
Conceptual Design Optimization of a 
60 T Hybrid Magnet

12019-09-23



Our contribution

• Feasibility study of 60 T hybrid

• Realistic design with precise conductor geometries

• Explore multidimensional parameter space

• Best approach for performance and cost optimization

• Define realistic conductor/technology developments
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Why

• Claim of scientific community for 60 T 
(NRC 2005, 2013)

• 45 T highest continuous field since 2000 
• Before: 31 T Grenoble in 1988, 
• Tallahassee, program started in 1991
• Soon achieved by Grenoble, Nijmegen, Hefei

• Hybrid requires 10 – 15 years for development and 
construction

• Time has come to investigate next step
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Review of past studies

Only HTS
16 nested coils

709 DPs NI
129 MJ

Y. Iwasa, 2013
M. Bird, 2015 

590 MJ520 MJ

10 T33 T17 T
60 T

100 T
39 coils
16 m tall 1.1 m

0.9 m 
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Compact and realistic 60 T magnet

Lorentz forces determine coil dimensions and cost
(more important than current densities)

Materials are decisive

 High-strength, high-modulus materials for conduits
• MP35N, Haynes, Hastelloy…...     Zylon ?
 UTS: 2.3 GPa, YS: 2.2 GPa

 Definition of design stress Sm

• Resistive conductors, Sm = 3/4 YS
• HTS conductor, Sm = 2/3 YS
• LTS conductor, Sm = 2/3 YS
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Review of past studies

Only HTS
16 nested coils

709 DPs NI
129 MJ

Y. Iwasa, 2013
M. Bird, 2015 

590 MJ520 MJ

10 T33 T17 T
60 T

100 T
39 coils
16 m tall 1.9 m

0.9 m

LTS CICC

20 T20 T

HTS
CORC

20 T

Florida
Bitter

158 MJ 320 MJ

1.1 m

Our baseline
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mat1

mat3

mat2

Sm (Rom)

mat1:  YS = 875 MPa,   Sm = 655 MPa, 70 % IACS
mat2:  YS = 1060 MPa, Sm = 800 MPa, 60 % IACS
mat3:  YS = 1160 MPa, Sm = 872 MPa, 51 % IACS

Resistive magnets
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HTS and LTS conductors

HTS:
• Je:     90 A/mm2 (40 T)

109 A/mm2 (30 T) 
148 A/mm2 (20 T)

• Sm:  930 MPa

LTS:
• Je strand: > 200 A/mm2 (20 T)
• Je: 80 A/mm2 (20 T)
• Sm: 1050 MPa Jacketed CORC cable

(Advanced Conductor 
Technologies)

Nb3Sn CICC
(Copy of Nijmegen Hybrid)
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CORC® cable
Void Former
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Insert
resistive

Midsert
HTS

Outsert
LTS

The starting point

 Two Florida Bitter coils
• CuAg (mat1)

 Three HTS coils
• Volume = penalty function

 Two LTS coils
• Maintained at 20 T

 Optimization for 60 T
 Constraints:

• El. power, power density
• Je

• Sm
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A) Replacement of midsert by insert

B tot [T]

N insert [MW]

B insert [T]

B HTS [T]

B LTS [T]

vol HTS [m3] x 10

vol LTS [m3] x 10

B tot (b) [T]

N insert (b) [MW]

B insert (b) [T]

B tot (mat2,3) [T]

N insert (mat2,3) [MW]

B insert (mat2,3) [T]

mat3mat2mat1
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B) Decrease of insert radius
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Insert

Midsert
HTS

Outsert
LTS

150 mm

400  mm300 mm
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 Two Florida Bitter coils
• power 10 → 12.6 (5.3+7.3) MW

 Three HTS coils
• volume 1.13 → 0.53 m3

• energy 158 → 44 MJ
 Two LTS coils

• volume 3.17 → 2.07 m3

• energy 320 → 153 MJ

Results B1
a2 = 150 mm
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mat1

mat3

mat2

Sm (Rom)

mat1:  YS = 875 MPa,   Sm = 655 MPa, 70 % IACS
mat2:  YS = 1060 MPa, Sm = 800 MPa, 60 % IACS
mat3:  YS = 1160 MPa, Sm = 872 MPa, 51 % IACS

