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The US HEP Superconducting Magnet 

Programs are now integrated into the US 

Magnet Development Program
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P5 recommendation 24: 

“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.” 



The management structure of the MDP is 

clearly defined and the program is fully 

functioning
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Initial technical roles of participants 

matches strengths and interests

• FSU

o Conductor R&D

o Leverage Bi-2212 and REBCO R&D Program

o Shared infrastructure – overpressure furnace for sub-scale coils

• FNAL

o Primary focus and responsibility for Cos-Theta

• LBNL

o Primary responsibility for CCT

o Lead mechanical support structure effort between labs

o Primary responsibility for HTS component
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These efforts are coordinated with additional research efforts by the US community, e.g.

- Nb3Sn strand and cable R&D: Xingchen Xu and Emanuela Barzi

- Development of APC (ZrO2) Nb3Sn multifilamentary and ternary conductor: Mike Sumption

See Tuesday presentations from A. Zlobin and Mike Sumption

See Tuesday presentations from 

P. Lee and D. Larbalestier



Technical areas have leads who are 

responsible for coordination and planning
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Magnets Lead

Cosine-theta 4-layer Sasha Zlobin

Canted Cosine theta Diego Arbelaez

Bi2212 dipoles Tengming Shen

REBCO dipoles Xiaorong Wang

Technology area LBNL lead FNAL lead

Modeling & Simulation Diego Arbelaez Vadim Kashikhin

Training and diagnostics Maxim Martchevsky Stoyan Stoynev

Instrumentation and quench protection Emmanuele Ravaioli Thomas Strauss

Material studies – superconductor and structural 
materials properties 

Ian Pong Steve Krave

Design teams Lead

16T dipole designs Sasha Zlobin & 

GianLuca Sabbi

High-field Utility 

Structure 

Mariusz Juchno

Cond Proc and R&D Lance Cooley



The MDP is being managed and reviewed for

program coherence and technical strength
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Report of 
Fermilab High Field Magnet Program Design Review 

April 28 – 29, 2016 

 
 
 
Committee: 
Giorgio Ambrosio (FNAL, chair) 
Jeffrey Brandt (FNAL) 
Shlomo Caspi (LBNL) 
Arup Ghosh (BNL) 
Peter McIntyre (TAMU) 
Alfred Nobrega (FNAL) 
 
 
Website: 
https://indico.fnal.gov/conferenceDisplay.py?confId=11984 
 
 
Report: 
This report addresses the questions in the review charge (in Appendix A) with a short answer 
followed by findings, comments and recommendations. 
 
 
General remarks: 
The Committee acknowledges that the team has done a very good job developing the proposed 
concept and preparing for this review, and should be congratulated for that. 
 
 
  



The Program is guided by Driving 

Questions… related to performance

1. What is the nature of accelerator magnet training? Can we reduce or 

eliminate it?

2. What are the drivers and required operation margin for Nb3Sn and 

HTS accelerator magnets?

3. What are the mechanical limits and possible stress management 

approaches for Nb3Sn and 20 T LTS/HTS magnets?

4. What are the limitations on means to safely protect Nb3Sn and 

HTS magnets?
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The Program is guided by Driving 

Questions…related to cost

5. Can we provide accelerator quality Nb3Sn magnets in the range 
of 16 T?

6. Is operation at 16 T economically justified? What is the optimal 
operational field for Nb3Sn dipoles?

7. What is the optimal operating temperature for Nb3Sn and 
HTS magnets?

8. Can we build practical and affordable accelerator magnets with 
HTS conductor(s)?

9. Are there innovative approaches to magnet design that address the 
key cost drivers for Nb3Sn and HTS magnets that will shift the cost 
optimum to higher fields?
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The Program is guided by Driving Questions…

related to conductor development

⑩ What are the near and long-term goals for Nb3Sn and HTS conductor 

development? What performance parameters in Nb3Sn and HTS 

conductors are most critical for high field accelerator magnets?
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High Field Dipoles are exploring the 

