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. . . MIT PSFC
What are no-insulation coils?

- No-insulation (NI) coils: lack turn-

to-turn insulation //
- Metal-insulated (MI)/partially- // ///
insulated (PI) coils: metal
“insulation” between turns f/// f///
- Will be using Nl as catch-all term
for these types of magnets "

- Benefits of NI coils
- Increased current density R ~0
- Lower peak operating voltage
- Simplified manufacturing PS

- Potential for passive protection -»> >
against quench damage

- This talk focuses on thermal R
guench damage mechanisms «
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- . . MIT PSFC
Gaps exist in understanding of NI passive quench safety
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[s. Hahn etal 2010) [G. Ert], 2021]
e Tape-wound coil, 2010 * SPARC TFMC, 2021

* Low |y, (100s A) & J, *  Wound from stacks of many tapes
* Highly symmetric I. * Highl,, (30kA+) & J,

* Passively protected * 67MIJ stored energy (quench)

* Non-symmetric I  throughout coil
* Not passively protected
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A closer look at TFMC quench

- TFMC was intentionally open-circuit
guenched at 31.5kA

 Lower I, T..in the corners due to
high field
- Current surpassed |_locally = began
spreading into Cu cap
- Local hotspot formed

- Race between hotspot feedback
loop and global energy dump

- Hotspot won: burn occurred before
energy was dumped

MIT Plasma Science and Fusion Center

MIT PSFC

[Z. Hartwig et al, 2024]
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, , MIT PSFC
How do we ensure NI coils are passively quench-safe?

operating conditions that enable

,{ Need to understand design and
|
I
I passive quench protection in NI coils

B N o o e e e e e mm m e m e Em o Em e e m e mm e o 7’ 4

[S. Hahn et al, 2010] ‘ [G. Ertl, 2021]
e Tape-wound coil, 2010 —— e e e e e e e e = e e e = e - * SPARC TFMC, 2021
* Low I, (100s A) & J, ( ) *  Wound from stacks of many tapes
* Highly symmetric I l Large-scale magnet experiments are ' * Highl,, (30kA+) & J,
* Passively protected | resource-intensive : * 67MJ stored energy (quench)

| y * Non-symmetric I  throughout coil

e I ________ * Not passively protected

( \

| Need fast & accurate |

I l

| quench models |

N o o o e e e e e o e e e e e o /
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Modeling in 3D vs 2D MIT PSFC

3D Spiral Model 2D Axisymmetric Model

[D. Whyte et al, 2024]

O(10M) Degrees of Freedom (DoF) - 0(100K) DoF =>

Very high-fidelity, too slow for Well-suited for rapid iteration & exploration
parameter space exploration
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- . . MIT PSFC
Model utilizes HTS tape homogenization

« Maintained individual unit cell Cu Cu
Solder

materials, but homogenized tapes
- E-J power law for REBCO, n =20

HTS Stack

- Parallel, resistive current paths included <_Structural
Steel
Cooling Channel
—1
t C H P — ( ! | fCU’ ! fHa )
WP — fou u a a tape — 1 1
Cp Je Cp (T) +Ju Cp (T) Psc PCu PHa
ktape — fC’ukCu(T) + fHakHa(T) 1 . % i ot
Psc = 7. 7.
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Model utilizes HTS tape homogenization .,

Ic scalar correction

&

Maintained individual unit cell

materials, but homogenized tapes

- E-J power law for REBCO, n =20
- Parallel, resistive current paths included

J.(B,T,0) from empirical tape data

1.00

0.95

4
©
o

|. correction factors

- Not exact match for data used in TFMC
- Includes measured pancake-by-pancake

Ic correction
combining LN2
and He tests
B 315KkA

e 40.5kA

(d)

2 4

[D. Whyte et al, 2024]
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- . . MIT PSFC
Model utilizes HTS tape homogenization

- Maintained individual unit cell Local J/J_
materials, but homogenized tapes il LﬂJ LﬁJ L&
- E-J power law for REBCO, n =20 ] ]
- Parallel, resistive current paths included L Lﬁ LEJ L! 0-7
- J.(B,T,0) from empirical tape data ] ] 0-6
[ [ ]
- Not exact match for data used in TFMC L&J L:J L:_ -2
- Includes measured pancake-by-pancake Iil o W s o 0.4
|. correction factors o 5
- T- and B-dependent properties for other —-——— 1 + |
materials
r10.1
- All properties calculated pointwise W 1 W 1 [T
— g -o
] ] [ ] [
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. c el MIT PSFC
Radial current flow initiates quench

- Open-circuit quench forces _M
entire stored energy to PS la; .
dump into coil _@ . ]

- Radial current flow arises to —A s
close loop: I, =14 ,/: Rrad

- Eventually causes avalanche
qguench

- Does not naturally occurin 2D

. . IEEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 60, Sept. 2025.
© MIT Plasma Science and Fusion Center Presentation given at MT29, Boston, MA, USA, July 2025, 10



Radial current flow initiates quench

- Open-circuit quench forces
entire stored energy to
dump into coil

- Radial current flow arises to
close loop: I, =14

- Eventually causes avalanche
qguench

- Does not naturally occurin 2D

- Solution: effective turn-to-
turn resistivity added in
series to azimuthal path

- Resolved turn-by-turn

D. Korsun et al, IEEE Trans. Appl. Supercond., vol. 35, no. 5, August 2025

le—-13

MIT PSFC

eff _ eff
71 = Ptape =+ Pturn—to—turn
c.
*TJ _‘_‘
0.65 0.70 0.75 0.80 r (m) 0.85 0.90 0.95 1.00
pta,pe 0 0
_ e
Pstack — 0 a{ch 0
N 0 0 ptaxpe_
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MIT PSFC

2D model replicates timing of quench onset
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- . MIT PSFC
2D model reproduces characteristic avalanche quench

Pancake 9
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MIT PSFC

Starting location of quench front matches experiment

Time=1105.5 s Surface: Temperature (K)
o . . . .

