
Status and plans of U.S. HTS accelerator magnet 
development

Tengming Shen, Xiaorong Wang

Daniel R. Dietderich, Steve Gourlay, Soren Prestemon,

Lawrence Berkeley National Lab

University of California

The second Annual Meeting of the Future Circular Collider study 

Rome, Italy, 11-15 April, 2016

1



Our Program is aligned with the HEPAP 

subpanel recommendations 

• P5: Participate in global conceptual design studies and critical path 

R&D for future very high-energy proton-proton colliders. Continue to 

play a leadership role in superconducting magnet technology focused 

on the dual goals of increasing performance and decreasing costs 

• HEPAP subpanel: Establish and execute a high-temperature 

superconducting (HTS) material and magnet development plan with 

appropriate milestones to demonstrate the feasibility of cost-effective 

accelerator magnets using HTS.

We focus our program on science-based technology development 

with the goal of developing HTS inserts for 

high-field accelerator magnets



The primary commercially-available HTS materials have different 

advantages and disadvantages that merit investigation



LBNL ongoing activities and plans



Overview of 2212 wire industry and U.S. collaboration

• Wire manufacturers – OST, Supercon, Supermagnetics. 

o 2.5 km billet length, and 10 kg billet mass

• Powder manufacturers – Nexans out in 2015, and two U.S. suppliers emerging 
(Metamaterials and nGimat)

• Two insulation options – mullite braided sleeve for Rutherford cable and TiO2-
polymer coating for solenoid.

• U.S. Bi2212 collaboration: 

o Florida State University: Developing high Jc wires through overpressure 
processing and other advanced heat treatment; NMR application 
demonstration.

o OST – improving wire performance and reducing wire costs.

o SBIR/STTR industries: Powder, insulation, et al.

o LBNL/MDP – Developing Rutherford cable and demonstrating 
dipole/quadruple technologies
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Bi-2212 has demonstrated significant transport current 

advances recently, making it a viable candidate 

• Near term top priorities: 

o Demonstrate high critical 

current density in 

Rutherford cable in a coil 

environment

o Explore the mechanical and 

quench limits of 2212 coil 

technology.

o Proof-of-principle 

fabrication of CCT dipoles
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Two U.S. manufacturers now capable of providing 2212 powder 

with qualities on bar with those of best Nexans’ 2212 powders

Powder developed at MetaMateria and nGimat Inc. and wire fabricated at OST.  Development supported by US DOE 
SBIR/STTR programs through DOE-OHEP, U.S. DOE-OHEP CDP.

Slide courtesy of Dr. Jianyi Jiang at NHMFL, FSU. 
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 PMM101108-1 and PMM101108-2 over 2014-2015

         Mean=424 A, stand of deviation=16.1 A

Long-length Ic uniformity is good: 
+/-5% Jc variation along 800 m conductor heat treated in a one-year period
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Short sample treatments showing no internal gas effects in the long-length wires. 

Average = 424 A

25 bar OP

heat treatment

Average = 693 A

P. Li (FNAL), T. Shen (FNAL, LBNL)



Ag sheath shows high RRR, despite that Cu in Bi-2212 filaments diffuses 

into Ag matrix during heat treatment
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Li, Ye, Jiang, Shen, IOP Conf. Series: Materials Science and Engineering 102 (2015) 012027 

Cu2O on wire surface after reaction



LBNL has made long-length insulated cables successfully and is 

demonstrating multiple facets of the cable technology
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LBNL 17-strand Rutherford cable

Mullite braided insulation Ag/Bi-2212 strand

Kink

Straight 

section

Ongoing developments:

• Understanding failure mechanisms and 

increasing packing factor from 80% to 

90%.

• Cored cable for decreasing coupling 

current and loss.

• High-field cable Ic test to demonstrate high 

Je of 500 A/mm2 or above at 15-20 T.