Limits of Nb3Sn
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Two-pronged approach

• A reference design based on cosine-theta

• See presentation by Sasha Zlobin

• A path to explore innovative designs –

starting with the CCT

Cos-theta 15 T Dipole design

• Coil: 

o 60-mm aperture 

o 4-layer graded coil

o Wsc = 68 kg/m/aperture
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• Mechanical structure:
• Thin StSt coil-yoke spacer

• Vertically split iron laminations

• Aluminum I-clamps 

• 12-mm thick StSt skin

• thick end plates and StSt rods

• Cold mass OD<610 mm (VMTF Dewar limit)

• Cable:
• L1-L2: 28 strands, 1 mm RRP150/169

• L3-L4: 40 strands, 0.7 mm RRP108/127

• Insulation: E-glass tape



The Cosine-theta 4-layer magnet is 

proceeding well at FNAL, with first coil 

prepared for VPI
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Procurement: FNAL/LBNL

5

Procurement at FNAL

• skin contact tooling 

• L1/2 curing tooling 

• reaction retort (new 

quote)

• iron laminations 

o 24 lams in QC

• ½” 316LN shell 

• Al dummy coils for MM

• L4 Cu trace received 

Procurement at LBNL

• L4 SS traces 

o traces for 1st L3-4 

coil received  

Procurement: CERN
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L1-2 parts procurement at CERN

Procurement: CERN

4

L1-2 parts procurement at CERN

L3-4 coil #1 winding/curing
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Outer coil (L4) windingOuter coil (L3) curing

Lead: Sasha Zlobin

Coil parts provided by CERN Traces by LBNL

Preparation to L3-4 coil #2 winding

• Interlayer insulation
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Cos-theta 15 T Dipole design

• Coil: 

o 60-mm aperture 

o 4-layer graded coil

o Wsc = 68 kg/m/aperture

2

 

  

• Mechanical structure:
• Thin StSt coil-yoke spacer

• Vertically split iron laminations

• Aluminum I-clamps 

• 12-mm thick StSt skin

• thick end plates and StSt rods

• Cold mass OD<610 mm (VMTF Dewar limit)

• Cable:
• L1-L2: 28 strands, 1 mm RRP150/169

• L3-L4: 40 strands, 0.7 mm RRP108/127

• Insulation: E-glass tape

Outer coil winding 

Novel coil layout addressing 

midplane stresses and field quality

Preparations for VPI

See presentation by 

A. Zlobin, this session



The CCT program is proceeding to 

systematically address technical issues

• Progress on the Canted Cosine Theta:

o Tested CCT2 (NbTi) and CCT3 (Nb3Sn)

o Testing of CCT4 in June 2017
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Mandrel fabrication developed at 

LBNL, now done by industry

Coil winding: 

<1 day/layer

Reaction: simple, 

scalable tooling

Reaction of second layer; could be 

done together with other layers

Fabrication of 

Nb3Sn/NbTi joints

VPI using simple, 

scalable tooling

Assembly into an 

Al shell

Magnet testing with 

a breadth of 

diagnostics

Pace of effort scaled 

with funding

• Cosine-theta at FNAL 

has higher priority

Lead: Diego Arbelaez



Overview of the Nb3Sn Milestone Plan, Highlighting the Cos(θ) 

Reference Magnet Development (top) and the Innovation Route with 

CCT: ~10 T Subscale Magnet Development (middle), 

Followed by 16 T Model Magnets  
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Exploring and pushing the limits of HTS 

for high-field dipole applications
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Two candidate HTS conductors

• Bi-2212 

• Rutherford cables and sub-scale 

magnets in racetrack and CCT 

configuration

• REBCO

• Cable characterization and dipole 

magnet development
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fabrication techniques. Once deemed successful, the next steps would lead to 

an 8-layer, 16 T dipole with 90 mm aperture. The 90 mm bore size allows these 

magnets to potentially serve for testing of HTS inserts fairly early in the pr ogram.

