciding lay angles A/m?
2107 x10°
4 4
3 3
2 | 12
1 1
0 0
=] -1
-2 -2
X -3 X -3
Y-z 4 bz <il

(1) Bgppr 100 mT amplitude

Uncoupled filaments 2 Partially coupled filaments
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Cable: D, =7 mm, n . = 10, Wi, = 3mm, ng, ... = 5; testing the tapes filamentization impact.

Total computation time = 18 days (2 millions DOF) for 10 appl. field amplitudes on Intel(R)
Core(TM) i9-10920X CPU @ 3.50GHz (12-cores) and 64 GB RAM

6E-07

5E-07

r
o
m
(]
~J

3E-07

loss function,

2E-07

Connection the filaments through the stabilization layer (Ag only)

—/—Q0pposite lay angle (experiment)
-+~Coinciding l.a. (experiment)
=o=Coinciding l.a., open gaps (experiment)
-@-Striated coupled |

—o—Striated uncoupled

Amplitude of applied magneticfield, B, [T]

|—e—Striated coupled (coinciding) |
—o—Striated uncoupled (coinciding)
-=-Theoretical estimation

---» Theoretical estimation (Mawatari)
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Conclusions

A-V formulation for numerical
modelling of superconductor

magnetization in true 3-D A numerical model in A-formulation allows computing AC losses in the
geometry superconducting cables with a good agreement with the experiment.

1 * The coupling losses reduce the effect from the filamentization (as expected).

0.6 * The coupling losses in typical ReBCO tapes become significant at the higher
magnetic field growth rates (0.1 T, 36 Hz = 20 T/s), which are not common for
0 fusion CS magnet — 1.3 T/s is expected.

This model was shared by Mykola Soloviov, Institute of Electrical Engineering, Slovak
Academy of Sciences.

https://htsmodelling.com/model-files/a-v-formulation-for-numerical-modelling
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Cable: D, =10 mm, n . = 1, Wiy = 12mm, ng, 0. = 20; testing the tapes filamentization impact.
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BiSCCO HTS tape (gen 1) +/c

j=140
-/ c
Cross-sectional view of Type HT-SS Stainless Steel
Cross-sectional view of Type HT-CA Copper alloy
e e e N —

Cross-sectional view of Type HT-NX Nickel alloy

. W-}

—_ e e —

A simple elliptical cross-section

https://sumitomoelectric.com



Transport current
Current density, J, [A/m?]
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Transport current

\ Current density, J, [A/m?]
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External magnetic field
Current density, J, [A/m?]
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External magnetic field
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External magnetic field + transport current
Current density, J, [A/m?]
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External magnetic field + transport current
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Motivation. AC losses in round ReBCO cable.

The analytical solution for AC losses in the strip in the perpendicular field is described in [6, 7]. Additionally, the helicity
may be included into the formula as the correction factor 2/m [8, 9].

The sample of length L, each tape is long L./cosa where « is the lay angle. 0
Loss function: TI'=u
0 2
2B;
SE-07
2 NI, . \
Q — BaW ——0pposite |.a. i“
ncosa —~Coinciding |.a. /A(—Q\ \
4E-07 - —
-=-Analytical \ \
. i ]
a— isthe Iay angle ~ — -Analytical + Ic(B) % kY
£ 3E-07 - \
N — total number of tapes % \
I — critical current £ N
. . . . H= \
B, — applied magnetic field amplitude 2 2607 \\ KN
w — the tape width / N
\ .
e
1E-07 ﬁ AN
[6] E Brandt and M Indenbom 1993 Phys. Rev. B 48 17 12893-906 ~ |
[7] F Gomory et al 2017 Supercond. Sci. Technol. 30 11 114001 ™ -
[8] M Majoros et al 2014 Supercond. Sci. Technol. 27 12 125008 OE+00
[9]J Souc et al 2013 Supercond. Sci. Technol. 26 7 075020
0.001 0.01 0.1

Amplitude of applied magnetic field, 8, [T] 23




Motivation. AC losses in round cable, HTS vs LTS.

