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Outline

• A design scheme of the HTS insert
• Parametric study of design inputs on the 

outputs
• Sensitivity analysis of homogeneity in 

consideration of screening current effect
• A design scheme with screening current 

taken into consideration
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Design Requirements
• B0=27T

LTS outsert  15T 
HTS insert   12T 

• Cold bore>50mm 
62mm for design of insert

+Passive shimming, HTS shimming

• Φ10 10ppm p2p Homog.
1ppm for design
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HTS Wire Options

Bi2212;
Bi2223; 
YBCO:
• High Critical Jeng: ~2000MA/m2 @27T Bpara,
small Rout at 12T  » limited outsert bore (cost↓)
• High Critical tensile stress：550MPa
• Double pancake
no react process, easy for coil fabrication
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Design with e.g. :
SuperPower YBCO 
SCS4050, 4mm*0.1mm

One DP width: 
Former + T_Plate
4mm+1mm+4mm+1m
=10mm 
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Optimization Algorithm: 
Improvements for design of HTS magnet
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• each discretized mesh taken as a “current loop”
• a solution of current distribution will be several current lumps, 

normally: lumps attached to the inner boundary of the domain
• each lump shaped as a real-sized cross section of a coil in the 

next step

 Linear Programming for layer winding LTS magnet

Example:
Lumps in LP for 3T MRI
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• current loop
→rectangular shape

• swap the ri of the 
meshes

→lumps with same 
outer boundary for 
joint making, and 
inside notch structure*

• still minimize volume
→simple notch 
structure
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*Yukikazu Iwasa, et al., “A High-Resolution 1.3-GHz/54-mm LTS/HTS NMR Magnet”

Linear Programming for design of DP winding HTS magnet
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Design scheme example
HTS insert design result

Magnet inner Dia. 62mm

Magnet outer Dia. 134mm

Magnet length 22cm

Central field L15+H12=27T

Operating current
Engineering J 

150A
300MA/m2

Maximum Br (LTS 
part included)

4.7T

Current margin 56.7% @27T

Homo p2p <1ppm

HTS insert design result

DP thickness 36mm
DP width 10mm

Piece length /DP 111m×2=222m
Number of DPs 22

Number of notch DPs 4
Inner Dia. of notch DPs 64.4mm×2

66.8mm×2
Total tape length ~4.83km
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Max. Br in each pancake and current margin of 
the HTS magnet

• Brmax: 4.7T
• Imargin: ~57%
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Homogeneity : 
1ppm
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• HoopStress-BzJR : ~375MPa as Max.
• HoopStress-Integration*: ~550MPa as Max.
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*J. Caldwell, “Electromagnetic forces in high field magnet coils”, Appt.  Math. Modelling, vol. 6, no.3, pp.157-160, June 1982
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• Bmax in HTS: 27.1T
• Brmax in HTS: 4.7T
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Design scheme with an LTS outsert with 
poor homogeneity

LTS+HTS: 1ppm
• Strong 

compensating 
capability of the 
inside notch 
structure
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• LTS outsert: 
~450 ppm
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Parametric study of the HTS magnet 
design inputs

Input parameters:
• Magnet length: number of DPs
• Magnet inner diameter: cold bore
• Engineering current density: operating current

Output concerns:
• Rout: outer diameter of the insert
• Stot: total length of HTS tape used
• Brm: maximum radial field in the insert
• η: current margin
• σmax: maximum hoop stress
• Sensitivity of field homogeneity
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Magnet lengths

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
0

0.05

0.1

0.15

0.2

0.25

z(m)

r(m
)

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
0

0.05

0.1

0.15

0.2

0.25

z(m)

r(m
)

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
0

0.05

0.1

0.15

0.2

0.25

z(m)

r(m
)



Institute of Electrical Engineering
Chinese Academy of Sciences

Magnet inner radii
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Magnet length vs output concerns

• long magnet has 
little influence on 
Rout, σmax, η

• wire length approx. 
proportional to 
magnet length
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Magnet inner dia. vs output concerns
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• Inner dia. approx. 
linear to Rout, wire 
length, σmax

• Radially big magnet 
has no influence on η
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Jeng vs output concerns
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• large Jeng reduces 
much of length of 
wire and Rout

• but increases σmax 
and η, ~linearly
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Sensitivity Analysis on Homogeneity
Dimension errors of a 
pancake coil:
• inner and outer radius 

(rinner, router) varies 
randomly within 0.2 mm

• axial positions of the two 
ends, (zdown and zup) : 
0.2 mm, 

• deviation (daxis) of coil 
axis from the global z-
axis : 0.2 mm 

• angle misalignments dθ
of coil axis from the 
global z-axis : 0.2º

(rinner, zup)
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Transport current density 
plus screening current density
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Homogeneity for an pair of Helmholtz HTS 
tape belts

Coil No. R1 R2 Z1 Z2 Iop
1 0.05m 0.06m -0.0295m -0.0255m 150A
2 0.05m 0.06m 0.0255m 0.0295 m 150A
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• Screening current 
effect strongest at 
~0.3T

• Screening current 
effect restrained 
by increased Br
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Coil No. R1 R2 Z1 Z2 Br
1 0.05m 0.06m -0.0295m -0.0255m 3T
2 0.05m 0.06m 0.0255m 0.0295 m 3T

• Screening current 
effect restrained 
by increased Iop
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Homogeneity for an pair of Helmholtz HTS 
tape belts
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Ave. homogeneity and strong 
impure components vs magnet 
inner radii with consideration of 
the screening current effect.
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Some conclusions
• Magnet lengths has little thing to do with REAL

field homogeneity: No need to build long insert 
magnet, in the split form of DPs

• The bigger the Rinner, the better the 
homogeneity: But COST of outsert with larger 
bore can increase dramatically

• Screening current deteriorates homogeneity 
about 1 order or less of magnitude, only zonally: 
must be handled (Shimming, Shaking coil)
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Electromagnetic design with screening 
current effect considered
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ppm 解的变化

ppm 种群均值的变

• Screening current 
LOCKed by “current 
sweep reversal” 

• Optimization 
algorithm:  NGA
(Niching genetic 
algorithm)
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Thank you！
谢谢！
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