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Outline
• Motivation for high fields
• State of the art and challenges
• High Field Magnet R&D
• Summary
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Motivation for high fields – 1/2
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Beam energy

Dipole field

Bending radius
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ρ

LHC FCC
Ebeam (GeV) 7000 50000
B (T) 8.33 16
ρ (km) 2.8 10.4
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Vorführender
Präsentationsnotizen
There is a very simple relation between the magnetic field of bending magnets in a circular accelerator, the accelerator radius and the energy of the particles confined by the magnetic field on a circular orbit. This defines the field required once the geometry and the desired energy are known, or in turn provides the maximum energy that can be attained in an accelerator of a given geometry once the field is set. Such relation has produced the target field of 16 T for an FCC-hh, a post-LHC hadron collider proposed at CERN, which should increase the particle energy by nearly an order of magnitude with respect to the present LHC.



Motivation for high fields – 2/2
F. Gianotti (CERN DG), asked at ASC-2020 about 
“What is the highest conceivable energy reach of a 
next generation collider”, replied to the audience: “It 
depends on you”

Magnets are the limiting factor to the 
energy reach of a circular collider

The development of high-field magnets is 
crucial to the future of HEP
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Vorführender
Präsentationsnotizen
The relation established in the previous slide is the reason why high magnetic field have been identified as a topic of high priority technology R&D by the recent exercise of the European Strategy Particle Physics Group (see https://cds.cern.ch/record/2720129 and https://cds.cern.ch/record/2720131) – see also later. CERN Director General has signified this in the reply to the Applied Superconductivity community at her plenary, given at ASC-2020.



State of the art – Nb3Sn history

5A long history of development
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Vorführender
Präsentationsnotizen
The past years have witnessed a steady progression of Nb3Sn magnets for accelerators. Demonstrator coil tests, racetrack configurations, have surpassed 16 T. Short models have achieved fields in excess of 14 T. And full accelerator magnets are being built and tested in the 11 to 12 T range. Nb3Sn appears to be the next step towards higher energy. Two main coil geometries have proven to be effective: the cos-theta (as for all Nb-Ti accelerator magnets), and blocks. There seems to be a threshold at about 12 T, where the magnet complexity of both cos-theta and blocks increases significantly.



State of the art – Nb3Sn history

6A long history of development

FCC

MDPCT1 (4 layers, 60 mm)
14.5 T

HL-LHC MBH (2 layers, 60 mm)
11.0T

FRESCA2 (4-decks, 100 mm), 14.6 T

RMC/eRMC (2-decks, no aperture), 16.5 T
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Vorführender
Präsentationsnotizen
The past years have witnessed a steady progression of Nb3Sn magnets for accelerators. Demonstrator coil tests, racetrack configurations, have surpassed 16 T. Short models have achieved fields in excess of 14 T. And full accelerator magnets are being built and tested in the 11 to 12 T range. Nb3Sn appears to be the next step towards higher energy. Two main coil geometries have proven to be effective: the cos-theta (as for all Nb-Ti accelerator magnets), and blocks. There seems to be a threshold at about 12 T, where the magnet complexity of both cos-theta and blocks increases significantly.



State of the art – HTS history

7A relatively young field of research
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Vorführender
Präsentationsnotizen
HTS for accelerator magnets has received focused and particular attention in the EU in the past ten years through initiatives such as EuCARD, EuCARD2, ARIES and I-FAST. The result is demonstration magnets in a self-field range of 5 T built with REBCO tapes and cables. At the same time, the US-MDP is presently pursuing strong R&D towards HTS magnets built with REBCO and BSCCO, where recent result have also demonstrated self-field reach of 5 T.
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Vorführender
Präsentationsnotizen
HTS for accelerator magnets has received focused and particular attention in the EU in the past ten years through initiatives such as EuCARD, EuCARD2, ARIES and I-FAST. The result is demonstration magnets in a self-field range of 5 T built with REBCO tapes and cables. At the same time, the US-MDP is presently pursuing strong R&D towards HTS magnets built with REBCO and BSCCO, where recent result have also demonstrated self-field reach of 5 T.



