Superconducting Magnets Design

Donghwan Kim
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MoS2 Crystal / HfO2 / e-beam lithography /
Raman spectroscopy / |-V curve
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Superconducting Rotating Machine Design

(2023~)

Synthesis of Perovskite Nanocrystals (CsPb(Br/Cl)3)
Surface Engineering / PLQE, FWHM

Time (s) - Thrust Force (N)

HTS Racetrack Field Coil
Rated Thrust Force: 2571.6 N

Rated Speed: 140 m/s

Halbach Array Permanent Magnet
Rated Thrust Force: 1189.0N

HTS Critical Current density, Temperature, Magnetic field / COMSOL Multiphysics / FEM
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Common Procedure of Superconductor Magnet Design

Superconductor Magnet
Design Procedure

Superconductor )
Design
' \l/ N\
Electromagnetic
Design
v
Mechanical and
Structure Design
v
Cryogenic System
Design
_ v
Magnet Stability
Analysis
e \l/ )
Protection Circuit
Design
v

ogt
V2

HXp

714

e

DN

Field Shimming
(limited cases)

Choice of Good Material

v

Generation of Target Field

v

Mechanical Robustness

v

» Performance Evaluation

Thermal Stability (No Melting)

v
Safe and Reliable Operation

Multidisciplinary Issues for Design,
Construction, and Operation of Magnet

Difficulty or Cost

Protection:;
Conductor

Mechanical Integrity

Stability;
Cryogenics

’ T, [K
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“"" HTS and LTS
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o RN AFA L Strand and Cable

1. Strand 2. Cable

e XME MI= Small filaments?t 14 S SE{M= - YAIEZ[0|l= =, HO0|A 2Tt Strand==
Cu Stabilizer2 & =IC}, o2 7§ 1OFA| “Multi-strand cable” LHX|=
« O|& "Multi-filament wire" LfX|= “Strand"2}® SFCH, “Rutherford cable”O[2f 11 StCt,

Cu Stabilizer

Strand made from twisted filaments in a stabilizing
matrix (stability, protection, field quality)
Cable is insulated (dielectric
strength, mechanical
robustness)

3. Cable insulation
« Polyimidel} Fiber glass=
-g- I:l|_-| E-I 7DI-O|-_§E|-. Cable made from twisted wires

(stability, protection, field quality)

NbTi




o RN AFA L Strand and Cable

2. Cable

- YAIE7[0= =, oA 2ot Strand==
024 7§ WOFA| “Multi-strand cable” LW X|&=
“Rutherford cable”O|2t11 SILC},

SC cabile 4 - NDATHTI, CulSc » 1.75, Dim..
i vagret - WIMC, MONE.

-SG cable § < NBTY% T, CutSc = 1,75, Dim. 8.5 x
e

SC cable § - NDAT%TY, CuSc = 1,25, Dim. 8.3 x 1.275 fmm], No. of strands » 22, strand ©» 0.74mm,

Lwend i trngren | MY

SC cable NB4TRTL CuiSe = 8, 4 » 1.6 mm, filament number = 47, Rament dismetar = 117 jim
Line for srintetao 0 SUpermaeck ) Catre

SC cablo Nb&T%TI, ClalSc = 10, Dim. 237 x 149 [mm], filament no. = 17, filamant dea. » 117 cm
Jyte] fir Gpone SOMmacr "‘T i Dus-tors

SC wire 4 - Nb47%T1, CWiSc = 1,68, Dim. 0.97 x 1.65 [men]

Lised N canwels ey e

SC wite 3 - NbAT%TL, CurSe > 1.6 = 1.8, Dim. 0.73 x 1.25 {mm]
Uisd 1) NG crevmets Dagnels - MESMEM5S. MOTE, MITL MSK

SC wire 2 - ND4TSTL CiifS< > 4.0 ~ 48, Oim. 0.38 x 0.73 [mm]
Uped 11 MCBG, NCNY MCG, MGEX, MCTX. 450X MOS0, MCSEX
o — .