Cable strand no. Strand diameter Bare cable dimensions

17 0.8 mm 7.8 mm x 1.44 mm

Insulated cable 
dimensions

Twist pitch Packing factor

8.02 mm x 1.66 mm 55 mm 80%

P. Li (FNAL), J. Jiang (FSU), T. Shen (LBNL) 



Status – move to racetrack coils –

Old 1 bar coils leaked, with relatively low Jc, but establishing 

critical baselines

Coil performance
• Coil achieves 85% of round wire witness

• Limited by inner turns and ramp

• HTS-SC10: 2417 A (within 10%)

Cable and insulation investigations; infrastructure development

Godeke et al., 2010, SuST, 23 034002; Godeke et al., 2008, TAS, vol. 18, no. 2.

A. Godeke –LTSW07 –South Lake Tahoe, CA, October 30, 2007
High Field Superconductorsfor Very High Field Dipole Magnets

W&R compatibility

Al2 O
3 /SiO

2

72%/28% 
insulation, 80 µm 
wall thickness

Insulation pre-heat 
cleaned

Alloy 600 package

Confinement causes leakage

Unconfined cable pristine after HT

Confined sample shows leakage

LBNL coil reacted at Showa

Closed package HT

O
2 , chemical, mechanical, Cr ? 
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TABLE I
WIND-AND-REACT Bi-2212 SUBSCALE COIL TEST CONFIGURATIONS

With an iron insert inside the Bi-2212 subscale island

Bi-2212 and in series connected and Bi-2212 limited

Bi-2212 and driven independently

( , directions as sketched in Fig. 1) are obtained through a

simple area division of the Lorentz force. Experience with sub-

scale coil simulations suggests that this roughly compares to the

maximum pressure on the cable.

Table I shows a typical scheme to test Bi-2212 coils in order

of increasing magnetic field and load on the cable. The latter is

preferred since research on the sensitivity of Bi-2212 to axial

strain [3] and transverse pressure [7] indicates a significant ir-

reversible axial strain dependence of the critical current and a

maximum allowable transverse load of 60 and 100 MPa on the

face and edge orientations, respectively. The simulations indi-

cate that the loads stay well within these limits, even in a hybrid

structure approaching a magnetic field of 10 T.

III. MATERIALS SELECTION

The materials to be used in Bi-2212 coil manufacture have to

fulfill three requirements: 1) They have to be able to withstand

a heat treatment at about 890 in pure , 2) They have to

be chemically compatible during the partial melt heat treatment

if they are in contact with the Ag-alloy matrix of the Bi-2212

cable [8], and 3) Their thermal expansion and contraction have

to be compatible with that of the winding pack.

We initially selected pure fiber sleeve as cable in-

sulation, since separate compatibility tests on cables were

promising. Coil tests, however, indicated that pure is too

sensitive to contaminations, resulting in the formation of glass

phases that react with the Ag-alloy matrix, as was suggested

earlier [8], [9]. 72%/28% mullite braided sleeve

was identified as a better alternative. This sleeve insulation is

manufactured with a wall thickness of 80 .

The sleeve arrives from the manufacturer with an organic

sizing with an unknown, proprietary composition. This creates

an uncertainty in the materials that are present in the coil

windings during the heat treatment. In the initial coils we

removed the sizing after coil winding, but before the reaction.

Possible remaining sizing can, however, consume a significant

amount of Oxygen during the reaction. This in turn can cause

an Oxygen deficiency in the coil, which could potentially lower

the Bi-2212 melt temperature. In the later coils we therefore

removed the sizing before insulating the cable, initially at

600 in air, and later at 825 in pure for 4 hours. The

mullite sleeve remains intact without the sizing

even after significant handling, in contrast to our experience

with S-glass that is used to insulate cables. This means

Fig. 2. (a) Design of a 6 turn, 2 layer Bi-2212 subscale coil in its reaction
holder; (b) Insulated Bi-2212 cable; (c) Subscale coil winding; (d) Subscale coil
in reaction holder.

that the developed ceramic sleeve is also a very suitable insu-

lation for cables. The absence of sizing overcomes the

carbon deposits that are often found inside a magnet

after reaction, as a result of the presence of organic sizing in

the coils.

