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Organization of talk

• Brief status of HTS materials for 
magnets

• Present HTS magnet development
• Application of HTS materials to fusion

– Motivation
– Potential
– Challenges

• Conclusions



Facts on Superconductors

Three Critical 
Parameters:

• Critical temperature, Tc
• Critical magnetic field, Hc
• Critical current density, Jc
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Nb-Ti: Max @4.2 K for whole LHC NbTi
strand production (CERN-T. Boutboul)

Nb-Ti: Max @1.9 K for whole LHC NbTi
strand production (CERN, Boutboul)

Nb-Ti: Nb-47wt%Ti, 1.8 K, Lee, Naus and
Larbalestier UW-ASC'96

Nb-37Ti-22Ta, 2.05 K, 50 hr, Lazarev et al.
(Kharkov), CCSW '94.

Nb3 Sn: Non-Cu Jc Internal Sn OI-ST RRP
1.3 mm, ASC'02/ICMC'03

Nb3 Sn: Bronze route int. stab. -VAC-HP,
non-(Cu+Ta) Jc , Thoener et al., Erice '96.

Nb3 Sn: 1.8 K Non-Cu Jc Internal Sn OI-ST
RRP 1.3 mm, ASC'02/ICMC'03

Nb3 Al: JAERI strand for ITER TF coil

Nb3 Al: RQHT+2 At.% Cu, 0.4m/s (Iijima et al
2002)

Bi-2212: non-Ag Jc , 427 fil. round wire,
Ag/SC=3 (Hasegawa ASC-2000/MT17-2001)

Bi 2223: Rolled 85 Fil. Tape (AmSC) B||,
UW'6/96

Bi 2223: Rolled 85 Fil. Tape (AmSC) B|_,
UW'6/96

YBCO: /Ni/YSZ ~1 µm thick microbridge,
H||c 4 K, Foltyn et al. (LANL) '96

YBCO: /Ni/YSZ ~1 µm thick microbridge,
H||ab 75 K, Foltyn et al. (LANL) '96

MgB2 : 4.2 K "high oxygen" film 2, Eom et
al. (UW) Nature 31 May '02

MgB2 : Tape - Columbus (Grasso) MEM'06

2212
round wire

2223
tape B|_

At 4.2 K Unless
Otherwise Stated

1.8 K
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Internal Sn

2 K
Nb-Ti-Ta

Nb3Sn
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NbTi +HT 
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tape B||

Nb3Sn
ITER

Nb3Al: ITER
MgB2

film
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YBCO µ-bridge
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MgB2

tape
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P. Lee, NHMFL/FSU, Talahasse FL



YBCO Tape (2nd Generation-HTS)
• SuperPower (Latham, NY) uses a reel-to-reel system for 

tape production





YBCO 2nd generation tapes 
properties









Magnet applications



H.W.Weijers et al., Technology for High Field Magnets with YBCO Conductors, US-Japan workshop, Dec 14, 2009





H.W.Weijers et al., Technology for High Field Magnets with YBCO Conductors, US-Japan workshop, Dec 14, 2009



Cables





Carpet Stack HTS Cable 
(M. Takayasu, J. Minervini, L. Bromberg)

Patent pending



HTS in Fusion 
Motivation



Maximum continuous
Heat removal
~10 MW/m2

Fusion Viability

1. High average 
neutron 
power loading

2. Continuous 
24/7 power 
production.

3. High ambient 
temperature.

PSI Science

1. High average 
exhaust power P/S 
~ 1 MW/m2

2. Energy throughput 
> 30 TJ/m2 

delivered by 
energetic plasma 
ions.

3. Fundamental new 
regime of physical 
chemistry for 
plasma-facing 
materials.

The PSI Science Challenge & Fusion 
Economics are inextricably linked

D. Whyte, MIT, Designing a 24/7 Fusion Device: Towards Solving Plasma-materials Issues, MIT presentation 1/22/2010
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The Energy-Sustainment Chasm

D. Whyte, MIT, Designing a 24/7 Fusion Device: Towards Solving Plasma-materials Issues, MIT presentation 1/22/2010



Vulcan + The Energy Sustainment Challenge 
Properly and Inextricably Links Core & Edge 
in a range that matches reactor parameters.

a Stangeby upstream separatrix figure of merit
For achieving conduction limited divertor == n L// /T2 /1.5x1017

ARIES* FDF Vulcan Why?