SC wire 1 - Kb47%TT, CWSc > 4.0 - 4.8, Den. © 0.435 [mm]

Lsog n commcher maget  MCH 4
2 =t s = S R

S0 42 wires cable - Nb4T%TI, outside & = 17.5 nm, wire: CufSc = 5,
= 1.6 mm, Hlament number = 17, fitament diameter = T
At 07 moniiry L0 NV

Cable made from twisted wires
(stability, protection, field quality)
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EMNME XA 12K Strand and Cable

. Strand0l| = 2l Stabilizer& S+=71?

Flux jumps: =250 EH HEO0| A M7 2 &
2% v, O|A X555 O|SA|Z[HA ©E 44|
2fM X555 O|s5HA| Zo5HA ot 9.

Quench protection: X A& =M E=HS QO™
= X0 LIELITHA EfH2[&= T

Copper Matrix2 & A LEZHA|...

Persistent Current; 2|5 X}7|Z0| g [f Filament
LRIt X7 F0l AHE|HAM, 2 F X7|&0] YE5t
A FX=H H4a 80 K& G/87/88 7
Inter-filament Coupling: A|# Xt7| &0 filament”Z}
= O0|H AC lossZF Z’dSHHA FluxZt A2 coupling
E[=, Flux jump Z-d. IOLA S| &.

. Cable2 2] Twisted® &2 2Q17}?

Inter-strand coupling current Z2

7|A41H etEd S7t

MEF TH=bH: StLEC| strandOl| A defect7t 2ot
CtH, CE strands2 M F 7t S 2 A Lt
Turns= Z2: Winding0| H 2|3} Inductance

= =0| ~ O
= =9 = QUCH

HH 20| 22

. Cable insulation2 oAl FAUE 2 += QUL}?

HM7|™ EM g4 Quench 24 = turn-to-turn
VoltageOf & & Xaed = UL}

7141 Ed g4 0 A2 H HE 5 QUL
S5 M X dE =22 O 2 g = ALt

A
3
aats Hg

ol
|
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Part 1 _*_ﬁEXl‘&IIEEQ—_é_—

Dipole Field 2t&7| 2-n Pole Field RS 7|
* Perfect Dipole= Tt %2 CtH, Circle/EllipseS « AO|A FEH At 20|, n7H2] intersecting
Intercept)\|9|':':| EICt o gbsbot G| ElCh ellipseS 7IX|=&, cosnd Of [t 22 =22
 LCtOH Flat cableoilkl HE517| =1L, ApertureZt &L
Circular3tX| 97| 20 Ht2 X 83}7| Of &L} - nO| 22t'H, Quadrupoledi| di F2tLCt.

« Approximation= SINC function% O|R3FE Of
L EEk 7ts5itie A0| &e{X QUL

. 2tA, MES| cosod el MF 2XEE FTHA flat
cabIeE —?04 7#30} TE :LM H:f. O|2{™H Perfect

= N
2 10000.00um
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o 2 E KA L2 Coil and Iron yoke

The Coil The Iron yoke
- CHH HYUEZE micro O/ 2 X A0 2 - Fringe Field ¥X|: Coil S50{| A Magnetic fluxE
- 7ts A =0 W2l Coil AMIS] 7|AH S8 0 =& OrA 2|7, Field M7| &4

Ojo

ol 71X ot HE £
: Nb3Sne| A2, Brittled}H &d|= EM
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" ANE KA A7 Aro] o

Field = 2+ Current density =71 2
- XA A= TH| 40| Weakest point0]| oS « Load Line margin: Operating current®} Critical
St= £&, 5 Peak Field?! X|ES &&= 20| 52 currentt Z0tX|= line2 Load Line Current2f
« Aperture Fielde= 245 2X0= &3 81, XIS 0 SO}
X|Lt= Peak Field¥t 2 5|C}. « LHCO|A= Operating currentS Load line
« 3T Peak FieldE 7|&=2Z Operating Margin current?] 80% & T =Ct.
B8] (T) 317 Current
mm > margin _
e 26 bkl
g <
= 8.842 521
8.210 =
. :
= ] 07| 20| 25 g5 T 16
5052 O ZOI™{M 1.7k &g ©
- 11
—
ks
- :2:; 6 T T T T T T T T 1
=o:531 6 7 8 9 10 11 12 13 14 15
% Total field (T)
ROXIE 12
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7| A

