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International FCC collaboration 
(CERN as host lab) to study:  
•  pp-collider (FCC-hh)                      

à main emphasis, defining 
infrastructure requirements  

•  80-100 km tunnel infrastructure 
in Geneva area, site specific 

•  e+e- collider (FCC-ee),                
as potential first step 

•  p-e (FCC-he) option,    
integration one IP, FCC-hh & ERL 

•  HE-LHC with FCC-hh technology 

~16 T ⇒ 100 TeV pp in 100 km 

Future Circular Collider Study  
GOAL: CDR and cost review for the next EuS (2019) 

Courtesy of Michael Benedikt, CERN 



 
 

FCC-hh:  100 TeV pp collider as long-term goal  
 à defines infrastructure needs 

FCC-ee: e+e- collider, potential intermediate step 
HE-LHC: based on FCC-hh technology 

Tunnel infrastructure in Geneva area, linked to 
CERN accelerator complex;  
site-specific, as requested by European strategy 

Launch R&D on key enabling technologies  
in dedicated R&D programmes, e.g. 
16 Tesla magnet program, cryogenics, 
SRF technologies and RF power sources 

FCC Scope:  
               Accelerator and Infrastructure 

Courtesy of Michael Benedikt, CERN 



 
 

In China: CEPC-SPPC 

BTC 

IP1 

IP3 

e+ e- 

e+ e- Linac 

LTB 

BTC 

SppC ME Booster 

SppC LE Booster 

IP4 IP2 

SppC Collider Ring 

Proton Linac 

SppC HE Booster 

CEPC is an 240-250 GeV Circular Electron Positron Collider, proposed to 
carry out high precision study on Higgs bosons, which can be upgraded to 
a 70 TeV or higher pp collider SPPC, to study the new physics beyond the 
Standard Model.   

50/100	
  km	
  in	
  circumference	
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Courtesy of Qingjin Xu, IHEP 



 
 

   SPPC Magnet Specifications 

Main dipoles 
•  Field strength: 20 Tesla  
•  Aperture diameter: 40~50 mm  
•  Field quality: 10-4 at the 2/3 aperture radius 
•  Outer diameter: 900 mm in a 1.5 m cryostat 
•  Tunnel cross section: 6 m wide and 5.4 m high 

 

SPPC accelerator complex  

The CEPC-SPPC ring sited in Qinhuangdao, 
50 km and 100 km options . 

Refer to CEPC-SPPC Pre-CDR, Mar. 2015: http://cepc.ihep.ac.cn/preCDR/volume.html 
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SPPC 
•  50/100 km in circumference    
•  C.M. energy 70 TeV or higher 
•  Timeline 
     Pre-study:             2013-2020 
     R&D:                      2020-2030 
     Eng. Design:         2030-2035 
     Construction:       2035-2042 

Qinhuangdao 

Courtesy of Qingjin Xu, IHEP 



 
 

  
 
•  “The future of particle physics depends critically on transformational 

accelerator R&D to enable new capabilities and to advance existing 
technologies at lower cost. “ 

•  “The program is driven by the physics goals, but future physics opportunities 
will be determined by what is made possible.” 

•  “Going much further, however, requires changing the capability-cost curve of 
accelerators, which can only happen with an aggressive, sustained, and 
imaginative R&D program.” 

•  “Primary goal,  . . . . build the future-generation accelerators at dramatically 
lower cost. For, example,  the primary enabling technology for pp colliders is 
high-field accelerator magnets, . . .” 

•  “Strengthen national laboratory-university R&D partnerships, leveraging their 
diverse expertise and facilities.” 

U.S. Energy Frontier Strategy – Particle Physics Project 
Prioritization Panel (P5) Report* 

*“Building for Discovery: Strategic Plan for U.S. Particle Physics in the Global Context,” P5 Report, http://science.energy.gov/~/media/hep/hepap/ 
pdf/May%20 2014/FINAL_P5_Report_053014.pdf  

 



 
 

Accelerator R&D Subpanel reinforced the P5 
recommendations* 

•  Participate in international design studies for a very high-energy proton-
proton collider . . . 
 
