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Outline
• Accelerator landscape and needs

• The need for high fields
• The need for energy
• The need for economics

• HTS for accelerators
• HTS for more accelerators
• Summary
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Abstract:HTS is a game changer for many applications of superconductivity, not last particle accelerators and detectors. This talk relates the potential of HTS, and in particular REBCO coated conductors, to the needs and evolution of superconducting magnets for accelerators. HTS already have a spectacular current carrying ability at high field, demonstrated and available on relevant lengths. The main perceived challenges are rather associated with magnet mechanics and quench management. Most important, beyond the ability to reach a field range higher than what is possible with LTS, HTS offers an extended range of operating temperature, with large margin. This can be exploited to obtain higher availability and better cryogenic efficiency, a must for the future of sustainable large scale research infrastructures such as particle accelerators.



HEP Landscape - Circular Colliders
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HL-LHC (CERN)
Installation 2026
Commissioning 2029

EIC (BNL)
In construction
CD4 June 2030

FCC-hh (CERN)
2070-2090

SppC (IHEP)
> 2040

µ Collider 
> 2040
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The two large HEP projects in construction are the High Luminosity upgrade of the LHC (HL-LHC), at CERN, and the Electron-Ion Collider at BNL A number of options have been identified for future colliders. Among the circular collider options, those that are most advanced and conceptually developed at the Future Circular Collider (FCC) for lepton (FCC-ee) and hadron (hh) collision, at CERN, the Chinese Electron-Positron Collider (CEPC) to be followed by the Super Proton-Proton Collider (SPPC) in China, and the Muon Collider, last studied as part of the US Muon Accelerator Program (MAP) and now the objective of the International Muon Collider Collaboration hosted by CERN.



High field dipoles (FCC-hh)
Beam energy

Dipole field

Bending radius

This is the reason for the steady call for higher fields in accelerator magnets

Upper limit of LTS (Nb3Sn)

HTS is the only path beyond 16 T 4
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High field motivation for HTS – 1. A common challenge of future hadron (and muon) colliders is the need for high field dipoles, required to keep the circomference of the collider small. This is the main pull for the development of the past 40 years in accelerator magnets, whose main results are shown schematically in the figure. In fact, it is clear that having surpassed the capability of Nb-Ti (range of 8-10 T), and having now demonstrated that Nb3Sn can reach the range of 14-16 T, we have reached the liomit of performance of LTS for this application. The only way to outperform these magnets and demonstrators is to switch to HTS materials.



High field solenoids (Muon Collider)

20 T, 150 mm, 100 kW

HTS may be the only path towards a muon collider

30…50 T, 50 mm
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High field motivation for HTS – 2. The muon collider study has also provided a need for solenoids with fields higher than can be reached with LTS. These fields are required to c apture and cool chared beams of muons, elusive leptons that need to be manipulasted into very small emittance beams. The field levels required are at the upper limit (20 T at the target), or well beyond (40 to 60 T at the final cooling stage) the capability of LTS. These solenoids can only be envisaged with HTS



The need for energy
• CERN uses today 1.3 TWh

per year of operation, with
peak power consumption of
200 MW (running
accelerators and
experiments), dropping to 80
MW in winter (technical stop
period)

• Electric power is drawn
directly from the French 400
kV distribution, and presently
supplied under agreed
conditions and cost

• Supply cost, chain and
risk are obvious concerns
for the present and future of
the laboratory
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Energy efficiency motivation for HTS – 1. The typical consumption of a laboratory at the scale of CERN is large. Future costs and acvailability of power are inducing reflections on the way energy is procured and used. Future projects will have to strive to minimize electricity consumption, maximise efficiency.



Energy efficient cryogenics
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The 60…80 K range 
would be a dream…

LHC
(FCC)

ESS

Need efficient cryo-plant 
and heat removal scheme 
in the range of 10…20 K 
(see work at ESS)

This could be the best range of operating 
temperature of a future HEP collider

RHIC
Tevatron

HERA
LHC

HTS may be the only path towards a future collider

Nb-Ti
8T 5T

Nb3Sn
16T 12…14T

HTS
40…60T 20…40T a few T

1.9 4.2 77

Credits to P. De Sousa and R. Van Weelderen, CERN
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Energy efficiency motivation for HTS – 2. One of the means to achieve higher efficiency in superconducting magnets is to move towards operation at gemperature higher than liquid helium. Examples of existing refrigerator show that operation at 10…20 K can be more than an order of magnitude more efficient than liquid or superfluid helium. To be noted that the whole refrigeration and cooling process needs to be taken into account, and not only the cryoplant efficiency, which will likely imply modifications in the design of future magnets. HTS has the potential required for this paradigm shift.