Challenges of high fields (LTS and HTS)

In much simplified terms…
1. Engineering current density

• A high current density is necessary to make compact 
magnets, reduce their volume, mass, foot-print and 
cost

2. Mechanics
• Forces, stresses and deformations increase as the 

field increases. In addition, all high-field 
superconductors are brittle

3. Quench management
• The stored energy and energy density of the 

magnet increase as the field increases. Quench 
detection and dump times must be reduced
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1. Current density

ϕ

w

Dipole field generated by a current distribution with constant current density J over a 
sector of inner radius Rin, outer radius Rout, coil width w = Rout-Rin and opening angle ϕ

J 

n ≈ 1…2 In the range of typical magnet designs 
considered n≈1.5

B (T) 16 16
J (A/mm2) 300 600
w (mm) 76 38

Acoil (mm2) 20,000 7000

Factor 2

Factor 3
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Vorführender
Präsentationsnotizen
A simple exercise shows the importance of a relatively high engineering current density in accelerator magnets, in the range of interest. High-field accelerator magnets require engineering current densities in the range of 400 to 600 A/mm**2 to yield a usable (practical, cost-effective, compact …) cross section. Achieving such engineering current density is a challenge for Nb3Sn in the range of 14…16T (projected ultimate target), but achievable for HTS, even beyond 20 T (projected ultimate target).



2. Mechanics
Lorentz forces in the plane of a thin coil of radius Rin generating a dipole field B 
(thin shell approximation), referred to a coil quarter

Fy

Fx

Progression of Fx:
LHC MB(8.33T) ≈ 1.7 MN/m
LHC MBH(11T) ≈ 3.2 MN/m
FRESCA2(13T) ≈ 7.6 MN/m

FCC MB(16T) ≈ 8 MN/m
HE-LHC MB(20T) ≈ 10 MN/m
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Vorführender
Präsentationsnotizen
The forces in accelerator magnets are the real challenge when going to high fields ! The level of force expected for a 16T accelerator dipole is four times higher than the one of an LHC dipole, as shown by the scatter plot that demonstrates how different magnet designs obey a scaling law predicting an increase of forces with the square of the magnetic field.



New support structures

mid 1970’s, FNAL: Collared coils
A. Tollestrup, Proc. Int Conf. on the History of Original 
Ideas and Basic Discoveries in Particle Physics, Erice
(1994).

2002, LBNL: Bladder and keys
R.R. Hafalia, et al., IEEE TAS, 12(1) (2002), pp. 47-50.

1998, TAMU: Stress management
N. Diaczenko, et al., Proc. PAC, Vancouver (1997), pp.3443-3345.

2017, FNAL: SM cos(θ)
V. Kashikin, et al., Proc. IPAC, 

Copenhagen (2017), pp. 3597-3599.

12NOTE: the pre-load concept needs to be revised !

2014, LBNL: CCT
S. Caspi, et al., IEEE TAS 
(2014), p. 4001804.
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Vorführender
Präsentationsnotizen
The first consequence of the increase of electromagnetic force is the need for new structures. Not only to retain such forces, but also to ensure thaty stress concentration in the coils is limited (stress management solutions such as CCT and SMCT).



Stress in high field magnets

LHC
11T
QXF

FCC
HE-LHC

Stress limited
reducing J

Natural cable 
irregularities lead to 
stress concentration

Cracking and resin adhesion 
issues (metallic components, strands) Filament fracture

13This is the true challenge of Nb3Sn today !!!
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Vorführender
Präsentationsnotizen
The second consequence of the large forces, and high engineering current density, is the level of stress experienced by the superconductor. In fact, brittle fracture of both Nb3Sn and HTS, driven by forces of electro- and thermo-mechanical origin seems to be the true limitation to the field that can be achieved.