Vigorously pursue major cost reductions  . . . targeting potential 
breakthroughs in cost-performance. 
  

•  Support accelerator design and simulation activities that guide and are 
informed by the superconducting magnet R&D  
  

•  Form a focused U.S. high-field magnet R&D collaboration that is 
coordinated with global design studies  . . .  
 
The over-arching goal is a large improvement in cost-performance. 

  

*Accelerating Discovery: A Strategic Plan for Accelerator R&D in the U.S.  
(HEPAP Accelerator R&D Subpanel Report, April 2015); http://science.energy.gov/hep/hepap/reports 



 
 

•  Aggressively pursue the development of Nb3Sn magnets . . . 

•  Establish and execute a high-temperature superconducting 
(HTS) material and magnet development plan . . . 

•  Engage industry and manufacturing engineering disciplines to 
explore techniques to both decrease the touch labor and 
increase the overall reliability of next-generation 
superconducting accelerator magnets.   

•  Significantly increase funding for superconducting accelerator 
magnet R&D . . . 

  

Accelerator R&D Subpanel recommendations 



 
 

Magnet Goals are similar around the world 

•  High field (16 – 20T) 

§  16T is a practical limit for Nb3Sn 
§  20T requires use of High Temperature Superconductors (HTS) 

Both Nb3Sn and HTS are new to accelerator technology 

•  Bore diameter (40 – 50mm) 

•  All at reduced cost per T-m 
§  Materials 
§  Labor 
§  Reliability 
§  Margin 
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Must consider overall 
system cost 



 
 

Goals require technology well beyond State-of-the-Art 

•  27 km of NbTi magnets running at 1.9K and 7 - 8T 

•  More than half a century after discovery, Nb3Sn is ready for major 
implementation in an operating accelerator. HL-LHC 

•  Some significant improvements in HTS conductors, but much left to do. 

•  High field accelerator magnet development has reached 14 – 15T. Getting 
close to the Nb3Sn limit. 

•  Training is still a problem 

•  A relevant historical note: 

The program that developed the technology for a critical upgrade of the LHC was started at LBNL !
more than 20 years before the LHC turned on and while the SSC was still the flagship project of US HEP!

Snap shot of the current status of magnet technology 



 
 

 
Some progress towards higher field accelerator magnets 

S. Prestemon, LBNL!



 
 

Starting point for magnet technology 

Shiltsev/Zlobin, (FNAL)! SSC, 50mm!
6.6T, 4.3K!

LHC, 56mm!
8.3T, 1.9K!

LHC, 60mm!
11T,1.9K!
FNAL/CERN!

VLHC, 43mm!
10T, 4.5K!

CCT!
TAMU!LBNL!



 
 

Nb3Sn technology is being readied by LARP: FNAL, BNL, LBNL  
HQ ➠QXF ➠ Hi-Lumi upgrade 



 
 

Material NbTi Nb3Sn (Nb3Al) Bi-2212 YBCO 
Max Field 10-11 T 16-17 T Stress limited Stress limited 

Reaction Ductile ~6750C in Ar/
Vacuum 

~8900C in O2 
(±20C) None 

Wire axial 
compression N/A Reversible Irreversible? Reversible 

Transverse 
stress N/A < 200 MPa  60 MPa? ≥ 150 MPa1 

Insulation All S/E Glass Ceramic All 

Construction G-10, 
stainless...  

Bronze/Titanium, 
Stainless Super alloy All 

Quench 
propagation >20m/s ~20 m/s 

~0.05 m/s? 
 (4.2 K, 8 T) 2 

~0.01 m/s?  
(4.2 K, self-

field) 3 

1. Cheggour et al., IEEE TAS (2007) 17(2), pp. 3063 – 3066. 
2. Trociewitz et al., SuST 21 (2008) 025015. 
3. Song and Schwartz, IEEE TAS (2009) 19(5), pp. 3735 – 3743. 