Resistive magnets
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mat1

mat3

mat2

Sm (Rom)

mat1:  YS = 875 MPa,   Sm = 655 MPa, 70 % IACS
mat2:  YS = 1060 MPa, Sm = 800 MPa, 60 % IACS
mat3:  YS = 1160 MPa, Sm = 872 MPa, 51 % IACS

Resistive magnets

Reduce 
peak stresses ?
margin ?
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 volume HTS: 0.53m3 → 0.36 m3 (1/3)
savings of $9M !

1) develop new commercial conductor
power 12.6 →17.2 MW

2) improve efficiency/reduce Sm margin !

Florida-Bitter technology the same since 25 years!
Except: hydraulic clamping, slit form (Nijmegen)

Further evolution suggested:
• increase compliance to reduce hoop stress at a1

• replace tierods
• central cylinder (Zylon) [3] plus hydraulic clamping [4]
• optimize series/parallel configuration of coils

Frans Wijnen
Tue-Af-Po2.15-02

Results B2
a2 = 100 mm
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Protection

3 independent circuits: 

• quench of LTS: 250 mΩ, 5 kV, 3 s, Thot-spot < 80 K
discharge HTS: 870 mΩ, 5 kV, 3 s, without quench

• quench of HTS: uniform energy deposition via insert dump, Tav.  90 K 
discharge 174 mΩ, 1 kV, 1 s, 90 K
discharge LTS as above

• To be studied in detail:
• AC losses, temperature distribution in CORC and LTS
• Series connection of 3 magnets: 20 kA CORC (bending radius)
 Redesign conductor
• Current controlled discharge

Insert: < 33 kA 
HTS: 5.75 kA,   44 MJ, 13 kJ/kg
LTS:     20 kA, 153 MJ,   9 kJ/kg
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Cost [k$/m] HTS
CORC

Jacketed [1]

LTS
CICC [2]

today (a) future (b)

Conductor 7.5 2.5 1.2

Conductor
development

0.3 0.5(c)

Coil fabrication 1.2 1.2

Total 9.0 3.7 2.9

Coil cost

(a) today:
piece length 20 m
(b) future:
• long lengths (km)
• tape performance
• cabling
• grading
(c) OST conductor (high field part)
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Cost [M$] Insert Midsert Outsert

today future

Investment and development cost 2 59 24 13

Infrastructure 10

Total hybrid magnet cost 84 49

Operating cost/year 0.96 0.40

Total cost [k$] per hour magnet 

time (2000 h/ year)
0.68 0.68

Amortization of investment cost 

over 30 years
2.8 1.63

Total cost/year 4.16 2.99

Cost [k$] per hour magnet time 

(2000 h/year)
2.08 1.50

Investment, operation and amortization cost
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Results
60 T is feasible, must be a hybrid magnet (20 T + 20 T + 20 T)

Our design based on development of  high-strength conductors
CORC jacketed cable:  Sm = 930 MPa, Je 40 T = 90 A/mm2, long length
LTS CICC:                        Sm = 700 MPa, Je 20 T = 80 A/mm2

Size comparable with other hybrid magnets (1.3 m height, 1.8 m outer diameter)
HTS: 0.53 m3,  44 MJ, 6.5 km
LTS:  2.07 m3, 153 MJ, 4.5 km
Magnet cost: 74 M$ → 39 M$

After development of Florida-Bitter technology (Ϭpeak < 655 MPa at 70 % IACS)
HTS: 0.36 m3,    23 MJ, 4.5 km
LTS: 1.9 m3,  140 MJ, 4.1 km
Magnet cost: 53 M$ → 30 M$

HTS protection: fast insert dump as quench heater
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mat1 mat2

Further reduction ?
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