3. Quench management
Energy per unit length in a sector coil of inner radius Rin, outer radius 
Rout, coil width w = Rout-Rin producing a dipole field B

In the range of typical magnet designs 
considered n≈1.5

Progression of energy densities e: 
LHC MB(8.33T) ≈ 50 MJ/m3

LHC MBH(11T) ≈ 85 MJ/m3

FRESCA2(13T) ≈ 100 MJ/m3

FCC MB(16T) ≈ 200 MJ/m3

HE-LHC MB(20T) ≈ 150 MJ/m3

Needs advanced diagnostics and powering strategy 14
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Vorführender
Präsentationsnotizen
The last challenge to be mastered aiming for high fields is magnet protection. Both Nb3Sn and HTS magnets are affected by this, though in different ways. Common to both is the increase of stored energy as a function of field, and the associated increase of energy density governing the hot-spot temperature. But while for Nb3Sn it is foreseeable that present technology can be improved to provide satisfactory solutions to protection, for HTS the low propagation velocity and higher stored energy (targeting 20 T and higher) are such that alternative need to be found.



Models

cos(θ) blocks common coil CCT
Current (A) 10000 11230 16100 18055
Inductance (mH/m) 50 40 19.2 19.2
Stored energy (kJ/m) 2500 2520 2490 3200
Coil mass (tons) 7400 7400 9200 9770

OD = 600 mm
L = 2 m
50 mm aperture
Bultimate = 16 T

15Broad scoping study of coil and structure options
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Vorführender
Präsentationsnotizen
These are designs developed for the FCC-hh, presently being translated in engineering models to be tested in the coming years to probe the alternatives and field reach of Nb3Sn.



CERN-ESU-014

16Available at https://cds.cern.ch/record/2720131/files/CERN-ESU-014.pdf
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Vorführender
Präsentationsnotizen
In fact, the main reason for this talk is that we have received a strong recommendation from the group that proposes priority for particle physics in Europe (ESPP). The recommendation, received in March 2020 and approved at the Council session of June 2020, contains a very strong statement on the need to ramp-up R&D effort on high-field accelerator magnets



CERN-ESU-014
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Vorführender
Präsentationsnotizen
In fact, the main reason for this talk is that we have received a strong recommendation from the group that proposes priority for particle physics in Europe (ESPP). The recommendation, received in March 2020 and approved at the Council session of June 2020, contains a very strong statement on the need to ramp-up R&D effort on high-field accelerator magnets



CERN response (excerpts from talk of CERN DG on 8 October 2020)
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[…] reinforced, comprehensive R&D programme for superconducting high-field magnets, 
as key technology for future accelerators (hadron colliders, muon colliders, neutrino beams, etc.) and
detectors, with great potential for wider societal applications.

[…] All magnet R&D activities at CERN (including FCC and others) now under one roof and budget line 
to maximise synergies.

Main R&D activities:
 materials: LTS (Nb3Sn) and HTS (including iron-based)  goal: 16 T for LTS, at least 20 T for HTS 

inserts
 magnet technology: engineering, mechanical robustness, insulating materials, field quality
 production of models and prototypes to demonstrate material, design and engineering choices, 

industrialisation and costs
 infrastructure and test stations for tests up to ~ 20 T and 20-50 kA

Strong partnership with industry […]

[…] Goals (ambitious) for next ESPP (~ 2026): 
 Nb3Sn: demonstrate technology for large-scale accelerator deployment
 HTS: demonstrate suitability for accelerator magnet applications 

Courtesy of F. Gianotti, CERN
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Vorführender
Präsentationsnotizen
CERN has responded swiftly, defining a new line of research in its Medium Term Plan, approved at the Council of September 2020. You see here excerpts from a presentation given by the CERN DG to the Staff on October 8, 2020. 

