Workshop on ultra-high-field solenoids

% jtiﬁiﬁk% @ CERN, Nov. 26, 2025

Tools for the design and

analysis of UHF solenoids

So NOGUCHI
Hokkaido University

noguchi@ssi.ist.hokudai.ac.jp

with T. Mato (HU), Hahn’s group of SNU,
and ASC, NHMFL



Introduction 2

« After 45.5-T generation, some institutes are trying
to develop ultra-high field magnets exceeding 30 T.

* The no-insulation (NI) winding technigue is one
option to enhance the thermal stability of ultra-high
field magnets.

* Recent years, mechanical damage on REBCO
coated conductors attract much attention.
Meanwhile, the cause of mechanical damages is
not clear.

 For ultra-high field magnet R&D, fundamental
experiments are important.



Introduction 3

« Accurate simulation is a very strong tool for
design and stability evaluation of ultra-high field
magnet.

* We have learned many things from UH field
experiments. More experiments are need for
accurate simulation.
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Introduction 4

e design for ultrahigh field magnets,
* simulation for ultrahigh field magnets.

» Magnet spec.
v Field strength
v" Magnet dimension
v" Current ... efc.

[Electromagnetic] [ Thermal ] [ Mechanical ]

» Spercond. Characteristic » Stability » Magnet protection
v' E-J characteristic v' Cooling ability v' Reinforcement
v" Field dependency v" Normal zone (Overband or
v' Temp. dependency propagation YOROI ...)

» Screening current » Quench protection » Stress
v Field irregularity v" Nl or INS v' Delamination
v/ Stress concentration v" Quench detection » Deformation

v" Wavy or kink ...
v Ic degradation



Introduction S

e design for ultrahigh field magnets,

* simulation for ultrahigh field magnets.

[Electromagnetic]

» Spercond. Characteristics
v E-J characteristics
v Field dependency
v' Temp. dependency
» Screening current
v Field irregularity
v Field relaxation
v’ Stress concentration
» Charging delay

[

Thermal ]

» Temp. change

v Supercond.
characteristics

> Stability

v' Cooling ability
v" Normal zone
propagation

» Quench protection

v Nl or INS
v" Quench detection

[ Mechanical ]

» Magnet protection
v’ Structural support
v' Reinforcement
» Stress
v' Delamination
» Deformation
v" Wavy or kink ...
v Ic degradation
v' Supercond.
characteristics
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Comparison of EM Simulation Methods




Current Distribution Simulation Methods
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Current Distribution Simulation Methods

-

IV

Axisymmetric
FEM
- FEM-based -

3D FEM
- FEM-based -

Lumped circuit
- Circuit-based -

Complicated
network equiv.
circuit

- Circuit-based -

Simple
Short computation time
Small memory usage

High accuracy
Considering winding
structure and axial current

Simplest

Easy to implement
Possible to couple with NI
simple simulation

High accuracy
Considering time-varying
axial field

Considering winding
structure and axial current

Not considering winding
structure
No axial current

Hard to implement

Long computation time

Large memory needed
Special technique (e.g. Fast
multipole method) needed
Ignore time-varying axial field

Poor accuracy

Not considering winding
structure

No axial current

Hard to calculate inductances
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Current Distribution Simulation Methods

-_

COMSOL
Multiphysics
(most popular

for supercond.

magnet
researchers)

2 JMAG
(most popular
In Japan)

T-A method

Thin film approximation
technique

Package can be downloaded
freely (see HTS modelling)
Spiral winding structure is not
considered

Axial current is not simulated
No-insulation coil cannot be
modeled

A-V method

Function is provided

Spiral winding structure is
possible

Axial current is not simulated
No-insulation coil cannot be
modeled

T-A method

Thin film approximation
technique

Package can be downloaded
freely (see HTS modelling)
Spiral winding structure is
possible

Axial current is simulated
No-insulation coil cannot be
modeled

A-V method

Spiral winding structure is
possible

Axial current is simulated
No-insulation coil is modeled
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T-A Method FEM

T-A method (COMSOL)

» A great number of elements are needed for A method.

Coil thickness

Coil height

» QOperating current is considered.

