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Introduction
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The objective of this presentation – to survey some of the key observations and scaling laws related to 
arcing which have emerged from high-gradient tests, with reference to a variety of experiments and 
publications.

This presentation is entirely subjective, and non-exhaustive! An enormous amount of work has been 
conducted to date, so I will superficially cover only few topics and generally focus on the empirical side 
of things. To start off, a little bit of history…



Back to the start…
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*Image of the publication taken from a CERN Accelerator School talk by Philip John Bryant: https://cas.web.cern.ch/sites/default/files/lectures/granada-2012/bryant.pdf 

G. Ising, Prinzip einer Methode zur Herstellung von Kanalstrahlen hoher 
Voltzahl, ser. Arkiv för matematik, astronomi och fysik. Almqvist & Wiksells 
BoktryckeriA.B., 1924, translated as: Principle of a method for the Production of 
Canal Rays of High Voltage. 

A few years later…

1924 – The first proposal*. 1928 – The first implementation.

R. Widerøe, “Über ein neues Prinzip zur Herstellung hoher Spannungen”, Arch. 
Elektrotech., vol. 21, pp. 387–406, 1928, translated as: A new principle for the 
generation of high voltages. 



Back to the start…

High-Gradient Testing of NCRF Materials 416.07.2025

*Image of the publication taken from a CERN Accelerator School talk by Philip John Bryant: https://cas.web.cern.ch/sites/default/files/lectures/granada-2012/bryant.pdf 

G. Ising, Prinzip einer Methode zur Herstellung von Kanalstrahlen hoher 
Voltzahl, ser. Arkiv för matematik, astronomi och fysik. Almqvist & Wiksells 
BoktryckeriA.B., 1924, translated as: Principle of a method for the Production of 
Canal Rays of High Voltage. 

A few years later…

1924 – The first proposal*. 1928 – The first implementation.

R. Widerøe, “Über ein neues Prinzip zur Herstellung hoher Spannungen”, Arch. 
Elektrotech., vol. 21, pp. 387–406, 1928, translated as: A new principle for the 
generation of high voltages. 

It is well known that all the difficulties in producing high voltages lie in the control 

of electrostatic fields. All technical insulating materials have a limited insulating 

capacity; at a certain field strength they break down and become conductive.

- R. Widerøe (1928) [translated from German].



Facilities all over the globe investigate the limitations on the achievable field for a variety of applications.

Towards the State of the Art
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Not exhaustive, more exist! 
For more see this talk from L. Wroe: https://indico.cern.ch/event/1291157/contributions/5890088/

Xbox-1, 2, 3

NEXTEF2

TPOT-X

MITHRA/SAMURI

CARIE

TEX

NLCTA-XTA

Vbox X-LAB/ MELbox

C-band Test Stand 
at SXFEL

AWA



In 1953, Kilpatrick collated the early experimental data 
and offered an expression for the breakdown threshold1:

Reformulated in 1982 by T. J. Boyd to give the well-
known Kilpatrick Limit2:

𝑓 = 1.64 ∙ 𝐸 𝑀𝑉/𝑚 2 ∙ 𝑒
ൗ−8.5

𝐸 𝑀𝑉/𝑚  𝑀𝐻𝑧

Kilpatrick already noted that the limit could be 
increased by conditioning.

The Early Days - Electric Field and Frequency
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1W. Kilpatrick, “Criterion for Vacuum Sparking Designed to Include Both rf and dc”, The Review of Scientific Instruments, vol. 28, pp. 824–826, 19
2T. J. Boyd, Jr. , “Kilpatrick's criterion”, Los Alamos Group AT-1 report AT-1:82-28, February 12, 1982



Electric Field and Frequency
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Later studies - no increase in the achievable gradient at higher 

frequencies. Similar result with recent S-band and C-band tests3.

3M. Schneider et al., Appl. Phys. Lett. 121, 254101 (2022)



Dependence on the Electric Field
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A 2009 meta-analysis of 12-30 GHz high-gradient 

test data →  𝑩𝑫𝑹 𝒑𝒆𝒓 𝒑𝒖𝒍𝒔𝒆 ∝ 𝑬𝟑𝟎

A. Grudiev, S. Calatroni, and W. Wuensch, Phys. 

Rev. ST Accel. Beams 12,102001 (2009)
P. Martinez-Reviriego, et al., Nucl. Eng. 

Tech. 57, 103164 (2025) 

A more recent measurement, from 2025...