High Field Magnet R&D has now been defined as a targeted R&D Program encompassing all project and studies (e.g. FCC, muon colliders or other), and all materials (LTS and HTS). 

The target fields set for LTS and HTS are 16 T and 20 T respectively, which is in a line of continuity with the work performed so far (e.g. FCC hadron collider and High-Energy LHC studies). 

Specific goals for this funding cycle are to demonstrate that Nb3Sn magnets can be built on a scale adequate for an accelerator, and to demonstrate that HTS is a superconductor suitable for application in accelerator magnets



HFM Goals (long term)

EDMS: 2477846

I

II

III

• Demonstrate Nb3Sn magnet technology for 
large scale deployment, pushing it to its 
practical limits, both in terms of maximum 
performance as well as production scale
• Demonstrate Nb3Sn full potential in terms of 

ultimate performance (target 16 T)
• Develop Nb3Sn magnet technology for collider-

scale production, through robust design, industrial 
manufacturing processes and cost reduction 
(benchmark 12 T)

• Demonstrate suitability of HTS for accelerator 
magnet applications, providing a proof-of-
principle of HTS magnet technology beyond 
the reach of Nb3Sn (target in excess of 20 T)
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Vorführender
Präsentationsnotizen
Based on the state-of-the-art and the conclusions drawn, we have identified three axis of work for the R&D to be performed in the next step. We wish on one side to push the Nb3Sn technology to its practical limit, both in terms of maximum performance as well as production scale, which implies on two axis:

On one side explore the limits and demonstrate the potential of Nb3Sn in terms of field reach. We have set a design target of 16 T, which should be intended as the direction of exploration, and not as a mandatory performance specification;

2) Develop magnets for a production scale (of the order of 1000 magnets) that goes beyond HL-LHC (of the order of 10 magnets). This will have to go through a first step that involves robust magnets, possibly simplified and optimized production and eventually reduction of cost. Target field for this direction of R&D is the value of 12 T reached at present by HL-LHC, which should be intended as the benchmark against which we will compare results, and again not as a mandatory performance specification.

As to the HTS:

3) We seek to explore the possibility offered by HTS to surpass LTS, by providing proof-of-principle of the technology for accelerator applications. In this case we set the target field to 20 T, well above the reach of Nb3Sn.

For clarity, the fields quoted are to be intended as operating fields, i.e. including engineering and operation margin.
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Vorführender
Präsentationsnotizen
This figure translates the three axes in graphical form, reporting the field generated by a dipole magnet on the horizontal axis, and the total length of magnets produced on the vertical axis. 

The horizontal axis is the line of exploration of field limits, new concepts and technology

The vertical axis is the direction of series production, where a robust and efficient process is required.

The blue line represents magnets that have been produced to date. At one extreme is the LHC, with an ultimate field of 9 T and nearly 20 km of magnets installed in the accelerator tunnel. At the other extreme are single realizations such as FRESCA2 or MDPCTI, with field in excess of 14.5 T but single magnetic length of the order of 1 m. In the middle is HL-LHC, with a few magnets built that have reached field levels of 11 T (operation) to 12 T (ultimate).

The search for high fields will push the boundary along the horizontal axis, looking at Nb3Sn (red) and HTS (purple), over the scale of length typical of demonstrators and models (1 m or less)

At the same time, we wish to review results and develop the technology relevant for the production on large scale, i.e. from a few tens of m to (potentially) km of accelerator magnets (blue).

A key of the approach is that both lines proceed simultaneously, the shaded area, to achieve the objective set for the next 5 to 7 years, i.e. demonstrate that Nb3Sn can be used in a large-scale accelerator and probe the potential of HTS. There is an obvious interaction among the lines, as many of the technologies are shared, and the results in each line can influence the progress along the other lines.

Finally, and logically, the next step of this R&D should be to take stock of both the push in maximum field and in production scale, to demonstrate on medium scale the maximum field that can be reached with Nb3Sn (green). But this is for the moment only a conjecture.



