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Superconducting RF Technology has been the building block for many high-energy physics
accelerators, essentially based on bulk niobium (Nb). Over the past decades, the RF performance of
bulk Nb cavities has continuously improved with material and surface developments [1], such as
nitrogen surface doping [2] as of late. However, long-term solutions for superconducting radio-
frequency (SRF) surfaces efficiency enhancement need to be pursued. The greatest potential for
dramatic new performance capabilities lies with methods and materials, which deliberately produce
the sub-micron-thick critical surface layer in a controlled way. The development of SRF surfaces with
other forms of Nb and other superconducting materials has the potential to further improve SRF cavity
performance beyond the Nb sheet material intrinsic limits. This development combined with higher
efficiency and quality control are most relevant for structures required for future SRF accelerators.
The potential of fully engineered and truly application-tailored SRF surface strategies would
dramatically reduce capital and operating costs for future accelerators, lowering the cost-of-entry of
SRF technology, both for large scale facilities and compact accelerators.

Next Generation Nb/Cu SRF Cavities Based on Advanced Coating Technology for CW
Accelerators

Electron-ion colliders, electron coolers, energy recovery linacs (ERL), X-ray light sources and free
electron lasers (FELs) require CW (continuous wave) operation. Minimal cavity residual losses and
minimized cryogenic consumption, i.e. high quality factors, Q, at medium gradients are then more
essential than high gradients.

Over the years, niobium film on copper (Nb/Cu) technology has positioned itself as an alternative
route for the future of superconducting structures used in accelerators with successful
demonstrations at CERN with LEP then, now LHC and Hie-ISOLDE, at INFN-LNL with ALPI [3].
Decoupling the SRF surface from the cryogenic system by depositing a thin layer of Nb on the inner
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surface of a Cu cavity offers several advantages: increased temperature stability due to the Cu
substrate higher thermal conductivity; operation at 4.5 K, generating capital and operational cost
savings; material cost saving, particularly for low frequency structures; easily machinable and castable
structures, opening perspectives for significant cryomodule simplification. However, although
exhibiting very high Q at low field, Nb/Cu cavities have been plagued with steep RF losses (Q-slope) at
medium to high gradients. Recently, R&D efforts, jointly at JLab and CERN, to develop advanced
coating technologies (energetic condensation) have produced encouraging results alluding to the
promise of superior performing SRF films [4-7]. These techniques, along with careful engineering of
surfaces [8], have produced Nb/Cu films with bulk-like properties, greatly improved accelerating field
and dramatically reduced Q-slope, demonstrating that the early sputtered Nb/Cu cavity performance
is not a fundamental limitation. Further effort is needed to scale up these processes and develop
protocols and procedures that can be industrialized.

Successful SRF thin film cavity development will lead to significant savings in cavities and cryomodule
costs. It is in line with the demands of the future generation of particle physics machines such as the
electron —ion collider (EIC), FCC-ee [9] which require R&D pushing the state of the art and enabling
technological breakthroughs to provide the required reliability and keep costs within acceptable
levels. Accelerators relying on operation at 4 K and/or on low frequency (large) cavities for which the
cost of bulk Nb material becomes prohibitive (precision muon generation) or high-power compact
proton and CW ion linear accelerators for isotope production facilities (FRIB) would also benefit.

Advanced Materials and Structures for Higher Gradients and High Q

Alternative materials with higher critical temperature and critical field are the prime candidates to
surpass the established bulk Nb technology [10]. Materials such as NbsSn offer order of magnitude
improvements in operating efficiency, and a theoretical pathway to 100 MV/m gradient [11]. Recent
R&D efforts [12-14] have demonstrated that the persistent Q-slope and gradient limitation observed
in the past [15] are not fundamental but process induced and therefore amenable to improvement.
Alternative deposition approaches such as sputtering, energetic condensation and atomic layer
deposition (ALD) should be fully explored for enhanced properties and conformality. Early results with
sequential and stoichiometric deposition both on Nb and on Cu are promising [16, 17] and could prove
to push the NbsSn technology further. Other materials such as NbTiN, NbN, VasSi, etc. should also be
re-evaluated with advanced coating techniques. Newly discovered high temperature superconducting
(HTS) materials (pnictides [18]...) would be particularly interesting if any of them turns out to have
favorable microwave properties [10].

The combination of such materials with adequate dielectric material in multi-layered structures have
been conceived as a performance enhancer for bulk Nb and Nb/Cu film cavities. Theoretical models
[19, 20] predict that appropriately fabricated nanometric superconductor-insulator-superconductor
(SIS) muiltilayer films can delay vortex penetration in Nb surfaces allowing them to sustain higher
surface fields than any pure material.

Compact SRF Accelerators for Societal Applications

The emergence of reliable, energy efficient high Q systems, based on highly performing film-based
SRF cavities along with transformative development with cryocoolers [21, 22] would impact societal
applications ranging from medicine to industry. Cost effective compact superconducting accelerators
will reduce the footprint and capital investment of medical machines for cancer therapy and medical
radioisotope production. Other applications include environmental remediation, accelerator-driven
systems (ADS) for nuclear waste transmutation or power generation, and high-intensity proton



accelerators for homeland security (nuclear weapons detection). For such compact-sized machines,
energy efficiency is one of the most critical area of development.

Summary and Path Forward

SRF thin film technology based on advanced coating techniques offers many opportunities to fully
engineer SRF surfaces with the deliberate creation of the most favorable interface or functional
interlayer, tailoring of the most favorable film(s) structure, properties enhancement with doping,
control over the final SRF surface with dry oxidation or cap layer protection. Bulk-like performance Nb
films, alternative material films and SIS multilayer structures open the possibility of major system
simplifications and enhanced performance. Such developments would be transformative not only for
future high energy physics machines but will also bring forth the opportunity to upgrade existing
machines to higher performance in achievable energies and cryogenic & power consumption, within
the same footprint.

The already well-established and fruitful international R&D collaborations involving JLab, SLAC, ODU,
CERN, INFN-LNL, CEA Saclay, STFC, HZB, DESY, KEK, and other institutions should be fully supported
and expanded in the following areas of R&D:

e Theoretical and material studies to gain in-depth understanding of the fundamental limitations
of thin film superconductors under radio-frequency fields

e Advanced coating technology via energetic condensation (electron cyclotron resonance (ECR),
HiPIMS, kick positive pulse...)

e Cavity deposition techniques for alternative materials to Nb: NbsSn, VsSi, NbTiN ...

e Atomic Layer Deposition (ALD)

e Development of superconductor-insulator-superconductor (SIS) nanometric layers to further
enhance the performance of bulk Nb and Nb/Cu

e Improved cavity fabrication & preparation techniques (electroforming, spinning, hydroforming,
electro-hydro forming, 3D additive manufacturing, environmentally friendly electropolishing,
nano-polishing, plasma etching ...)

e Cryomodule design optimization

e Improvement of accelerator ancillaries with advanced deposition techniques (HiPIMS Cu coated
bellows, power couplers...)

Continued investment is required so this fundamental R&D can mature and become project ready for
the next generation accelerators.
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