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Outline Å Introduction:  
ïCharacterization needs for high field magnets 

ï32 T magnet project 

ÅAnisotropy in Ic(B,T) 

ÅSmall-scale tools 
ïSEM with OIM, FIB, PPMS, LTLSM, MOI, X-ray tomography 

ÅCross-section 

ÅJoints 

ÅStress-strain-Ic 

ÅReel-reel characterization 
ÅCorrelations in Ic 
ï77 K self-field to 4.2 K in-field 

ïBatch-batch 

ïMid-field to high field 

ÅConductor specifications 

ÅSummary 



Superconductor characterization needs 
for high field magnets 

ÅConductor R&D and material science: 
ïUnderstanding what controls the critical current Ic 
ÅB, field angle, T, strain,, .. 
ÅHysteresis loss, joint and matrix resistance, , cp 
ÅIrregularities 

 
 

ïCorrelation to aspects of the production process 

ÅQuantification of properties and their variability 
ïBare conductor, insulated conductor, joints 
ïDuring fabrication, cool down, normal operation, fault modes 

(quench), warm up, for 20 years 
ïFeed into the magnet design and operating protocol 
ïFeed into conductor specifications 

No HTS conductor is without defect 

Impact of defects needs to be understood 



32 T user magnet project 
Å Goal: 

ï 32 T, 4.2 K, 32 mm bore 

ï 500 ppm in 10 mm DSV        

ï 1 hour to full field 

ï dilution refrigerator  <20 mK  

ï for installation in TLH 

Å Approach: 

ï Focused project team 
Å Reliability key 

ï Broader longer-term R&D program 
Å Supports 32 T project 

Å Own aggressive targets  

Current  172 A 

Inductance  619 H 

Stored Energy 9.15 MJ 
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Å Commercial Supply:  

ï 15 T, 250 mm bore Nb3Sn/NbTi ñoutsertò 

ï cryostat 

Å In-House development: 

ï 17 T, 34 mm bore YBCO coils 

ï YBCO tape characterization & quality 

check 

ï Insulation technology 

ïCoil winding technology 

ï Joint technology 

ï Quench analysis & protection 

Å  Progress 

ï Key technological choices made 

ÅConservative 

ÅDry-wound double pancakes with insulated 

co-wound reinforcement 

ïDoing full-featured test coils 

ï Schedule: user operations in 2013 

Structural bore tubes 

Compression 
mechanism 
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Heater wiring 

32 T user magnet project 

Double-pancake 
modules 

Test coil 
42/62 (2) 



Critical locations regarding Ic 
in the 32 T magnet design 

Fraction of Ic   

Minimum Ic conditions 

Cross section of coated conductor coils 
in the 32 T magnet 

100% _____ 

Minimum Ic margin 

Maximum Field   
conditions 
 
 

Assuming equal properties 
for all 10 km of conductor 



Ic anisotropy at 4.2 K 

Å Data on full size samples is hard to obtain at 4 K, high field 

ïHigh currents for B  c-axis, //ab-plane 

ïSmall bore magnets (31 T in 38 mm cold bore) 

ÅtŀǊǘ ƻŦ Řŀǘŀ ƻƴ м ƳƳ ǿƛŘŜ άōǊƛŘƎŜέ ǎŀƳǇƭŜǎ 

Å Extensive data set needed for full Ic(B, ,4.2K) model (fit) 

Data points (red) and fit (surface) 
Typical error ~6% 

500 A at 31T 



 Ic anisotropy T > 4.2 K 

Å For quench analysis data to the current sharing temperature needed 
ï to 30, 40, 50K? 

 

 

 

 

 

 

 

Å Parameters space:  B [T]: 1, 2, 4, 8, 12, 16 

Å                                       T [K]: 10, 20, 30, 40 

Å                                       [o]: -мл   Χ   мул όǎǘŜǇ мo near ab peak) 

 

Å Difficult experimentally even with 1 mm wide bridges 
ïUse 0.2 by 0.01 mm wide bridges 



Ic anisotropy > 4.2 K 

ÅPhotolithography to pattern contact pads and bridges 

ïFinal trimming with FIB 

 

Ag Ag 

YBCO 



Ic anisotropy > 4.2 K 

ÅPhotolithography to pattern contact pads and bridges 

ïFinal trimming with FIB 

 