Investigating the Role of Power Flow
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𝑆𝐶 = 𝑅𝑒 ҧ𝑆 + 𝑔𝑐 ∙ 𝐼𝑚 ҧ𝑆

C. Adolphsen, 21st IEEE Particle Accelerator 

Conference, Knoxville, TN, USA (2005)

2005

2006

2009

C. Adolphsen, 2001 Particle Accelerator 

Conference, Chicago, Il  (SLAC–PUB–8901)

2001

Group Velocity, Vg

P/C

SC



A Visual Comparison – CLIC Crab Cavity
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B. Woolley et al., Phys. Rev. Accel. Beams 23, 122002 (2020) 

SC H-Field* E-Field

Taken from E. Rodríguez Castro’s talk: 

https://indico.cern.ch/event/449801/contri

butions/1945273/ 

Breakdown locations shown by dots (1681 total sites).

Note: Similar peak magnetic fields have been observed between structures, for example: V. Dolgashev, 

S. Tantawi, Y. Higashi, B. Spataro, Applied Physics Letters 97, 171501 (2010)



A Recent Addition – E*
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For a more thorough explanation, see Jan’s thesis & talks: 
• https://inspirehep.net/literature/2066435

• https://indico.cern.ch/event/774138/contributions/3507942/

• https://indico.global/event/4706/contributions/39379/ 

The breakdown-loaded electric field (E*)

https://inspirehep.net/literature/2066435
https://indico.cern.ch/event/774138/contributions/3507942/
https://indico.global/event/4706/contributions/39379/


Examining the number of pulses between 
breakdowns (n), a two-rate model was fit 
to both RF and DC tests:

𝑷𝑫𝑭 𝒏 = 𝑨 ∙ 𝒆−𝜶𝒏 + 𝑩 ∙ 𝒆−𝜷𝒏

Classification of primary (Poissonian) and 
secondary (or “follow-up”) breakdowns.

BDR sometimes reported for both: 
• A. D. Cahill, J. B. Rosenzweig, V. A. Dolgashev, S. G. Tantawi, 

S. Weathersby, Phys. Rev. Accel. Beams 21, 102002 (2018)

• W. L. Millar, et al., IEEE Trans.Nucl.Sci. 70 (2023) 1, 1-19 
(2023)

The Probabilistic Behaviour of Arcs
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Figures taken from: W. Wuensch, A. Degiovanni, S. Calatroni, A. Korsbäck, F. Djurabekova, R. Rajamäki, 

and J. Giner-Navarro, Phys. Rev. Accel. Beams 20, 011007 (2017)

RF Cavity Test DC Electrode Test



Back to the aforementioned meta-analysis (Phys. 
Rev. ST Accel. Beams 12, 102001):

 𝑩𝑫𝑹 𝒑𝒆𝒓 𝒑𝒖𝒍𝒔𝒆 ∝ 𝑬𝟑𝟎 ∙ 𝝉𝟓

Intrinsically linked to pulsed heating and fatigue* 
(other limitations in their own right) but today I 
will focus on arcing.

Pulse Length (𝜏)
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*For a comprehensive fatigue-centric study, see: L. Laurent, et al., Phys. Rev. ST Accel. Beams 14, 041001 (2011)

S. Matsumoto et al., Nucl. Instr. and Methods in Physics Research 

Section A, Vol. 657, Issue 1, (2011)



Taking Advantage of the Pulse Length Scaling
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Figures taken from: Y. Jiang, J. Shi, H. Zha, J. Liu, X. Lin, and H. Chen, Phys. 

Rev. Accel. Beams 24, 112002 (2021)

60 ns fill-time 

(standard TW design).

10 ns with distributed 

coupling scheme.

* For another example, see: S. Tantawi, M. Nasr, Z. Li, C. Limborg, and P. Borchard, Phys. Rev. Accel. Beams, vol. 23, p. 

092001 (2020).

Distributed Coupling Schemes* Short-Pulse Machines



* For another example, see: S. Tantawi, M. Nasr, Z. Li, C. Limborg, and P. Borchard, Phys. Rev. Accel. Beams, vol. 23, p. 

092001 (2020).

Taking Advantage of the Pulse Length Scaling
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Figures taken from: Y. Jiang, J. Shi, H. Zha, J. Liu, X. Lin, and H. Chen, Phys. 

Rev. Accel. Beams 24, 112002 (2021)

Distributed Coupling Schemes Short-Pulse Machines

60 ns fill-time 

(standard TW design).

10 ns with distributed 

coupling scheme.
Previously at Cornell University…



RF Material Tests
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S. Döbert, et al., CLIC-Note-699 (2006) M. Schneider, et al., Appl. Phys. Lett. 121, 254101 (2022)

Molybdenum & Tungsten Irises 

(30 GHz tests)

Copper and its Alloys More recently: ~25% improvement with 

CuAg (compared to pure Cu)

V. Dolgashev, Linear Accelerator Conference 

LINAC2010, Tsukuba, Japan (2010)



RF Material Tests
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S. Döbert, et al., CLIC-Note-699 (2006) M. Schneider, et al., Appl. Phys. Lett. 121, 254101 (2022)

Molybdenum & Tungsten Irises 

(30 GHz tests)

Copper and its Alloys More recently: ~25% improvement with 

CuAg (compared to pure Cu)

V. Dolgashev, Linear Accelerator Conference 

LINAC2010, Tsukuba, Japan (2010)

Even gold-plated components

  at 11.424 GHz!