We continued to use Alloy 600 for structural coil parts as

shown in Fig. 2, since this provides the preferred match to the

thermal contraction of the Bi-2212 [3]. We use Alloy C-276

for all bolts, except Stainless Steel 316L for bolts that are in

the Oxygen flow path during the reaction. In addition, we are

investigating the possibility to place Zr-702 alloy and plasma

sprayed in between the coil construction material and the

winding pack. We consider this to prevent any chance of contact

between the coil construction material and the winding pack and

to provide a base-plane insulation. Separate tests using insulated

cable sections sandwiched between Zr-702 strips showed that

Zr-702 alloy forms a rigid, insulating oxide during the partial

melt reaction that appears chemically compatible and able to

withstand significant bending of the Zr-702 strip. Compatibility

tests of plasma sprayed are being preformed at the time

of writing and we will continue to investigate other material

options.

IV. PRELIMINARY QUENCH ANALYSIS

Quench propagation measurements on Bi-2212 are exten-

sively described in the literature. The general conclusion is that

Authorized licensed use limited to: Lawrence Berkeley National Laboratory. Downloaded on May 18, 2009 at 12:37 from IEEE Xplore.  Restrictions apply.
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Authorized licensed use limited to: Lawrence Berkeley National Laboratory. Downloaded on May 18, 2009 at 12:37 from IEEE Xplore.  Restrictions apply.

LBNL Bi-2212 efforts and collaborations 
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TABLE II

SPECIFICATIONS AND CROSS SECTION OF RUTHERFORD CABLE

B. Rutherford Cable

We tried to make a Rutherford cable using the high wire.

We selected the 37 19 configuration wire to do this experi-

ment. The specifications and cross section are shown in Table

II.

The cable was heat-treated using the heat treatment proce-

dure established in previous work. We evaluated the appropri-

ateness of the heat treatment by the measurement of extracted

strands after heat treatment. The value was 443 A at 4.2 K in

self-field. Regarding the original wire performance tested in the

previous development, the wire with a 37 19 configuration

carried 800 A in short sample. From the comparison of those

data, we learned that the door was open for further improving

the superconducting property by optimizing the heat treatment

condition.

V. CONCLUSION

We successfully developed conductors with values ex-

ceeding 430 kA/cm in 4.2 K in self-field in wires with diame-

ters ranging from 0.8 mm to 1.26 mm. The best value of 510

kA/cm was obtained in a 0.8 mm diameter wire having a 91

7 filament configuration. The wire had a mechanical strength

of 150 MPa and the value remained constant until the wire

broke. We manufactured both rope type and Rutherford type ca-

bles using this high wire. In the and stranded

cables, the value reached about 90% of the value estimated

from the ideal value of a strand wire. On the other hand, in

Rutherford cable, the value was still only 60% of the ideal

value. This suggests that further optimization of heat treatment

is required to improve the performance.
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Rutherford cable developments 
(with IGC, OST, Showa > 4.5 km SMES cable) 

Sub-scale W&R Bi-2212 racetracks with Showa and OST 

Subscale magnets for basic coil technology 
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Five racetrack coils are being fabricated using overpressure processing at 

FSU, and will be tested to their mechanical and quench limits at LBNL
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Activities summary and goals:

• Five racetrack coils fabricated and overpressure processed at FSU.

• Show high Je in Rutherford cable in a coil environment (standalone test)

• Explore stress and quench limit of Bi-2212 tech (tested in dipole configuration in a 

yoke/shell structure and stressed by the bladder-and-key technique.)

• Implement new quench detection and protection methods. 