The law of current conservation must be met in every turn.
The screening currents affect the current distribution.
T method is suitable for current distribution simulation.

-~

Development of T-A method (COMSOL)



T-A Method FEM

T-A method (COMSOL)

The A method is applied for air region, and the T method for
superconducting magnets.

Ax -]x
A — J d:thickness
v X v x Yy ’LLO Yy T, = Iop/d I,""' \"x\\ solved by 4
~, { \ W7 solvedby T
AZ JZ : -
| _ L - } \ / 1 —— Interface between the
4 A region and T region
TI = 0 | 4
0B : T (a)
VXp(VXT)=——— 1 Br |}
at T \ £ solved by 4
’ \ 777 solvedby T
B
J

Fig. Example of radial field distribution (b)

H. Zhang, et al., Superconductor Science and Technology, doi:10.1088/1361-6668/30/2/024005



T-A Method FEM

T-A method (COMSOL)

Coupling with A region and T region

Figure 12. Magnitude of the magnetic flux density on the racetrack

Figure 9. The induced current distribution on the outermost strand. coil with a peak current of 350 A.

The circular current can be observed within one pitch. The external
field is along the y axis.

The dense matrix derived from T formulation makes the simulation
time long.

H. Zhang, et al., Superconductor Science and Technology, doi:10.1088/1361-6668/30/2/024005
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T-A Method FEM

Acceleration of T-A method (COMSOL)

Coarse mesh for acceleration of u|||||m|1||||||||||
: Z-axis ' SPC 1
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Ic,eq = nl.

Iop,eq = ntlop
Fig. 3 2D axisymmetric T-A models for REBCO magnet with multiple

coils

Y. Wang, et al., High Voltage, doi: 10.1049/hve.2019.0120
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T-A Method FEM

Acceleration of T-A method (COMSOL)
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Fig. 6 Normalised current density J/J. when the transport current is ramped up to 200 A for the first time (t = 200 s)

(a) Original T-A model for the magnet with actual turns, (b) Improved T-A model with equivalent turns. Note that current on superconducting shell (line) without thickness is plotted
as tube with thickness for better visualisation

Y. Wang, et al., High Voltage, doi: 10.1049/hve.2019.0120
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T-A Method FEM

Acceleration of T-A method (COMSOL)

Orignal T-A model
Improved T-A model
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Field difference (T)
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20 -15-10 -5 0 5 10 15 20
Magnetic field (T)
Fig. 10 Influence of SCIF during the ramping up and down cycles: x-axis

is the central magnetic field of the magnet with uniform current density on
REBC tapes, y-axis is the central field difference AB defined in (8)
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Fig. 9 Normalised current density J/Jc when the transport current is ramped down to 0 A for the first time (t = 400 s)
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(a) Original model with actual turns, (b) Improved T-A model with equivalent turns. Note that current on superconducting shell (line) without thickness is plotted as tube with

Bsc = Bmea — Buni

Bnea - Measured or simulated field
B,ni - Field by uniform current

Y. Wang, et al., High Voltage, doi: 10.1049/hve.2019.0120
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T-A Method FEM

Acceleration of T-A method (COMSOL)

o P . 100
B - Orignal T-A model p— [
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Fig. 11 Magnetisation loss of the 20 SPCs during the ramping up and
ramping down operations
_________________________ (a) Total magnetisation loss power of the 20 SPCs, (b) Distribution of the
magnetisation loss energy during the first ramping up to 200 A (1=0-200 s) among
pancake coils
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Fig. 10 Influence of SCIF during the ramping up and down cycles: x-axis
is the central magnetic field of the magnet with uniform current density on
REBC tapes, y-axis is the central field difference AB defined in (8)

Y. Wang, et al., High Voltage, doi: 10.1049/hve.2019.0120



A-V Method FEM

A-V method (JMAG)

3D model but only 1 deg. Y 1 deg.

using symmetry condition

-600 elements for cross section of one turn
- Screening current is computed as eddy current.

-Operating current is supplied by coupling with
circuit condition.




