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Physics motivation and strategic planning

•The physics drivers for a future hadron collider have been discussed 
and documented by community planning, e.g. 

o 2014 P5 & 2022 US “Snowmass” processes 
o 2020 Update of the European Strategy for Particle Physics
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Fabiola Gianotti (CERN), LHCP, 7 June 2021
HEPAP Accelerator R&D Subpanel recommendations

Last US “P5” report ~2014
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Magnet technology drives the cost and reach of a future collider 
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Dominant cost drivers for energy frontier colliders: Magnets and tunnel

Note: The magnets are estimated to be ~70%
of the Collider & Injector complex cost

SppC

FCC

Source: Future Circular Collider
- European Strategy Update Documents, 2019, CERN-ACC-2019-0005

Physics reach is driven 
by magnet technology

5/03/3023

“Low temperature” superconductors: NbTi, Nb3Sn
“High temperature” superconductors: REBCO (e.g. YBa2Cu3O7−x), Bi2212 (e.g. Bi2Sr2Can−1CunO2n+4+x)

D. C. Larbales,er et al., 
Nature Materials, 2014
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DOE-OHEP has an excellent record of developing advanced technology 

• Long term investments in general accelerator R&D set the stage for dedicated readiness 
programs, which in turn enable successful delivery of advanced technology for colliders

The programs strive to coordinate efforts to more rapidly advance technology development
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The US DOE approach balances long-range R&D and project preparation

(ex: US MDP)

(ex: LARP)

(ex: HL-LHC AUP)

General R&D - programmatic 

Directed R&D
(Technology readiness)

Project

Directed R&D
(Technology readiness)

Project
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Nb3Sn accelerator magnet technology is - for the 1st time - being installed 
in a collider
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S. Prestemon, Workshop on Advanced Superconducting Materials and Magnets, KEK January 22 2019
S. Prestemon, Workshop on Advanced Superconducting Materials and Magnets, KEK January 22 2019

HiLumi magnet production is arguably “boutique production”
• First implementation of Nb3Sn superconductor in a collider
• What are the risks and benefits of full-scale industrial production of Nb3Sn magnets?
• What elements of the design are “robust”, and what elements generate 

risk/performance limitations?

Þ There is significant value-engineering that can be performed
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A look at the timeline from the LHC itself

•The path to next generation magnet 
technology for a collider is complex:
o Need R&D to probe concepts, develop and 

understand potential
o Need robust industrial suppliers of conductor
o Need to ready a given technology for a project

o Need to develop industrial partners for 
magnet production

o And finally need to produce reliable, cost-
effective magnets for the next collider
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1984: ECFA 
Lausanne

1992: TAP reaches 8.3T at 1.9K

1995: first 10m prototype

1980 2000 2010

1988: Ansaldo single 
aperture model 

(Perin,Leroy) reaches 
9.3T at 1.6K

1991: LHC Pink Book twin aperture design

1998: first 15 m prototype

1993: MTA reaches 9T at 1.9K

2000-2005: series

2008: installation 
completed

1990

24 years
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Courtesy Luca Bottura

Requires a strong ecosystem of laboratory, 
University, and industrial partners
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R&D efforts for accelerator magnet technology are becoming more 
structured

•DOE created the US Magnet Development Program (MDP) in ~2016
•Europe has initiated the High Field Magnet Program (HFM) 

These are significant programs, derived from ~decadal community planning processes
=> Strive to coordinate efforts to more rapidly advance technology development

h"p://arxiv.org/abs/2201.07895
https://arxiv.org/abs/2011.09539

We are poised to break new ground with hybrid LTS/HTS magnets in the coming years

Record field!

FNAL 14.5T “MDPCT1”
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Bottura, Prestemon, Rossi, & Zlobin, Front. Phys., 12 October 2022
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Superconductor advances are heavily driven by OHEP magnet 
developments, needs, and focused and consistent investments 
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Shen & Fajardo, Instruments, 2020X Xu et al 2023 Supercond. 
Sci. Technol. 36 035012

Driving the development of the next 
generation Nb3Sn superconductor

Advancing Bi2212 as a magnet-ready 
high temperature superconductor

I. Pong, Handbook of Superconductivity, 
Chapter E3.8

A longstanding history of 
public/private partnership driving 
performance of superconductors

Xingchen Xu received the IPAC23 Sacherer Prize
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The US Magnet Development Program (MDP) Vision and Goals
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• Maintain and strengthen US Leadership in high-field accelerator magnet 
technology for future colliders

• Focus on the four primary goals identified in the the original MDP Plan
o Explore the performance limits of Nb3Sn accelerator magnets, with a focus on minimizing the 

required operating margin and significantly reducing or eliminating training
o Develop and demonstrate an HTS accelerator magnet with a self-field of 5T or greater, 

compatible with operation in a hybrid HTS/LTS magnet for fields beyond 16T
o Investigate fundamental aspects of magnet design and technology that can lead to substantial 

performance improvements and magnet cost reduction
o Pursue Nb3Sn and HTS conductor R&D with clear targets to increase performance and reduce 

the cost of accelerator magnets

• Further develop and integrate the teams across the partner laboratories and 
Universities for maximum value and effectiveness to the program

• Identify and nurture cross-cutting / synergistic activities with other programs 
to more rapidly advance progress towards our goals
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European High Field Magnet (HFM) program: 
plans are in place – teams active and engaged
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Development of robust and 
cost-efficient processes

HL-LHC 11T

Fresca2
MDPCT1

LHC

Ultimate Nb3Sn
HTS

Logical step for a next 
phase (2027-2034)

Robust Nb3Sn

D20

HL-LHC QXF

•The EU Accelerator R&D Roadmap identifies main objectives for the High 
Field Magnet Programme:

o OBJECTIVE 1:  