In similar way, hysteresis loss in LTS wires, considering the filaments
with diameter d;and critical current per filament /_g;:

Assuming ReBCO vs. best NbTi wire, w = 3 mm and d; =3 pum:

The practical Nb;Sn (filament diameter 50 pum), still no coupling:

8
Qurs = BaNpile pin o dy

3w w
Qurs _ ~Y — =00
Qnpri  8cosady 2ds

QHTS w 30
Qnbsn  2df

Q
I
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High-Temperature Superconductors (HTS)

.
>

(1]

? For Rare-earth barium copper
g oxide (ReBCO):
3 = B,~110T (4.2 K)
JC
= T.~93 K (YBa,Cu;0,_,; A~0.16)

|.> 1000 A/mm? (4.2 K, 20 T)

_\ Bc Magnetic Field

[1] Sharma, R.G. (2021). The Phenomenon of Superconductivity and Type |l Superconductors. In: Superconductivity. Springer Series in Materials Science, vol 214. Springer, Cham.
https://doi.org/10.1007/978-3-030-75672-7 2 25



https://doi.org/10.1007/978-3-030-75672-7_2

Application of High-Temperature Superconductors (HTS)

Current

Accel. leads
magnets

/d

Transformers

Magnets for
FUSION
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HTS coated conductor (CC) tape architcture

Copper Stabilizer (50 um)

Buffer Layers (0.2 pm)

Hag;
“telloy (s
Y (90
a“m)

Herman ten Kate, Anna Kario, Simon Otten iFAST-HIiTAT workshop at CERN, March 9, 2023

Electroplating

Copper Stabilizer

Sputtering
Silver Overlayer

MOCVD
REBCO - HTS (epitaxial)
IBAD/Magnetron Sputtering
Buffer Stack
Electropolishing
Substrate

= T 5 S ~1.8 um
* not to scale; SCS4050 . : = 33 AL 20 ym

Structure of REBCO wire produced by SuperPower Inc.

Furukawa Electric Review, No. 55 2024

Cu stabiliser
Ag capping layer

REBCO HTS
Buffer stack

/ Substrate

_—
Tape
direction

/4

Schematic diagrams of a REBa,Cu;O,_s (RE=rare-
earth element), REBCO, coated conductor.

a) Part of the REBCO unit cell.

b) Schematic diagram of a generic coated conductor
tape.

c) Schematic diagram of the twin structure with arrows
representing the direction of the a-axis.
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Analytical estimation of AC losses in round cable.

I Groove depth

Filament width > 3
Groove width REBCO | Filament width

Grooveavidth Cu

I
|
|

— —— Il :l —

RRR = p(273 K)/p(4 K) —|— I im— —
] { S -

=)
[=]

Groove width MgO

"RRR = 10 | —

i
-

=

T
1

)
=

Micrographs of cross-sections (performed by Marcela Pekarcikova from STU)

Pt

ELECTRICAL RESISTIVITY, 10® Q-m
3

Tape D5-2B-250 I 200 = =
parameters: 11 s00- 545 x 108 0-m
Wizpe = 3.81 mm a 1;0%-31

Wrilament = 267 pm 10" 1RRR = 200 6.7 x 10" Q.m/K
Wg,p = 55 UM - -

Nfilaments = 12 Eﬂ'j: 100 200
te, =14 um TEMPERATURE, K
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Q [Jim]

Results. AC losses in 10 KA round cable at temperature range 4 — 40 K.

1000
. . . . Conventional tapes, w = 3.8 mm
Adaptation the evaluation to non-harmonic operation 372 367 372 368 366 369
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20 . g
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E —— —0
.__..__—o——k
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-15 0 5 10 15 20 25 30 35 40 45
-20
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factor _
4 1671 530 19 10078 8.2E-10 372 27 400 324 § 100
10 1362 432 23 9943 8.2E-10 367 28 157 132 a
15 1132 359 28 10061 8.2E-10 372 31 103 95
20 924 293 34 9972 8.2E-10 368 33 76 75
30 568 180 55 9916 1.0E-09 366 37 49 54
10
40 315 100 100 9995 1.7E-09 369 39 35 41 0 < 10 15 50 55 30 35 40 45
10K 15K 20K 30K TIK] 40K
-1 - " ’.-"“‘; .-"‘.:." I - 7 - 7
S S S S S
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Magnetization AC loss measurements — straight samples 30 mm long

100 ‘
= 144 Hz exp + 72Hz exp.
A 36 Hzexp. * 18 Hz exp.
- = Theory MF 144 Hz - = Theory MF 72 Hz
- - Theory MF 36 Hz - - Theory MF 18 Hz
----Hysteresis x-array
10
S e e [ -'-‘: - BB HE B g = - : ---------
:x __________ B 1 b '-’-.-'—.-r:-’-,—. _____
_________ Az -A-‘--lj—‘—A—L‘___‘___
e o o ® . e ©
___,..—!'”‘_- R ‘-o -------
i Ee=
0.1
0.001 0.01 By |11 0.1

D5-2B-250 (250 pum filaments):

15.0kV COMPO SEM

lum JEOL

Pg = 4.5 X pcy

12/17/2024
WD 16.5mm 10:20:28
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