High field magnets require high field conductors 



 
 

Achieving Aggressive Goals Requires a Paradigm Shift  

•  Old Paradigm: Need ~ 20% operating margin 

•  So, for 16T operating field we would need a 20T magnet 

•  This exceeds the limit for Nb3Sn and requires HTS 

•  Significantly higher cost than NbTi. The last 2 – 3T is expensive! 

§ New Paradigm: Increase fraction of operating field. Could potentially save billions for a collider.!
Note on conductor cost. (highest quality material available) 
 
NbTi ~ “1” 
Nb3Sn ~ 10 X NbTi 
Bi-2212  and YBCO ~ 10 X Nb3Sn 
 
So, an additional 2T using HTS for an insert would cost 1.5X as much  
as for the first 16T using Nb3Sn 

Old Paradigm: Some training and possible retraining are undesirable but expected and accepted 

Conflicts with increase in fraction of operating field 
 

New Paradigm: Understand and minimize or eliminate training (not trivial). 
Linked to relaxing operating margin requirement.  

Upshot: HTS is not a !
candidate for ring magnets!



 
 

HD-1 exhibited “acceptable” training performance 
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Achieving Aggressive Goals Requires a Paradigm Shift 

•  Old Paradigm: Need grading to minimize conductor 

•  Still true. Even more so with expensive conductor and more of it needed for higher fields. However, 
grading increases stress and Nb3Sn is stress limited (~ 200 MPa) 

•  New Paradigm: Need a design that keeps coil stresses within limits. Grading is particularly effective 
for multi-layer coils required for high fields 

•  Old Paradigm: Large bore is desirable but expensive 

•  Still true but not as much. For high fields, bore size has relatively small impact on conductor 
quantity. Coil width is large compared to bore size. But, larger bores lead to higher stress. 

•  New Paradigm: Don’t obsess over this parameter. Eye on stress, but other issues may dominate.  

•  Old Paradigm: Test and measure field of all magnets 

•  Wasn’t intended for LHC but ultimately that was the case 

§       New Paradigm: Magnets have to be as simple and reproducible as possible.  



 
 

 
Summarizing the key elements of the new paradigm 

1)  Decrease operating margin 
2)  Minimize or eliminate training 
3)  Fully utilize grading 
4)  Flexible choice of bore diameter 
5)  Manufacturability (reliability and reproducibility) 

•  Take baseline technologies to higher level of performance 
•   The HD magnets are on the asymptote for Nb3Sn so it will be difficult 

•  Combine with a strong component of high-risk, potentially high payoff disruptive technology 
development that can leapfrog the status quo 

•  A parallel program of supportive R&D 

•   Advanced materials R&D 

•   Explore other applications of the new technology that challenge current capabilities 



 
 

The Programs 
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15 MCHF material over 4 years (8 MCHF on conductor R&D) 

FCC Technology program 2016-2020 



 
 

European Union 
Horizon 2020 program 
•  Support for FCC study 
•  Grant agreement 

654305 
•  3 MEURO co-funding 
 
Scope: 
 
FCC hadron collider 
•  Optics Design 
•  Cryo vacuum design 
•  16 T dipole design, 

construction folder for 
demonstrator magnets 

CERN-EU program: ‘EuroCirCol’ 
             on 16 T dipole design 



 
 

Cos-theta 

Blocks  

Common coil 

Down-selection of options end 2016 for more detailed design work 
  

Swiss	
  contribu5on	
  	
  
via	
  PSI	
  

Canted 
Cos-theta 

16 T dipole options under consideration 



 
 

Integrated bn & an Value (10-4) 
b3 0.14 
b5 1.42 
b7 -0.40 
a2 -0.29 
a4 -1.81 
a6 0.03 
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Q. Xu et. al., 20-T Dipole Magnet with Common Coil Configuration: Main Characteristics and Challenges, IEEE Trans. Appl. Supercond., VOL. 26, NO. 4, 2016，4000404 

