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High-Gradient Copper: 
State of the Art
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The objective of this presentation:

Survey key ideas about the fundamental high-field limitations of copper, as 
used in accelerating structures, through reference to published papers.

The state-of-the-art for this presentation is our best knowledge of limits.

This presentation is subjective and incomplete!!! The selection of material is 
influenced by my personal experience and opinion. But the ideas contained do 
form a reasonably coherent story backed up by experimental results. Maybe a 
broader review of this subject can be made one day.

Objective
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The main high-gradient limitations

Fundamental limitations of achievable field: 

• Breakdowns – Aka vacuum arcs. Expressed as a rate, computed as number breakdown divided by the number 
of pulses. Very strong function of applied field. Occur mainly in areas of high surface electric field.

• Field emission current – Part of breakdown process, but annoyance in its own right. Potential loss of power, 
radiation source, can affect beam instrumentation, and even deflection of beam. 

• Pulsed surface heating – Ohmic loss driven fatigue, leading to irreversible degradation of cavity surface.

Then there are the practical limitations:

• Conditioning time
• RF power requirements
• Efficiency
• Cooling capacity
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Structure implementation driven constraints

• Minimum aperture requirements – High-gradient better with small apertures, but most applications require 
large apertures for
• maximizing transmission
• minimizing short range wakefields

• Power feeds
• Higher order mode (long-range wakefields) suppression features 
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Early days – frequency dependence
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• Breakdown limited field measured – not breakdown rate
• No field emission measurement (although no field-

dependent Q variation) 
• No field enhancement due to power coupler (just small 

diagnostic coupling)
• Short pulse
• Super low stored energy
• Nothing like a prototype
• No acceleration of beam
• Etc.

https://doi.org/10.1103/PhysRevLett.90.224801 

Trying to be more systematic
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https://doi.org/10.1103/PhysRevSTAB.15.071002 

Breakdown rate – Vacancy model
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Describing mobile dislocation population  evolution:

Breakdown rate – Dislocation dynamics model

https://doi.org/10.1103/PhysRevLett.120.124801 
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https://doi.org/10.1103/PhysRevAccelBeams.22.083501 

Breakdown rate – Dislocation dynamics model 2
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Conditioning

https://doi.org/10.1103/PhysRevAccelBeams.19.032001 
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Starting to understand the role of power flow
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https://doi.org/10.1103/PhysRevSTAB.12.102001 

The role of power flow
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Refinement of power flow theory

https://arxiv.org/abs/2209.15291 
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Pulsed surface heating fatigue damage

https://doi.org/10.1103/PhysRevSTAB.14.041001 
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Cryogenic copper - RF

https://doi.org/10.1103/PhysRevAccelBeams.21.102002 
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Cryogenic copper – Pulsed dc

https://doi.org/10.1103/PhysRevApplied.14.061002 
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Something like statistics

Peak surface electric fields about x 2.5 higher 

https://doi.org/10.1103/PhysRevAccelBeams.21.061001,
https://doi.org/10.1103/PhysRevAccelBeams.20.052001 etc. 
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https://doi.org/10.1103/PhysRevAccelBeams.24.093201 

Recent cryo-copper
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Community

https://agenda.infn.it/event/34253/ 

Registration is open!

https://indico.cern.ch/event/1099613/ 

Next edition early March 2024, probably 
Lake Tahoe.
Hosted by Sandia Lab. Information soon.
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Conclusions

• We now have a significant body of experiments that show how copper 
structures can perform and what the main dependencies are.

• Care must be used in interpreting these results!
• We have a reasonably good explanations/theories for most of the observed 

gradient dependencies.
• The dependencies can be used to successfully optimize structures for particular 

applications. 

Thank you for your attention!