When suff cient experience has been gained through this program and the 

parallel technology development component (see section 2.4), there will be a 

down-select or branch point to an alternative design path. A schematic of the 

Nb
3
Sn magnet development path during FY17-19 is pr ovided in Figure 4.

Direct ions and Deliverables

This part of the program will develop HTS insert magnets to achieve f elds 

beyond those attainable with Nb
3
Sn, and HTS stand-alone magnets for special 

applications. The HTS program is primarily focused on determining the feasibility 

of HTS materials for use in accelerator magnets, but will take a broad, generic 

approach to development of the technology. The overarching goal is to design 

and fabricate HTS accelerator magnets that generate r ecord-f eld while maintain-

ing an ongoing vigorous science program, using a full suite of design, fabrication, 

test and instrumentation tools available from the participating institutions. We will 

study and develop both Bi-2212 and REBCO* technology , working with SBIR/

industry and DOE university programs.

The scope of work includes:

•  Bi-2212 sub-scale magnets  using racetrack and CCT con f gura-

tions to demonstrate HTS dipole technology (see Figur e 5).

The approach is to use the previously developed racetrack magnet 

R&D platform [19] and the new CCT geometry to explore technology 

limits up to 5 T in a dipole conf guration for both stand-alone and 

high f eld inserts with bores greater or equal to 50 mm and lengths 

ranging from 50 – 100 cm. The near term focus is on developing the  

2.3 High Field Magnet 

Development to  

Explore the Limits  

of HTS

Figure 5. Left: LBNL Bi-2212 racetrack 

coils in FSU furnace. Right: Bi-2212  

Canted-Cosine-Theta coil in test fixture.

* REBCO: Rare Earth-Barium-Copper Oxide superconductor
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basic magnet technology capable of leveraging recent gains in 

current density stemming from over-pressure processing [20]: this 

includes further development and optimization of insulation and 

structural materials compatible with the ~900° C O
2
 environment, 

better understanding of the impact of conductor strain on transport 

current, and optimization of magnet design to eliminate conductor 

damage at f eld [21]. These efforts will be followed by detailed sub -

scale magnet tests on quench detection and propagation, a critical 

issue with HTS magnets; the experiments will be performed in  

parallel with quench modeling, leading to the design and optimiza -

tion of magnet protection schemes for Bi-2212 magnets.

•  REBCO-based dipole and quadrupole magnets  using racetrack 

and CCT coil conf gurations with the best available cable designs. 

Initial examples include stacked tapes and Conductor on Round 

Core (CORC®) [22] (see Figure 6).

Design and test CCT dipole magnets using CORC and stacked-

tapes and quadrupole magnets made using racetrack coils. Near 

term plans include: systematic evaluation of the cable designs, 

including current redistribution in the cable during magnet ramping; 

development of coil fabrication processes including cable insulation, 

coil winding, and vacuum impregnation; quench behavior including 

normal zone growth, dynamic temperature rise, and resulting ther-

mally induced strain; analysis and measurement of magnetization 

and development of mitigation measures.

Figure 6. Left: YBCO (yittrium barium 

copper oxide) stacked tape test mandrel. 

Right: CORC conductor test mandrel.



Significant progress on the Bi2212 HTS magnet front: 

Leveraging overpressure boost in magnet configurations
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Lead: Tengming Shen

Significant improvement:

double JE from RC1 to RC4/5

Continued recent progress:

30% increase in Jc, and long lengths!

LBNL Bi2212 magnets: 

• Racetrack coils fabricated and 

pushed to their electrical, 

mechanical, and quench limits

• CCT magnet prototyping in 

progress.