LDG HFM Expert Panel
• A High Field Magnets Expert Panel (HFM-EP) is mandated by the 

European Large National Laboratories Directors Group (LDG) to create a 
prioritized R&D roadmap

• The proceedings of the HFM-EP, planned to be endorsed by the CERN 
council in December 2021, will document:
• The scientific drivers for High Field Magnets R&D, and the progress needed to 

enable this technology for future facilities
• The current state-of-the-art, and the further steps to be taken over the next decade
• Potential deliverables and demonstrators for the next decade
• A prioritized work plan, considering the capabilities and interests of stakeholders
• A range of scenarios for engagement

• “HFM State-of-the-Art” (SoftA workshop) took place April 14-16, 2021: 
https://indico.cern.ch/event/1012691/

• “HFM Roadmap Preparation” (RoaP workshop) took place June 1-3, 
2021: https://indico.cern.ch/event/1032199/

• Now formalizing the roadmap and final report to LDG, due for presentation 
and endorsement at the December session of the CERN Council

21
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Vorführender
Präsentationsnotizen
Because the response to the ESPP encompasses all high-energy physics laboratories in Europe, a consultation process was initiated to probe the community as to the priority lines of R&D in the program of the next years, and formulate them in a document that details a roadmap to achieving the goals. This process is approaching completion, with a strategy document compiled and planned to be presented to the CERN Council in December 2021.

https://indico.cern.ch/event/1012691/
https://indico.cern.ch/event/1012691/
https://indico.cern.ch/event/1012691/
https://indico.cern.ch/event/1012691/


Summary – Challenges
1. There is good progress on superconductor performance

• Nb3Sn has the potential to meet the FCC targets, the challenge will be 
to do this on a large-scale production at competitive cost

• HTS has exceptional performance at high field, and requires R&D to make 
it an accelerator-grade material (mechanical and electrical material 
characteristics other than JC, high-current cable, coil winding, production)

2. Mechanics is the real challenge of high-field accelerator 
magnets. This requires:

• At macroscopic scale: R&D and demonstration of practical coils and 
structures, sustaining the exceptional electro- and thermo-mechanical 
loads

• At microscopic scale: improvement of conductor and coil composite 
mechanics, providing adequate support to the fragile SC phase

3. Quench management will require modern technology for Nb3Sn 
and substantial innovation for HTS

• Fast and reliable detection and dump for Nb3Sn magnets in the 12…16 T 
range (evolutionary change)

• Use of alternative detection methods and protection strategies for HTS 
generating fields in excess of 20 T (revolutionary change)
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Vorführender
Präsentationsnotizen
In summary, high-field accelerator magnets are a mandatory step towards high-energy colliders, and mastering their mechanical design and manufacturing aspects is definitely the main perceived present challenge.



Summary – Program
• CERN has initiated the HFM R&D programme, a focussed

technology R&D mission:
• In a spirit of continuity with the on-going work, and in particular 

the FCC-hh program, but also
• In a spirit of innovation, intentionally fostering and profiting 

from collaborations
• Intended to provide a seed to the EU-wide HFM R&D and 

connect to the on-going global HFM effort, with the required 
flexibility to accommodate for the result of the LDG Roadmap 
process (end 2021)

• On the horizon of the next Strategy Upgrade (2025-2027) 
we plan to provide crucial results that respond to the 
mission statement as set out by the ESPP:
• Nb3Sn: demonstrate technology for large-scale accelerator 

deployment
• HTS: demonstrate suitability for accelerator magnet 

applications
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Vorführender
Präsentationsnotizen
The program towards new magnets and higher fields will be pursued jointly, by CERN, as one of the main stakeholders, as well as the other European and worldwide actors, in a spirit of collaboration and continuity. Innovation is a crucial element towards achieving the goals of the program, because the challenges to be mastered require in several cases a revolutionary approach, rather than technology evolution.
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