1[4
ro
0%

off 2f

DX/ ZUE B F7h/ S Tha A ELES 2

- HE&E AzimuthalStH = Mid-plane2 £, RadialotA = Coil Y& H3}: Field Quality X5},
OutwarddtA| S50| Hdst= 40| U= s FhteE 20y
. _ N L Displacement &M: OI& S8 =X
« Coil End%| A= Longitudinal direction P! =0 1B o™ A1
I 2 (NbTi) Insulation0f]| Damage ‘&4

oz Olt AEo| 9fe g
%% @’ % oIH} X |o OI:II-)kHl"')L o340 x}7|Xt « (Nb3Sn) Conductance X{5}
e ¢ SDNSE SOt SHE AT ok Stress limit X2 E X|7Hof
Hl&0f H|&|5t12, Bore radiusOf CHisH / = =

Radialol#| = H|&|5t AxialotA|=

%ﬁ, \§§§ M 20| H|SHCt Fz

0

|

DS

L
g
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7| A

Coil Stress®| &5

» Collaring: Coil 27H& MZ 20N ZH5t= 38

« Yoking: CoilZl 1 = Yoke 7t0f &Mst= S

« Shell welding: YokeE M= Shell258EH 2= 84

« Cool-down: ME CtE G=0 IHE € 4

+ Excitation: = Y2 = & =5 35 X0| Y
O| 2|3t Stress§ 7| ¢lst

Coil motion2| Z| A3}
Cost X|23}

o
ER

LHCO|

N
T

J4E 2|st Dimension XA 3}
AM HAE MEX|e| x| 2= |

F,=1.7MN/m, F, = 265 kN

bS |
a3

—SP107

]
=
P’

a1
Pre-stress: AI7|Z0 2ot B0 HHSIEHEIE
et HAO| Ol5f StressE HHHE = JEE, 1
O|M O & StressE 7IotHA ZgA|ZIC]
Axial support: Longitudinal &2 2 M7=
SE= Eoot0; _
11 T - Prestress Comparison
. . . b :
 |=——=DP102, ap. 1 : E
80 e DP 102, ap. 2 r=-==-Tl b,
1o —5P106 (Nominaly  [yitimatel
= '.L_'.'ir_r_g_n_'_'_l: |Current

p~

for series magnets

%

Y

[}
=

i
:
Reference pre-stress target !
1
!

Delta Collar Stress [MPal

0.4 0.6 0.8 | 1.2
(1/Lae )%, Lar = 12.80 kA
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o8N 2A

Quench: H|7}9H o2 XMEME AAISIE S{AL

UHI™ O = Heat generationO| CoollngEEf 3™ HhA
Quench situation

* Mechanical events: OFEHHE, Shell It1|

- Electromagnetic events: FIUXJumping, AC loss

« Thermal events: Cooling &I

* Nuclear events: Particle shower

Quench?t H4SHH Magnetic EnergyZt 25 Thermal
EnergyZ X|2tZ| M A, Joule HeatingO| 2444, EfH 2ICH

Tt oF RO = LimitZ THESHA] @E=CFH, Quench!

(©Saebyeol Yu. Saebyeol’'s PowerPoint



o8N 2A

Quench: H|7IYHC 2 =T d5 J2ots oy

A O = Heat generation0| CoolingZ2LCt 3™

* Mechanical events: OFEHHE, Shell It1|

« Electromagnetic events: Flux jumping, AC loss
« Thermal events: Cooling & Ii

* Nuclear events: Particle shower

Quench?t H4SHH Magnetic EnergyZt 25 Thermal
EnergyZ X|2tZ| M A, Joule HeatingO| 2444, EfH 2ICH
CF oF XA LimitE BTHEOHA| ¥=CHH

- 1

Quench Protection

- External-dump: Quench”} 283t H Magnet 2|F
Of unenchgtl' of 2 Rdump% ‘?‘-Ikl, I\/Iagnetoﬂﬁ
EtX| B3 RagympOlA HIHX|E 25 TH=C