REBCO program developing quickly: conductor and 

cable characterization, magnet design and 

prototyping underway
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Characterize CORC cable and first tests; Ic 

degradation consistent with bend radius

Assembly of 1st 2-layer 

REBCO CCT

Lead: Xiaorong Wang

C0b wound with wire #2 

reached 1000 A @ 77 K 

and 12400 A @ 4.2K, with 

a peak Je = 1198 A/mm2

Tooling developed for 

winding of 40-turn prtototype



Overview of the HTS Milestone Plan, Highlighting the 

Bi-2212 Magnet Development (top) and the REBCO 

Magnet Development 
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Backbone of the Program: Magnet Science 

and Developing Underpinning Technologies
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Some examples:

• Training studies

• Modeling

• Diagnostics, quench detection, protection

• Develop infrastructure, e.g. insert testing

• New materials – insulation, impregnation and structural

• Design comparison and cost analysis to guide program

Improvements from the technology development program 

are integrated into Nb3Sn and HTS magnets



Numerous technology advances are essential 

to address the high field magnet challenge
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Leads: Ian Pong & Steve Krave

Lucas Brouwer



Advanced diagnostics are providing new and 

critical insight into the mechanisms of 

training and magnet performance
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Propagation of a heater-initiated quench in 

HQ02b at 6 kA 

Senses axial gradient of the axial field 

Acoustic emission detection and 

quench localization system 

“Detecting mechanical vibrations in superconducting 

magnets for quench diagnostics", M. Marchevsky, X. 

Wang, G. Sabbi and S. Prestemon, Proc. of the 

WAMSDO 2013 Workshop, CERN, Geneva 2013. 

Acoustic precursors to quenching 

(HD3 dipole) during current ramp 

“Axial-Field Magnetic Quench Antenna for

the Superconducting Accelerator Magnets”,

M. Marchevsky, A. R. Hafalia, D. Cheng, S.

Prestemon, G. Sabbi, H. Bajas,

G. Chlachidze, IEEE Trans. Appl. Supercond.

25, 9500605 (2015), DOI:

10.1109/TASC.2014.2374536

Pre-quench mechanical event location in 

CCT3 triangulated using acoustic emission 

sensors (color map of arrival times) 

Acoustic emissions for localizationAcoustic emissions as detectors Warm-bore quench antennas

Leads: Maxim Marchevsky & Stoyan Stoynev



Overview of the Technology Development Milestone Plan, which 

Feeds the Nb3Sn and HTS Magnet Program Elements
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Superconducting Materials Procurement 

and R&D is Critical for Program Success
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• Push performance limits of Nb3Sn and HTS conductors 

based on magnet needs

• Understand –

o Uniformity and reliability

o Scalability and future cost

Quantity Target 

Diameter 0.7 to 1.2 mm; (hold @ 1.3) 

Unit length 95% yield at 150 m 

Jc(16 T, 4.2K) 1300 A/mm2 (best effort) 1240 in cable 

Jc std. dev. < 100 A/mm2 

RRR >100; >50 at cable edge or in strand rolled to 15% reduction 

Cu:NC 0.9 to 1.1 (e.g. 150/169) 

DSE <60 μm 

HT duration <240 hours 

Lead: Lance Cooley

Initial 

specifications 

for Nb3Sn 

conductor;

See Tuesday 

presentation 

by Lance 

Cooley 



• We have…

• an MDP Plan that lays out our goals and a roadmap for achieving them

• established an excellent Technical Advisory Committee to provide guidance on our 

program

• identified individuals who will lead and coordinate efforts within the program

• organized our first yearly workshop to work through the program, identify technical 

issues, and provide input for budgets moving forward

• Our focus now is delivering on our near term goals…

• making the Cosine-theta 4-layer magnet a success – potential new record field; 

• progressing through technical issues with the CCT to see if potential can be acheived,

• making real dipoles from HTS and integrating them with LTS 

• procuring sufficient conductors for the program, and  identifying opportunities for 

conductor R&D

Summary
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