20-T dipole magnet in common coil 
configuration two Φ50 mm beam pipes; load 

line 80% @ 1.9 K 

IHEP: Concept of the SPPC 20-T Dipole Magnet 

Main parameters of the magnet 

Integrated field quality 

Q. Xu et al. 
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IHEP: R&D Steps towards 20-T Dipole Magnet 

1st step                               
ongoing 
Fabrication of 15-T Nb3Sn 
and Nb3Sn+HTS subscale 
magnets, to test the stress 
management method for 
Nb3Sn & HTS coils and the 
quench protection method 
for HTS coils; By the end of 
2018. 

2nd step 
Fabrication of 15-T Nb3Sn 
and Nb3Sn+HTS operational 
field dipole magnet with two 
Φ50 mm beam pipes and 
10-4 field quality, to test the 
field optimization method 
for HTS coils; 
 
To be funded.  

3rd step 
Fabrication of a 20-T magnet 
with Nb3Sn+HTS or only one 
of them, if significant 
progress on performance of 
Nb3Sn or HTS 
superconductors, i.e., Jc is 
increased 3~6 times with 
significant cost reduction.  

a  b  c  

Q. Xu, K. Zhang, C. Wang et. al., 20-T Dipole Magnet with Common Coil Configuration: Main Characteristics and Challenges, IEEE Trans. Appl. Supercond., VOL. 26, NO. 4, 2016，4000404 

Q. Xu et al. 



 
 

The US Magnet Development Program has been 
launched (HEPAP ARD Subpanel Recommendation) 
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Initial Participants 
 
LBNL 
FNAL 
FSU/NHMFL 

U.S. MAGNET 
DEVELOPMENT 
PROGRAM

U.S. MAGNET 
DEVELOPMENT 
PROGRAM

PMS 1525PMS 411 PMS 7515

U.S. MAGNET 
DEVELOPMENT 
PROGRAM

U.S. MAGNET 
DEVELOPMENT 
PROGRAM

U.S. MAGNET 
DEVELOPMENT 
PROGRAM



 
 

Goals Derived from P5 and ARD Subpanel 
Recommendations 

GOAL 1: 
Explore the performance limits of Nb3Sn accelerator magnets with a focus on minimizing 
the required operating margin and significantly reducing or eliminating training. 
 

GOAL 2: 
Develop and demonstrate an HTS accelerator magnet with a self-field of 5 T or greater 
compatible with operation in a hybrid LTS/HTS magnet for fields beyond 16 T. 
 

GOAL 3: 
Support the above efforts by addressing fundamental aspects of magnet design and technology 
that can lead to substantial performance improvements and magnet cost reduction. 
 

GOAL 4: 
Pursue Nb3Sn and HTS conductor R&D with clear targets to increase performance and reduce 
the cost of accelerator magnets. 
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(1) High Field Dipoles to explore the limits of Nb3Sn 
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Two-pronged approach 
 
•   A reference design based on cosine-theta 

•   A path to explore innovative designs – 
 starting with the Canted Cosine-Theta (CCT) 

10

The Program is composed of four primary elements. The first element consists 
of high field dipole research and development that is organized into two com-
ponents. One is establishment of a baseline design to demonstrate feasibility 
and the second is aimed at higher risk innovative concepts to reduce cost. The 
second element is to generically evaluate the feasibility of high field accelerator 
magnets based on HTS materials. The Program is supported by a third element 
of essential underlying generic magnet science and technology development. 
The model magnets will serve as platforms for integration of the results of these 
ongoing activities. These main elements are supported by a fourth element: 
a conductor development program will expand performance parameters of 
existing Nb3Sn and HTS composite strands and cables and that is driven by the 
magnet R&D goals. Due to the R&D nature of the program, we project milestones 
for the first three years of the program; future milestones will depend on progress 
and possible down-select decisions based on review of program performance. 