Patterns with reduced 
 magnetization  
on contact pads 

Samples for Jc( ,B,T) task 

YBCO bridge  

Ag shunted  
YBCO bridge 

Ag Ag 

YBCO 

Mounted on PPMS 
sample holder 



Ic anisotropy > 4.2 K 

ÅPhysics at 30, 40 K are different than at 4.2 K 

ÅPeak shifts from 0°, 90° due to 
ïC-axis tilt 

ïAngled BZO nano-columns  

ïMagnetization in pads 

ÅModified pads 

ïError margin in 

ÅAdding hall sensor 
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Small-scale tools 



Vibrating Sample Magnetometry 
 

ÅMagnetization loops are also anisotropic 

ÅInput data for AC-loss calculations  

ïhysteresis/ ramp rate loss 

ÅPlanning to expand to  

ïHigher B 

ïHigher T 



SEM imaging 

 
Etched sample 

Cracks propagating in buffer stack from cutting anywhere from < 100 m up to 200 m 

Rolling direction 



Magneto-Optical Imaging 

Examples of flux penetration 

longitudinal defects 

NO DEFECTS NO DEFECTS 

Transverse 
defect 

4 mm 

RD = rolling direction 



Magneto-Optical Imaging 

Examples of flux penetration 

longitudinal defects 

NO DEFECTS NO DEFECTS 
Transverse 
defect 

4 mm 

4 mm 

RD = rolling direction 

SEM image after FIB cutting 

4 mm 



Magneto-Optical Imaging 

Examples of flux penetration 

longitudinal defects 

NO DEFECTS NO DEFECTS 

Transverse 
defect 

4 mm 

4 mm 

RD = rolling direction 

SEM image after FIB cutting 

4 mm 



X-ray tomography during Bi-2212 processing 

2.5 C/h 

160 C/h 
825 C/2h 

50 C/h 

10 C/h Tmax/0.2h 

836 C /48h 

Tmax-10 C 

80 C/h 

Quench 
RT 

Time lapse X-ray Tomography shows developing 
microstructure throughout heat treatment 

Traditional one-ǎƘƻǘ άǉǳŜƴŎƘ ŦǊƻƳ ƳŜƭǘέ  



X-ray tomography during Bi-2212 processing 

2.5 C/h 

825 C/2h 

50 C/h 

10 C/h Tmax/0.2h 

836 C /48h 

Tmax-10 C 

80 C/h 

Quench RT 

Tomography at ESRF by Christian Scheuerlein (CERN) using NHMFL samples 

Time lapse X-ray Tomography (movie) shows developing 
microstructure throughout heat treatment 



Cross-section 
Å Accurately determining cross-sectional geometry is not always straightforward 

Å Tape width is key for desired flat pancake coil surfaces : easy to specify 

Å Variations in tape flatness can affect winding stability, radial thermal conductivity 
(critical to conduct hysteresis losses in surface cooled solenoids) and can pose 
insulation challenge 

 

Example: Custom 
shielding during electro-
deposition of Cu  
reduces buildup at edge, 
increase around center-
line 

Custom Cu thickness 



Cross-section 
Å Accurately determining cross-sectional geometry is not always straightforward 

Å Tape width is key for desired flat pancake coil surfaces: easy to specify 

Å Variations in tape flatness can affect winding stability, radial thermal conductivity 
(critical to conduct hysteresis losses in surface cooled solenoids) and poses 
insulation challenge 

 
This goes for co-wound materials and insulation as well 

Co-wound stainless steel tape  with fine alumina particles  in sol-gel  silica insulation 

Extra build-up at edges 

UV-cured epoxy trial on stainless steel 

Reduced build-up at edges 
with modified process 



Joint resistance 

77 K, self-field data 

A 
B 
C 
D 
E 

Nominal value 

Å  Joint resistance is on target for many batches 
Å There are exceptions that are not related to joining procedure 

Limit in conductor specification 

Å Solder thickness is 5-15 m 
Å Solder fixture with repeatable 
Time-Temperature profile 

Hastelloy 

Hastelloy 

Å  Can be significant factor in heat load budget 
Å  Affects current transfer length  >>  NZP, transitients 



Unlike: 

Joint resistance vs. B,  and T 



Stress-strain of conductor 

ÅMechanical properties change when varying stabilizer 
thickness 

ÅNo surprises 

Cryo-capable stress-strain setup 