Future helium 
supply is 

limited and 
entails a 

substantial 
economical and 
availability risk

Courtesy of F. Ferrand, CERN 8
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Helium availability – Besides considerations of energy efficient cryogenics, helium availability and price may bear a significant risk and volatility in the future. Using minimal amount of cryogenic fluids will likely enter in the overall optimization of a future collider.



The need for economics
• A large component in the magnet cost is the

amount of superconductor (coil cross section)

• High-field superconductors are (significantly)
more expensive than good-old Nb-Ti

• Need to work in two directions:
• Reduce the coil cross section (increase J !)

• Reduce unit conductor cost

HTS may offer both 9
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Cost motivation for HTS – 1. Taking a dipole as a typical example for an accelerator magnet, for a given superconductor and magnet design (a sector magnet is taken here as an example, but this applies to any other cross section) the only two ways to substantially reduce cost are to increase current density, which reduces the amount of material in the magnet, and reduce unit material cost. Engineering and process are important (e.g. reduction of manufacturing time and increase of manufacturing yield), but they offer only marginal cost improvement.



On a slimming diet !

Reduce 16 T FCC-hh
dipole x-section by factor 2

900 A/mm2

720 A/mm2

630 A/mm2

Achieve 20 T with 
the 16 T FCC-hh
dipole x-section 

550 A/mm2

380 A/mm2

580 A/mm2

540 A/mm2

480 A/mm2

Single coil conductor cross section
Multiply by ≈20 for kUSD/m
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Cost motivation for HTS – 2. Comparing designs, and scaling vs. bore field, an increase of engineering current density of a factor of about two would produce configurations that would require an amount of superconductor compatible with “reasonable” cost projections for a future collider, i.e. in the range of the cross section of the LHC and HL-LHC dipole magnets (5000 mm**2 of cable per magnet bore). This would call for magnets with engineering current density of the order of 1000 A/mm**2 (“compact windings”). The implication is an increase in the level of stress and magnetic energy density stored in the coil well beyond the present limits of LTS.



New winding technology is needed

5 T at 2800 A
JE = 250 A/mm2

16 T at 2800 A
JE = 850 A/mm2

920 µm

HTS windings can profit from “NI” technology
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Cost motivation for HTS – 3. New winding technology would be required to achieve such engineering current densities. One example of a good candidate are non-insulated windings which can be applied to HTS. The HTS tapes (REBCO in this case) are wound without insulation and possibly soldered. This makes that the winding can be regarded as a massive mechanical component with improved strength, to withstand the higher stresses, and fast quench propagation, to deal with the large stored energy density. While it is not clear that such windings can be used in accelerators, the potential improvement is major, and worth exploring.



Conductor cost

Grateful thanks to 
fusion !

Impressive cost reduction in HTS !

Based on CERN orders and requests for quotations 2010-2022
Normalised costs are not aligned to currency, nor corrected for inflation
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Cost motivation for HTS – 4. A final and striking observation is that in the past 10 years HTS unit cost, as well as cost per unit current, has dropped steadily. Most recently, efforts towards magnetically confined thermonuclear fusion have induced a wave of upscaling in production capacity, which has produced a significant reduction in unit cost. Comparing scaled costs per unit length and current (12 T and 4.2 K) of best LTS and HTS materials, we are presently at a factor two in favor of LTS (NOTE: the same comparison at 16 T, 4.2 K yields comparable scaled costs). It is likely that we will witness a cross-over in the coming years, as HTS production continues to feed fusion needs.