A-V Method FEM

A-V method (JMAG)

100 mm

140 mm

Stacked pancake coils

Enlargement of pancake coils



Summary of Differences for Test Models

Case | Case |l Case Il

COMSOL

5)

Line elements Extracted to the
in T method thickness direction
in A method

T-A method + thin film
approximation

10 division in vertical
O division in horizontal
A few minutes

JMAG (1 pm thick)

Using original

REBCO layer Jc.

e

1pum
(REBCO thickness)

A-V method

10 division in vertical
3 division in horizontal
2-3 days

JMAG (100 pm thick)

Using engineering
Je.

4 mm

\%

<>

100 pm
(tape thickness)

A-V method

10 division in horizontal
3 division in horizontal
1 day



Simulation for Comparison

1st 50th 100th

1L
- s
I-[Il-11 s>

Parameters Value
REBCO tape width [mm] 4.0 ! """I II SP3
REBCO tape thickness [pum] 100 i
REBCO layer thickness [um] 1.0 . I I I I I I I I I SP4
Coil inner diameter [mm] 30 i " "I" " SP5
Coil outer diameter [mm] 50
“ : e0e e0e SP6
Coil height [mm] 59 gg 50 A 0 ! II "I" II
= 1A/s CTTTTTaw CmEREEme T
Number of turns per pancake 100 © < !
o : s -1 se7
Insulation thickness [um] 30 8— 3 :
Number of single pancakes 12 > I """I II SP8
n-value 20 50 100 i
- : oo eeoe SP9
E. [uV/cm] 1.0 Time [s] !
Critical Current [A] 100 i II "III II SP10
Sweep speed [A/s] 1.0 |
Target current [A] 50 I I I I I I I I I SP11

I-HHH-11 sz

*Not to scale
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Simulation Comparison (Current Distribution)

Current distributions of 50th turn of top pancake coil.

Case | Case |l Case lll

[A/m?]
x10%°
[A/m?] [A/m?]
: 256410 25¢+08
1s I 2.0e+10 l 2.0e+08
1.5e+10 1.5e+08
1 1.0e+10 1.0e+08
5.0e+08 5.0e+07
0.5 I 0.0e+00 I 0.0e+00
-5.0e+09 -5.0e+07

-1.0e+10 -1.0e+08

-1.5e+10 -1.5e+08
0.5

-2.0e+10 -2.0e+08
1 -2.5e+10 -2.5e+08

-1.5




Simulation Comparison (Current Distribution)

Normalized, Enlargement view

CASE | CASE I
(TFA) (100 um)

Extracted

Uniform in thickness direction

1.0

0.8
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ad factor
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Simulation Comparison (Current Distribution)

Normalized, Enlargement view

E
N

CASE |
(TFA)

Extracted
1 um

r[m]

CASE 1
(1 um)

1 um
D E—
E 3

r[m]

CASE il
(100 um)

r[m]

Thickness effect observed

1st 50th 100th
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Simulation Comparison (Current Distribution)

Normalized, Enlargement view

CASE | CASE Il CASE Il
(TFA) (A um) (100 um)

Extracted
1 um
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Graded in thickness direction
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P
-1 s
-1} 57
-1} 57
-1l s
-1} 57
1-Jll-II sv
RTIRT
-l
1-Jl-|
-l
-l
(R -




Simulation Comparison (Current Distribution)

Normalized, Enlargement view

CASE | CASE Il CASE Il
(TFA) (A um) (100 um)

Extracted
1 um 1 um 100 um
-

E E E
N

r [m] r[m]

Homogenized with relaxation
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Simulation Comparison (Force Distribution)

Normalized, Enlargement view

CASE | CASE Il CASE Il
(TFA) (A um) (100 um)

Extracted
1 um

r[m] rm] r[m]

When REBCO layer is thick, inward force appears.
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Closing

* In general, EM simulation takes a few
approximations. It strongly affects the simulation

results.
« More experiments are need for accurate

simulation, especially for UH field magnets.