LBNL racetrack coils in FSU furnace

Courtesy of G. Miller, FSU
HTS-SC08, Godeke, SuST, 2010



Proceeding with 2212 CCT coils – natural path for high 

field HTS insert technology

2212 program in two years 
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Status – racetrack coils and CCT prototype coils 

• Inner layer, 6-aroun-1 cable, 

reacted at 1 bar  

• Measured peak current 1477 

A, 86% SSL at 4.3 K 

• Excellent agreement 

between measured and 

calculated dipole field 

• Ramped to 1400 A several 

times without degradation 

• Cable fabricated. One racetrack coil wound. 3 more will be made. 10 bar OP and 50 bar 

OP at FSU  

• Fabricated. To be 

OPed at FSU 

8 

Status – racetrack coils and CCT prototype coils 

• Inner layer, 6-aroun-1 cable, 

reacted at 1 bar  

• Measured peak current 1477 

A, 86% SSL at 4.3 K 

• Excellent agreement 

between measured and 

calculated dipole field 

• Ramped to 1400 A several 

times without degradation 

• Cable fabricated. One racetrack coil wound. 3 more will be made. 10 bar OP and 50 bar 

OP at FSU  

• Fabricated. To be 

OPed at FSU 

8 

Status – racetrack coils and CCT prototype coils 

• Inner layer, 6-aroun-1 cable, 

reacted at 1 bar  

• Measured peak current 1477 

A, 86% SSL at 4.3 K 

• Excellent agreement 

between measured and 

calculated dipole field 

• Ramped to 1400 A several 

times without degradation 

• Cable fabricated. One racetrack coil wound. 3 more will be made. 10 bar OP and 50 bar 

OP at FSU  

• Fabricated. To be 

OPed at FSU 

8 

• CCT concept well suited for strain-sensitive 

superconductors – no force build-up

• First test of 1 Atm processing successful

• Ready for first 50 Atm OP magnet



REBCO program – leverage conductor breakthrough

Courtesy of V. Selvamanickam, University 

of Houston

Courtesy of D. van der Laan, Advanced Conductor 
Technologies

CORC® wire

30 μm thick substrate

4.2 K

Recent conductor advances allow serious REBCO accelerator magnet development to start.



Current focus: establish subscale magnet technology
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• Develop fabrication technologies for subscale magnets (winding, impregnation, joints)

• Test magnets to provide feedback to conductor and magnet technology (fabrication, quench 

detection and protection, field quality)

Subscale racetrack coils with single tapes

Investigating CCT configuration with CORC®

wire and stacked tapes

Wang et al, SuST, accepted

Winding-test fixtures for CORC® wire and tape stack

Current status – subscale dipoles with 

CORC® wire and stacked tapes 
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• Single turn Ic test of 
CORC® wire in CCT 

grooves 

• Initial design of a 2-layer CCT subscale dipole 
• 70 mm clear bore, 500 mm long 

• 25 m CORC® wire per layer (based on 2 
mm wide tape and 30 µm thick substrate) 

• Stack of 4 mm wide tapes, 150 m per 
layer (a stack of 10 tapes) 

• Single turn Ic test of single 
tape and tape stacks in 

CCT grooves 
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Summary

• P5 and HEPAP-accelerator subpanel support U.S. HTS accelerator magnet 
development.

• Substantial US Bi2212 conductor development

• Record Jc by overpressure processing.

• Good RRR.

• Good Rutherford cables made.

• U.S. manufacturers now capable of providing high quality powder. 

• LBNL 2212 magnets 

o Racetrack coils made and to be pushed to their electrical, mechanical, 
and quench limits

o CCT magnets prototyping in progress.

• LBNL REBCO magnets leveraging major U.S. conductor development with 
novel magnet designs.



Stress and strain tolerance of Bi-2212 Rutherford cables 

Dietderich et al., Physica C, 341-348, 2599 (2000)

Critical stress – 120 Mpa 

(5% I
c

reduction)
Critical stress – 160 Mpa 

(5% I
c

reduction)
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Axial stress and strain dependence of Bi-2212 strands 

• Critical tensile strain - 0.4-0.6%.

Reversible

Established by ten Haken and ten Kate in tapes and early wires, and by 
Cheggour and Godeke in modern Bi-2212 wires and overpressure processed 
high current density wires.

Tested driven by hoop stress using a ITER barrel configuration. Data, obtained 
by Ye and Shen, to appear in an incoming manuscript.

Critical tensile stress – 160 Mpa.