1A 48.9
L ocation0-05] 140
ocation 120
of quench _ |
initiation 100
.0.05 28
0.1 40
-0.15} | | |  {V¥ 31.8

0.7 0.8 0.9 1 m

Full quench
runs in ~12hrs
on 8 cores
Significantly
underpredicts
TFMC peak
temperature
(>1000K)

IEEE-CSC, ESAS a dCSS]SUPERCONDUCTIVITYNEWS FORUM (gl obal editi ) I ue No. 60, Sept. 2025.

© MIT Plasma Science and Fusion Center

n given at MT29, bos MA USA, July 2025, 14



What does this tell us? MIT PSFC

- TFMC would likely have survived quench if energy had been deposited
(roughly) azimuthally uniformly

- Stored energy and stored energy density matter on a global scale
- Need enough thermal mass to absorb stored energy

- But having enough mass to take stored energy isn’t enough in non-
axisymmetric coils — necessary, but not sufficient

- In this case: need coil to dump globally faster than local hotspot can burn

- 2D models not suitable for mapping thermal passively-safe quench space
of non-axisymmetric coils

- Need azimuthal resolution to allow for hotspot formation
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Neither 3D nor 2D models suited for rapid iteration MITPSFC

3D Spiral Model: 2D Axisymmetric Model:
O(10M) DoF per TF coil O(100K) DoF per TF coil

[D. Whyte et al, 2024]

Very fast, but lacks

High-fidelity, but too slow . .
& Y azimuthal resolution
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What if you modeled individual turns? MITPSEe

3D Spiral Model: 2D Axisymmetric Model: 3D Turn Model:
O(10M) DoF per TF coil O(100K) DoF per TF coil O(10K) DoF per turn

(== (== - =l -
""""

Wi o 1 e o s 1 v o o 1 e o R o e 1
— — = - - -
| 1l i I T

[D. Whyte et al, 2024]

Very fast, but lacks Accounts for hotspot formation,

High-fidelity, but too slow azimuthal resolution but missing global physics
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What if you modeled individual turns? MITPSFe

3D Spiral Model: 2D Axisymmetric Model: 3D Turn Model:
O(10M) DoF per TF coil O(100K) DoF per TF coil O(10K) DoF per turn

[D. Whyte et al, 2024]

2.5D non-axisymmetric qguench model:

High-fidelity, but too slow ] ]
fast, accurate global physics, allows hotspot formation
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Model a single turn in 3D geometry MIT PSFC

Solder
Cu

\ HTS Stack
: Steel

Cooling
Channel

I/I C 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65
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2D and 3D components solved together during quench MITPSFe

- Global quench evolves in 2D axisymmetric model

- Computed p allows 2D model to “see” hotspot for self-
consistent quench evolution

I/I C 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65
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. , MIT PSFC
Quench impacted by hotspot formation, as expected

Pancake 12, Turn 4

30 A

25 A

20 A

15 4

Current (kA)

10 1

6 2|() 4ID 6|D 8|0 1(IJO 12|0
Time Since Open-Circuit (s)
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. . MIT PSFC
Adjacent turns pick up current to conserve flux

—-ﬁ-‘
525
= Pancake
-
g 12, Turn 4
=5 15 -
O

(I) 2IO 4|0 6|0 8|0 l(l)O 15_0
Time Since Open-Circuit (s)
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Can we obtain a TFMC-like burn? MIT PSFC

Il B' BG’ Qradial

I/I C 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65

Smeared p
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2.5D model more closely reproduces TFMC burn MIT PSFe

Imposed low-I_ region

| / * Model runs in <48hrs
on 8 cores
* To melt solder, took
<25% of turn’s stored
energy (<0.1% of total
stored energy)

T ( K) 100 200 300 400 700 800

500 600
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. . L . . . ol MIT PSFC
Operating conditions also influence coil survivability

* TFMC at 15.75kA survives quench 1

65
60
155
145
40
35
30
25
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MIT PSFC
Summary

- NI coils with large stored energies can survive quench — if energy is
deposited (mostly) uniformly

- But if not (non-axisymmetric): stored energy is only one part of the picture
- Local hotspot formation is another potential failure mode

- As a result: non-axisymmetric NI coils can’t be assumed to be passively
safe from thermal quench damage

- Need to understand design and operating conditions that enable
passive protection against thermal quench damage in NI coils

- Explore using computationally-efficient, simplified non-axisymmetric quench
models, such as 2.5D model
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Contact

Dan Korsun
dkorsun@mit.edu
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