R (m) 5.2-5.5 3.2 1.25 Minimize PFC surface area & Pheat

A ≡

 

R/a 4.0 3.5 4.0 Similarity

Ph /S (MW/m2) 0.85-1.1 0.87 0.9 Global power exhaust for CD / PSI

Δt yr weeks arbitrary Integrate PSI at CTF/DEMO timescales

Β (Τ) 6-8 6 < 8
Similarity of CD & Edge physics

Demountable SC coils --> maintenance

n (1020 m-3) 1.7-2.3 2.4 1.5 - 4 Access large range of non-inductive 
scenarios over wide density range for 

edge exploration & similarityPCD / Pheat,ext ~ 1 ~ 1 ~ 0.2 - 1

νΝ

 

*SOL   
a 0.25-0.38 0.27 0.12 - 0.36 SOL collisionality 

n20
7/2 R 40-90 54 4 - 170 Match divertor plasma T and n

Upstream q// 
(GW/m2) 3-5 3.9 ~ 4-5 SOL T similarity & heat removal

* ARIES-AT, RS

D. Whyte, MIT, Designing a 24/7 Fusion Device: Towards Solving Plasma-materials Issues, MIT presentation 1/22/2010



HTS in Fusion



L. Bromberg, M. Tekula, L.A. ElGuebaly, R. Miller and the ARIES team, Options for the use of HTS in tokamak 
fusion reactor designs, Fus. Eng. Des. 54 (2001)



BSCCO 2212 layered pancakes on silver 
(L. Bromberg, MIT, 1997)



VULCAN Magnet 
Design considerations

• 1.25 m, 7 T on axis
• Peak field ~ 12 T
• If tape parallel to field:

– Current at 12 T, 54 K ~ similar as self-field 
at 77 K

• If tape perpendicular to field:
– Current at 12 T, 50 K ~ 0.5 as self-field at 

77 K with materials with good pinning



HTS tapes

Insulation

1 cm

0.5 cm

Cable (40 soldered tapes)

StructureCooling channels

Plate design
• 180 plates in the magnet

– 2o per plate
– Plate thickness 

(max/min):  2.2 cm/1.1 cm
• 240 kA-turns per plate
• 12 kA per cable
• 22 cables per plate
• Cooling channels 

directly on plates



Magnet cooling

• High pressure He cooling the plates 
directly, at about 55 K.

• Cooling channels in plates
• Manifolding also in the plates
• Cooling of the joints?



Joints



Lap-joints
• Joint fixture made at MIT, tests carried out at 

Creare



A.J. Dietz, W.E. Audette, L. Bromberg, J.V. Minervini, and B.K. Fitzpatrick, Resistance of Demountable Mechanical 
Lap Joints for a High Temperature Superconducting Cable Connector, IEEE TRANSACTIONS ON APPLIED 
SUPERCONDUCTIVITY 18 1171 (2008)



Lap-joints

• Developed with very low resistance
• Quick-disconnect unit has been built 

using demonstrated approach
• Connector has multiple tapes, multiple 

joints
• Connector being tested on-ship for 

deGaussing applications









Joint dissipation
Tapes

width mm 10
Current A 300

Cables
Number of tapes 40

Plates
Number of plates 180

Joints
Length per cable mm 100
Length per tape mm 2.5
Resistance per tape Ohm 1.28E-07

Dissipation
 per tape mW 12
 per cable W 0.46
 per plate W 10
Total dissipation W 3650

Refrigerator (1/5 of Carnot) W 50000



Joints
• Considered several joint geometries

– Scarf joints to minimize resistance across joints
• This area is critical and needs substantial funding for proof- 

of-concept
• A concept that combines C-MOD and DIII-D joints may be 

feasible



Geometry of joints

Case A Case B Case C



Magnet topology

• Case B is the most 
likely

• Can use used with 
superconducting OH 
transformer

• Volt-second limitation:
– For the present 

geometry (BOH in T):  
– Φ

 
~ 1.2 BOH V s

– 20 Vs for BOH ~ 8 T



Reliability of joints

• Very large number of joints
• Joints need to accommodate imperfections
• Hyperconducting compliant layers