Directions and Deliverables 

Magnets with a small bore or no bore have reached 16 T in the US and recently 
at CERN. Modeling indicates that this is close to the “practical” limit for currently 
available high performance Nb3Sn wire. The remaining challenge is to realize this 
potential in accelerator quality magnets, both in magnets with small aperture, 
typical of high energy colliders, and in magnets with larger aperture, to provide 
background field for HTS inserts. We aim to demonstrate the feasibility of a  
magnet with a bore field of 16 T (at 90% of the conductor limit) with a bore  
greater than or equal to 50 mm with two complementary approaches: 

• A reference design based on the well-known Cosine-theta  
concept (see Figure 2). The last high-field record Nb3Sn cosine- 
theta magnet was the LBNL D20, which reached 13.5 T at 1.9 K [12]. 
Since then, conductor Jc has more than doubled, and a mechanical 

2.1 The MDP  
Directions and  
Deliverables 

2.2 High Field  
Dipole Development  
to Explore the Limits  
of Nb3Sn

Figure 2. Left: Cross section of 15 T 
cosine-theta dipole. Right: Support 
structure for the concept.

Iron yoke

PadsLoading keys

Aluminum shell
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support structure customized for strain-sensitive superconductors 
such as Nb3Sn has been developed and optimized [13,14]. A new 
cosine-theta design incorporating the latest superconductor and 
structure improvements should attain 16 T with a 50 mm aperture 
and will serve as a reference design for the program. This goal is 
supported by a 2013 DOE review of HEP, which stated in its report:

“Recent efforts toward high field magnets have not been as  
successful as expected. Despite a doubling of the critical current  
density in Nb3Sn, recent test magnets with a gap have not  
improved upon the earlier D20 field results of about 14 T...Given  
the lack of progress in increasing the bore field, it may be worth-
while to consider designing, fabricating, and testing a cos-theta 
magnet like D20 but using the recent advances in 2D/3D design 
techniques and the best available Nb3Sn strand to see if there are 
any fundamental limitations to the present approach.”

A technical baseline design based on an optimized cosine-theta 
geometry that addresses this comment has been developed utiliz-
ing existing expertise, tooling and infrastructure available at FNAL 
[15,16]. The proposed 4-layer, 60 mm aperture dipole will explore 
the target field and force range and serve as a technical and cost 
basis for comparison with new concepts. It also offers an opportunity 
for program integration, particularly in the area of support structure 
design, and for exploration of various support structures. This is the 
most cost effective way to get into a field range that would exceed 
the LBNL D20 dipole built almost 20 years ago. A successful series 
of magnets will provide a platform for performance improvement by 
integrating the outcomes of the Technology Development program; 
the integration will then be followed by cost reduction/manufacturing Figure 3. Canted-Cosine-Theta 

(CCT) concept.

Stress collector (Spar)

Individual turns are separated by Ribs

Individual 
turns

Ribs intercept forces 
transferring them  
to the spar



 
 

(2) High Field Dipoles to explore the limits of HTS 
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Two candidate HTS conductors 
 
•    Bi-2212 sub-scale magnets in racetrack  

 and CCT configuration 

  
•   REBCO-based dipole and quadrupole magnets 
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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 program.

When sufficient 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 
Nb3Sn magnet development path during FY17-19 is provided in Figure 4.

Directions and Deliverables

This part of the program will develop HTS insert magnets to achieve fields 
beyond those attainable with Nb3Sn, 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 record-field 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 configura-
tions to demonstrate HTS dipole technology (see Figure 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 configuration for both stand-alone and 
high field 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 O2 environment, 
better understanding of the impact of conductor strain on transport 
current, and optimization of magnet design to eliminate conductor 
damage at field [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 configurations 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.



 
 

(3) 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 will be 
integrated into Nb3Sn and HTS magnets 



 
 

(4) Superconducting Materials 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 



 
 

Closing remarks 

•  World-wide activity in magnet R&D is ramping up 
 
•  International cooperation is a necessity 

•  Challenges are significant but we are looking forward to it! 
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