HTS for accelerators – an attempt

13

Specification Target
Minimum Jnon-Cu (4.2 K, 20 T) (A/mm2) 1500 3000
Minimum Jnon-Cu (20 K, 20 T) (A/mm2) 600 1250
σ(IC) (%) 10 5
Unit length UL (m) 150 500
Minimum bending radius (mm) 10
Allowable σlongitudinal non-Cu (MPa) 800 1000
Allowable compressive σtransverse (MPa) 400
Allowable tensile σtransverse (MPa) 25
Allowable shear τtransverse (MPa) 20
Allowable peel σpeel (MPa)
Allowable cleavage σcleavage (MPa)
Range of allowable ελongitudinal (%) -0.1…0.4 -0.1…+0.5
Internal specific resistance ρtransverse (nΩ/cm2) 20

Substrate (non-magnetic alloy): 40…60 µm
Copper stabilizer (total): 20…40 µm
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A few comments on the table and values, which represent a first attempt towards a specification of HTS performance requires for HEP accelerators:Use non-Cu as basis of comparison, thus making the specification independent of the amount of stabilizer added;JE targets are within reach, and they are comparable to fusion specifications;Main attention is on mechanics, which is the true challenge of high fields. We need to understand and characterize systematically the properties of standard tapes;Other parameters may be important, but we do not know yet, and much research is required to understand the effect of internal electrical and mechanical properties on magnet performance.



Accelerator landscape
• Accelerators for HEP are

discovery machines of
large dimension, cost and
complexity, often in
scientific and public news

• There are more than
35,000 particle
accelerators in the world.
Most of them are used for
therapy and industrial
applications
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To be noted that accelerators for HEP only represent a small percentage (numerically) of the overall accelerator landscape. Dominating classes are accelerators for radiation therapy and industrial applications.



HTS for more accelerators
Light sources may profit from 
HTS insertion devices

Compact medical and industrial 
accelerator applications (1…3 T) 
will profit from significantly 
improved power balance
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SIS-100
dipole

SFRS
dipole

Analysis of the FAIR complex (approx. 2008) 
projected an energy break-even for a total 
magnet loss of 15 W/m at 4.2 K loss per unit 
length. At 77 K this would be obtained for a loss 
per unit length > 100 W/m

This would obviously require a proper analysis

HTS for 
small period 
and large 
gap

M Calvi, 2020 SUST 33 014004 I. Kesgin, 2017 SUST 30 04LT01

Presenter
Presentation Notes
HTS for diversity – Also for applications other than HEP, HTS may offer benefits in performance, robustness, efficiency, easy implementation or retrofit. HTS magnet technology may increase use of accelerators, or facilitate market penetration for applications other than HEP.



Summary
• The next step at the energy frontier of high energy

physics needs
• High fields (dipoles and quadrupoles from 16 T up to 20 T,

solenoids from 20 T up to 40 T and more)
• Energy efficiency (increase operating temperature to profit

from Carnot, minimal cryogen usage)
• Economics (high JE, compact magnets, to reduce

construction costs, sustainable Maintenance and Operation)
• HTS may offer it all, provided…

• We develop a new magnet technology palette, higher
current density, higher operating temperature (large degree of
innovation required), using present conductor: do not wait for better

• Deploy rapidly for users: they get to know the features of
the new devices, cope and (may) adapt demands

• Profit from cost reduction: one more “factor two reduction”
possible ? That would be disruptive (HTS/LTS cross over)
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For a long time now, the accelerator community has identified high field magnets as a crucial technology for the future of HEP. This was last witnessed by the strong recommendation to continue focused R&D efforts towards High Field Magnets (HFM), received from the European Strategy Group in March 2020, as part of the 2020 update of the European Strategy for Particle Physics, and approved at the CERN Council session of June 2020. HTS was already identified there as a possible ingredient of the mix of future HFM technologies, and in particular to reach field levels in the range of 20 T.Now, however, given the latest developments outlined in this talk, it appears that HTS could be not only a complement, but rather a crucial element in the evolution of magnet technology for a future collider. Beyond the potential to extend the field reach above the capability of LTS, on the medium to long term HTS may give better efficiency, less risk and lower cost for a future collider at the scale of a FCC or a Muon Collider. In fact, it may be the only technology offering a sustainable future to colliders at the energy frontiers.It is hence important to concentrate future efforts on the development of the new concepts mentioned in this talk, as well as suitable alternatives, required to prove and unlock the perceived potential for HEP. Accelerator magnets R&D will then join similar efforts that are undertaken by R&D for fusion, high magnetic field science, ultra-high-field NMR and other magnet applications, where the promises of HTS are already partially fulfilled, or expected to come to fruition soon.
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