– Place a superconducting material in a soft matrix. 
– Good metallurgical bond between the matrix and 

the superconductor.
– Disperse the SC material within the matrix such 

that SC-SC distance is small
• Short bridges of relatively high resistivity material 

between SC materials



Matrix

• Soft matrix, maybe with ridges in order 
to yield when surfaces in contact
– When applying pressure, matrix deform 

and flows to regions with lower pressure, 
allowing hard SC materials to approach 
each other

• Silver (unannealed), indium, low 
temperature solders, “woods metal”



Hyperconducting compliant layers

• Matrix
– Soft matrix, maybe with ridges in 

order to yield when surfaces in 
contact

• SC:
• Could be in the form of HTS 

powder, or finely cut SC filaments
– Filaments cut into small 

pieces
– HTS materials could be used 

for applications at either high 
or low temperatures



Voltage

Current density

CopperHTS tape

Solder

Solder



Voltage

Current density

CopperHTS tape

Solder

SC material



Hyperconducting compliant layers

• Voltage in the case of HTS tapes: 1.48 e-8 V
• Voltage in the case of just plain solder: 3.8 e-8 V
• All the action occurs in the solder region
• About 2.5 times lower resistivity
• In order to do better, need to really minimize bridging 

through normal regions
• Potentially can do substantially better than this

– Need high fill fraction
– Can be increased by using polydisperse powders



Current transfer between tapes



V. Selvamanickam, J. Dackow & Y. Xie et al., Progress in SuperPower’s 2G HTS Wire Development 
Program,  FY2009 Superconductivity for Electric Systems Peer Review, Alexandria, VA, Aug. 4 – 7, 2009



Current shunting

• Cu, thickness 20 μm, σ
 

~ 4 108/Ω
 

m
• Solder, thickness 20 μm, σ

 
~ 6.7 107/Ω

 m
• HTS thickness, 2 μm



With side tape, 
solder

20 μm copper

Current density ~ 2.5 1010 

A/m2 in HTS, or 100 A

Assumption that side 
contact is 4 mm (scale 
resistances by that 
number)

Voltage ~ 162 μV

Resistance per tape period 
~ 1.6 μΩ

20 μm solder



Shunting of the cable

• The presence of the tape on the side decreases the 
resistance from the bottom of the stack to the top of 
the stack by a factor of about 200 (normalized to 4 
mm wide contact)
– 3 μΩ

 
vs 320 μΩ

• Can be used to control tape-to-tape 
transconductance, allowing for increased 
performance of a given tape, at marginally increased 
dissipation

• Need to determine performance of shunted cables 



Protection



Magnet quench

• Due to very high heat capacity and very high 
field/current of operation, HTS will not be 
subject to flux jumping higher temperatures

• Speed of propagation is very slow, if there is 
a normal zone there will be very small 
external evidence until arc develops.

• Severe issue for “dry” magnets
• Needs:

– Better methods for determining quench
– Better methods for internal dump



Temperature sensors 
Fiber optic Brillouin scattering



Spontaneous Brillouin

• Single end approach with 2 lasers
– 1 frequency-shifted local oscillator
– 1 pulsed probe 

• (pulse width ~ spatial resolution)
– Measure 

– Signal Amplitude
– Linewidth
– Frequency shift

S. Mahar, Spontaneous Brillouin Scattering Quench Diagnostics for Large Superconducting 
Magnets, MIT PhD thesis, 2008







Energy dump (internal)



Eddy Current Quench
• AC fields will result in conductor heating

Can we use this heating for quench?
• Options:

– Use ripple in the SC conductor current
• Energy/power required ~ 2 B ΔBripple
• Ratio of ripple energy to SS energy ~ 2 ΔBripple /B

– Use separate system for heating
• Magnetic fields that are normal to the steady stage magnetic field
• Energy/power required ~ (ΔBripple )2

• Ratio of ripple energy to magnet energy ~ (ΔBripple /B)2

– Having the ripple magnetic field be normal to the steady state field at all 
locations results in M = 0 (mutual inductance).