 Self-dump: Quench?t /43t H short circuita Br=
O A internal resistance?} 00| &| =5 RtEC} X|CH
ot VoltageE R XISIHA CurrentE FXI5t= 24l

(LHCO|M =2 AtEdt= Y H)

t tRy4
() =1,e’RO ~ e T

HE Quench &M & 5 ms 20 28 2opXxtz| 1,
Current Z27HX| 40 ms &= ZA2|=0|, O] 2H0fl 350 K
LS

o|ato] @& x7Oo = &= A|FHOf BiCk

—
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o8N 2A

Adiabatic heat balance Protection Limit
Quench= O £t &4 (hot-spot)0| TFEHMOo = O|4XO|2}H, QuenchZt A[ZHE[XOFR} 2= XA O] HE
Al ot= o 20| ol &otLt. Quench & EHO|| = RISHOF SHLF,
AN 2=, Quench?t | UCHE A2 DetectSt?| 71K Q] Al
C—,aTcond = u]2 {I0| Q5B = Delay7f E Xl eth
- at . C . . . 1200-
(C: average heat capacity, n¢,: Resistivity of Cu) 00 imate protection
E 500 limit?
fmax C_ ” 2 %600- HD2. 11T
_dT - ] dt ;E 100! FRESCA2, RVMM
Top Ncu 0 i LHC-MB\
EOO-HEEA;\‘
QIZS CableO| CurrentS H{E & Q= o2 ow e
. QuenCh Ca pital (r) Enthalpy of the strand volume (neglecting the insulation)
QEZ 2 Decaydt= CurrentE & 29t Load 5
Detecting=
' Quench tax g,

- Voltage levelO| NoiseE 'd&= +&E27I? 3~5 ms

A Lol A
O|2M Quench Al2| Hot-spot Temperature A &7ts Va|3||?ac>t|lg1n._FETe(V°|tage spikeS HH| 2)? 10 ms
= O = — .
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Part 2

NI (No-insulation) High Temperature Supercon. Winding

2011'E MIT

Insulation

Insulation Coill No-Insulation Coill



“* 455 Tesla Coll

2019'E MIT

SCM Coils: C BA WATER-COOLED MAGNET (4 Nested Coils)

Superconducting

1 [
magnet breaks | ﬁ/\
strength world < P,J‘ )

1232 mm g (AN

, | ‘

B Il 4]
Ao | |

- | f

3 1

2 I i .

J 3 : ‘ i

I X4
1 s
1

Magnet Center

20194 62 Nature Al

2000 44.8 Telsa X CH{H| Size 1/1004H
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Part 2

Future Outlook

FCC (Future Circular Collider)

current density
[A/cm?]

MagnetQ| 20X =... ortica 57
LTSl Nb3sno| EA & 7ldot= 41t
HTS H2& M 7N = o7

BHE 20 Tesla HEOIG|...

g N
temperature magnetic field
[K] 1]
FCC-hh TS
Future Circular Collider
‘ Nb3SnO| 16 TO|| O|=™ Current densityg He| F
100 km - 16 T: 100 TeV (c.0.m) ' X| 2ol= &4=0| =0t

. H
. .
4 80-100 km

¥

~ . s
Ed
. .
-

LTS= ®2[7} o= & =& 5 A Homogeneous
ot X271 &2 M-SR B HTS= Xp21&e| #EHd S
HE517] {1 Quench7t 2 X2 7| o{HLL
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Part 2

Future Outlook

FCC (Future Circular Collider) « LTSE O|E2%l|A 16 Tesla EEF =&
« HTSE O|83[A 5 Tesla O| & =& =8
Magnet2| ZHHOM=... + S 20 Tesla 0| HEX = =5

LTSQl Nb3Sne| 24 & 7i45t= A4t
HTS MZE MEA 7H2shA =¥ 0|  Large scale manufacturingl Cost optimizing0| &2

E2HE= 20 Tesla MEQIG|... Tt9F 16 Tesla O| 40| 2 RSICHH X HTSE MO}
(T2t A, HTSE LTSl Afiots A2 2 HH

FCC-hh
Future Circular Collider

100 km -16T: 100 TeV (c.0.m)
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Thank you.
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