Design and demonstrate a full-size Nb3Sn accelerator magnet to proof 
the maturity of the most advanced technologies today, based on the HL-
LHC design, i.e., 12 T magnets, and applying all the lessons learned from 
the US LHC Accelerator Research programme (LARP), the US High-
Luminosity LHC Accelerator Upgrade project (AUP) and the HL-LHC 
project 

o OBJECTIVE 2:  

Explore the limitations of the LTS state-of-the-art technology and push 
Nb3Sn magnet technology to its practical limits in terms of ultimate 
performance, towards the 16 T target targeted by the FCC-hh

o OBJECTIVE 3:  

Explore the capabilities and limitations of state-of-the-art HTS and 
magnet technology based on these superconductors. Demonstrate the 
suitability of HTS 

Create a European Research Network involving CERN and National Labs
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KEK plans and progress – magnet technology examples
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•Task1: HTS magnet technologies for high-radiation 
environment

•Task 2: Stability, quench protection, and magnet safety

•Task 3: Measuring and modeling AC loss and field quality 
of HTS accelerator magnets

•Task 4: HTS/LTS high field hybrid accelerator dipole 
technology

Radiation impacts on magnet materials

Development of inorganic insulation technology

Strong links with 
DOE-OHEP strategy
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Scale of MDP and HFM investments 
– focused on developing high field magnet technology for HEP colliders

• The US MDP is funded by HEP GARD
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5635 5505 5927 6316 6229

7479

8823

FY17 FY18 FY19 FY20 FY21 FY22 FY23

US MDP funding (K$)

• The HFM is a European program, led by CERN

An additional ~$6M-$8M is invested annually in 
University programs and in test facilities at FNAL

5/03/3023

In US accounting: ~$15M HEP GARD; ~$37M-$55M European HFM
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The magnet community was strongly engaged in the 
Snowmass process, and is highly organized

• The MDP has been very effective in organizing 
and focusing a multi-lab team on accelerator 
magnet R&D

o International leadership, record dipole 
magnet, advances in HTS magnet 
technology,…

o Reviewed positively by OHEP

• The AUP team is delivering state of the art 
magnets for HiLumi

o As the project culminates, deep expertise 
will become available that can significantly 
accelerate magnet development for the next 
collider
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The magnet development scope highlighted in these 
coordinated proposed efforts would address FCC-hh and 
Muon Collider magnet technology needs

Developing technology

Demonstrating feasibility

Focusing on cost reduction

Community discussed programmatic 
evolution to meet HEP needs
- 60 LOIs
- 20 Whitepapers in ArXiv

Assuring superconductor industry

5/03/3023
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Magnet and Conductor Plans & Roadmaps are well-advanced globally

•US MDP – well established
•European HFM – recently established

•Japan efforts at KEK - coordinated with CERN and MDP
•China efforts led by IHEP – progressing well
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中国科学院高能物理研究所
Institute of High Energy 

Physics, CAS

中国科学院电工研究所
Institute of Electrical 
Engineering, CASUpdated US MDP Roadmaps have been published https://arxiv.org/abs/2011.09539

This is not a 
comprehensive list of 

collaborators… our 
community is broad 

and diverse!

5/03/3023
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HTS insert

Nb3Sn outsert

MDP stress-managed hybrid 
magnets under development
- Critical for strain sensitive 
Nb3Sn and HTS conductors

Both the FCC and the muon collider depend on advances in 
accelerator magnet technology
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“Traditional” Cos-theta
- Midplane stress due to 
azimuthal force accumulation

“Stress-managed” Cos-theta
- Groups of turns, azimuthal 
forces intercepted by support
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Serves as good candidate for 
muon collider ring dipole

The magnet development scope described in the Snowmass whitepapers addresses FCC-hh and Muon collider needs
=> Will require a four-fold increase over the current MDP budget for full implementation
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There are synergies in magnet technology that can be exploited 
across the FCC, muon collider, as well as other offices

Key points:
• Muon collider has synergies with Fusion and NSF
• FCC has synergies with muon collider
• MDP works to address a subset of FCC and MC 
needs
• ARDAP has the potential to support all colliders, 
for example through support for US conductor 
industrial development
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Legend

An enhanced magnet research porBolio, focusing on the most criUcal magnet 
development needs for a Hadron collider and a Muon collider, and fully leveraging 
synergies with other DOE and NSF programs, will be the most effecUve way to 
aggressively prepare for the next collider

5/03/3023
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We are actively engaged in identifying and leveraging synergistic 
activities to the benefit of HEP
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•Active participation in 
planning efforts

o for HEP, but also 
across many 
synergistic 
agencies

•Strong participation in
public-private
partnerships

The National Academies of Sciences, Engineering, and Medicine is undertaking a forward-looking study to examine 
(1) the status of domestic and international high magnetic field science and technology; 
(2) current and future science disciplines that have critical needs for new capabilities that could only be enabled by high magnetic fields; 
(3) gaps in current high magnetic field science, technology, and infrastructure that could help address critical needs.

New!
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Summary

• The High Energy Physics community has clearly indicated the science potential associated with a future 
colliders that probe significantly higher energies

• There is a concerted effort around the world to integrate teams of specialists and facilities to most efficiently, 
effectively, and rapidly advance magnet technology

• There is also strong interest in collaborating internationally, where strengths and capabilities are deemed 
complementary 

• To aggressively prepare magnet technology for a hadron or Muon collider, a significant increase in the 
magnet R&D effort is needed, fully leveraging synergistic activities, e.g. from FES and NSF
o To be technically limited, a four-fold increase in R&D investment is needed

We are at a critical period, where innovation and progress in magnet technology is essential to enable the next 
generation of colliders – we welcome the challenge while recognizing the responsibility!
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