– In practice there should be some coupling (due to fringing fields, for 
example), and thus M ~ 0.

• Heating element does not have to be in intimate contact with the coil

L. Bromberg, J.V. Minervini, T. Antaya, J.H. Schultz, L. Myatt, Inductive quench for magnet protection, 
US20080062588, patent allowed (2009)



Quench requirements
• In order to quench the magnet, it is necessary to 

raise the temperature of the conductor by 1-2 K, 
maybe more in the outer turns with lower fields

• ΔT ~ 3K.
• If magnet is with He (pool or flowing), then heat 

capacity ~ 1 J/cm3

• If magnet is dry, then the energy required to quench 
is on the order of 0.01 J/cm3 (for 4 K temperature 
change, so this should quench almost all the magnet, 
with the possible exception of the lowest field turns).
– Concept attractive for dry magnets 



Schematic diagram for one potential 
setup in cyclotron magnet



Conductor for the K250

Eddy current flows



Magnetic Field Shaping Using 
High Temperature 

Superconducting Monoliths
L. Bromberg, J.V. Minervini, J.H. Schultz 
MIT Plasma Science and Fusion Center 

T. Brown, P. Heitzenroeder and M. Zarnstorff 
Princeton Plasma Physics Laboratory 

A. Boozer
Columbia University 

Supported by Princeton University Subcontract Award 
Number S00828F



Objectives of the concept
• Superconducting monoliths 

can be used to shield/trap 
magnetic fields
• HTS monoliths can operate 

without flux jump because of 
high thermal stability

• Can superconducting tiles be 
used to modify fields 
generated from simple coils?
• Simplify coil geometries for 

stellarators
• Improved access



Modeling tokamaks/stellarators

• Bulk superconductor can be treated as 
perfect diamagnetic material

• Stellarator is complex 
3-D geometry
• To understand multiple tile 

performance started out 
analyzing 2-D geometry

• Axial symmetry of set of 
coils that simulate a toroidal 
magnet at the midplane

• Relevant to ripple reduction 
in tokamaks



Conclusion
• Magnet technology for use of HTS magnets is 

developing, not as mature as LTS magnets
– Potential for innovation

• HTS offers a unique opportunity for near term 
devices in fusion
– Demountable, good for access
– Low electrical power requirements, good for long operation
– Materials exist today, at costs that are not prohibitive

• R&D is required:
– Cable construction
– Magnet cooling
– Joints
– …



Additional slides



Alternative calculations

• For M ~ 0, it is necessary that for each 
element with B+ΔB, there is a corresponding 
on with B-ΔB [read Bz ]

• The, energy change ~ 
B2 - (B+ΔB)2 ~ B2 - (B+DB)2

upper /2 - (B-ΔB)2
lower /2 ~ ΔB2

• In this case, the energy change is 
proportional to ΔB2, not to ΔB B >> ΔΒ2

• It should be noted that although the external 
voltage for the AC circuit is small, it is 
possible that the internal voltages are high. 



Alternatives with M ~ 0



Cost of tapes

• Length of tapes in inner leg
– 250 km (related to 4 mm tape, but 1 cm for 

VULCAN)
– $40/m (4 mm wide)
– Cost of HTS for inner leg:  20M$
– Cost for all machine ~ 3x, or about 60 M$









Example

• Low temperature solder
• HTS power about 2/3 of the thickness of the 

solder
• About 30 microns thick overall
• HTS tapes with 20 microns of electrolytically 

deposited copper (i.e., high conductivity)
• Neglect substrate (which, anyway, is 

insulated through ceramic layers).



Model results

• Assume a given current density (low, 25 kA/m2)
• 2-D calculation
• Voltage = 0 at the left
• Voltage at the right used to determine effective 

resistivity
• “HTS layer” is thick to ease meshing, has no impact 

on results 
• Drawings with different vertical/horizontal axis

– Solder conductivity ~ 4 106 /Ohm m
– Copper conductivity ~ 2 108 /Ohm m
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