Thank you for attention!
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Screening Current Simulation

- Tape deformation simulation -




Stress Simulation Considering Screening Current

Alternatively simulated

4 N

A Screening 4
Current

| ® X F ﬁ ®
Magnetig y
Field /
© 4 4 ol @

» » »
» » »

kSC simulation Elastic simulation SC simulation Elastic simulation Elastic simula@/

»
»
>
[
»
[
»

Comparing with a simulation without consideration of coil deformation:
v By changing the angle of magnetic field to REBCO tape, an accurate
screening current can be simulated.
v By changing the angle of magnetic field to c-axis,
Jc also changes,



Stress Simulation Considering Screening Current

5-turn test coll

A small test coil was charged inside an external magnet.
» Test coil was placed 25 cm away from the midplane. 4z
» Operation profile is shown bellow. :

: . : Test coll
» Screening current and elastic simulation were done.

N External
6 cm 125 . magnet
A >
’
A400Af-------==---mm--e-
1112
8T~ A

. —>
2000 4000 4400 s

Mg:q\%\g /REBCO tape
il(% ‘é:iﬂj% /Polymide
y\é_mfj

Screening current simulation Stress simulation

i ek
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Stress Simulation Considering Screening Current

Current distribution with Field Vectors

With considering deformation
0.8

Time: 10.0 s 07

0.2
0.1

Strain [%]

06
05
04l
03f

! —p
2000 4000 4400 s N

o1}
02 1 1 i 1
O g0 '\000 \‘}QQ 11009 rfagg erQQ %600 5,00“ h"ogg @QQ

Measured S
T Insert (
I S1ra|n A (Top) ,
[ |—— Strain A (Bottom) Lit
Background magnet charging AB
1

A: Constant ramping
B: Step ramping

Time [s]

Strain (%)

0 500 1000 1500 2000
Time (s)

2500 3000 3500 4000 4500

!

) JtimE kA



Stress Simulation Considering Screening Current

Current distribution with Field Vectors

With considering deformation Without considering deformation
Time: 10.0 s Time: 10.0 s




T-A Method for NI Magnet

on 0 O
o 13 7
E=pJ =10 p 0 J
00 pefyise
cos(a) —sin(a) O
g= |sin(a) cos(a) O
0 1
T o ' —17
E=gL =gp'g J
P Pro O
Figure 1. (a) Illustration of the spiral winding of an HTS pancake e 7,1 —
coil, exaggerating the pitch and spacing of the turns (left), as well as P coil 8P 8 P or p ol O
the traditional concentric approximation used to enforce axial O O Pz | - ¢E R
r? 7z

symmetry in INS coils (right). (b) A comparison of the locally
defined normal-tangential unit vectors, 71 and T, for the spiral

winding vs the cylindrical unit vectors 7 and <;3, which differ by a
small angle «. (c) lumped circuit model of the NI coil.

R. C. Mataira, et al., “Finite-element modelling of no-insulation HTS coils using rotated anisotropic resistivity,” Superconductor
Science and Technology, 33, 2020, 08LTO01, doi:10.1088/1361-6668/ab9688
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T-A Method for NI Magnet

=T T T T -
- FE Model Wang et al. [39]

Lo° —— N20 N20
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g u N
S107E E
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107°E | 1 e ] |

0 6

2 4
time after discharge (s)

Figure 3. Comparison of experimental decay data for all three coils
from Wang et al [43] with the 2D axially symmetric model
presented here.

Figure 1. (a) Illustration of the spiral winding of an HTS pancake

coil, exaggerating the pitch and spacing of the turns (left), as well as Table 2. Extracted coil parameters, showing comparison of time
the traditional concentric approximation used to enforce axial constants extracted using eq (1) from both the original experimental
symmetry in INS coils (right). (b) A comparison of the locally data in [43], and numerically simulated data produced from the FE
defined normal-tangential unit vectors, 71 and 7, for the spiral model.
winding vs the cylindrical unit vectors 7 and <;3, which differ by a Parameter N20 N40 N60
small angle «. (c) lumped circuit model of the NI coil.
Inductance L (uH) 50.85 195.54 427.59
R. (experiment) (u£2) 323.8 458.7 615.8
Time constant 7 (ms)
! P Pro 0 Experiment 157.1 426.3 694.4
Peoil = gp’g_ = |psr Pos O Model 153.6 4193 683.5

00 plig:

R. C. Mataira, et al., “Finite-element modelling of no-insulation HTS coils using rotated anisotropic resistivity,” Superconductor
Science and Technology, 33, 2020, 08LT01, doi:10.1088/1361-6668/ab9688
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