V. Dolgashev, SLAC-PUB-10355 (2004)



DC Material Tests
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A short DC detour – recent material tests from CERN’s Large Electrode System (LES) as part of a radiofrequency quadrupole (RFQ) 
project. The RFQ is an H- accelerator → hydrogen deposition occurs during operation → irradiated and non-irradiated samples both 
tested to quantify high-field performance.

Slides taken from Catarina Serafim’s MeVArc 2024 talk: https://indico.cern.ch/event/1298949/contributions/5783871



DC Material Tests
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SEM image of the electrode showing 

blistering and breakdown craters.



My last slide on DC tests - a similar setup with cryogenic capabilities at Uppsala university in Sweden.

Normal Conducting Materials at Low Temperatures
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Warm-up and cooldown also investigated.



Normal Conducting Materials at Low Temperatures
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A. D. Cahill, J. B. Rosenzweig, V. A. Dolgashev, S. G. 

Tantawi, S. Weathersby, Phys. Rev. Accel. Beams 21, 

102002 (2018)

And of course, the RF efforts… 

E. A. Nanni et al., 2023 JINST 18 P09040
M. Nasr et al., Phys. Rev. Accel. Beams 24, 093201 

(2021)



Normal Conducting Materials at Low Temperatures
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A. D. Cahill, J. B. Rosenzweig, V. A. Dolgashev, S. G. 

Tantawi, S. Weathersby, Phys. Rev. Accel. Beams 21, 

102002 (2018)

And of course, the RF efforts… 

E. A. Nanni et al., 2023 JINST 18 P09040
M. Nasr et al., Phys. Rev. Accel. Beams 24, 093201 

(2021)



To finish – a few words on conditioning…

• The surface conditions (or worsens) 
during measurements --> the 
measurement order matters. 

• What mechanism(s) is/are predominantly 
responsible exactly?

• Can we condition with substantially 
fewer BDs? Is there any benefit to doing 
so?

The Conditioning Effect (at Room Temperature)
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Taken from: A. Degiovanni, W. Wuensch,  J. Giner-Navarro, Phys. Rev. Accel. Beams 19, 032001 (2016)

Progression in RF Pulses

Progression in Breakdowns



The Conditioning Effect (at Room Temperature)
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>100 C-band structures operating at ~ 30 MV/m.



Conclusions
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• We now have a plethora of experiments (and models) 
that show how structures perform and what the main 
dependencies are → can be used to inform design 
choices and optimise a given device. 

• Promising options are being investigated, including 
short pulse machines, more “resilient” metals, and 
operation at cryogenic temperatures.

• A word of caution -  conditioning is a dynamic 
phenomenon, care must be taken when interpreting 
some of these breakdown-related test results!

A final acknowledgement – for more on any particular aspect, I 
direct you to the workshops on the right. Much of the content 
in this presentation originated from these communities!

https://indico.slac.stanford.edu/event/9387/overview

https://indico.cern.ch/event/1424597/

https://indico.fnal.gov/event/65159/

And a recent review and consolidation of much of the experimental and 
theoretical work from the members: https://arxiv.org/abs/2502.03967



home.cern


	Slide 1: High-Gradient Testing of NCRF Materials
	Slide 2: Introduction
	Slide 3: Back to the start…
	Slide 4: Back to the start…
	Slide 5: Towards the State of the Art
	Slide 6: The Early Days - Electric Field and Frequency
	Slide 7: Electric Field and Frequency
	Slide 8: Dependence on the Electric Field
	Slide 9: Investigating the Role of Power Flow
	Slide 10: A Visual Comparison – CLIC Crab Cavity
	Slide 11: A Recent Addition – E*
	Slide 12: The Probabilistic Behaviour of Arcs
	Slide 13: Pulse Length (𝜏)
	Slide 14: Taking Advantage of the Pulse Length Scaling
	Slide 15: Taking Advantage of the Pulse Length Scaling
	Slide 16: RF Material Tests
	Slide 17: RF Material Tests
	Slide 18: DC Material Tests
	Slide 19: DC Material Tests
	Slide 20: Normal Conducting Materials at Low Temperatures
	Slide 21: Normal Conducting Materials at Low Temperatures
	Slide 22: Normal Conducting Materials at Low Temperatures
	Slide 23: The Conditioning Effect (at Room Temperature)
	Slide 24: The Conditioning Effect (at Room Temperature)
	Slide 25: Conclusions
	Slide 26

