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The presentation will concern the following topics:

I. Introduction

II. Vacuum breakdown
I. Experimental data
II. Physical picture

III. Numerical modeling of vacuum breakdown
I. The model
II. Ellipsoidal microprotrusion

III.Conical microprotrusion with a spherical tip

IV. Conclusions & Outlook
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Introduction
• Vacuum breakdown is an important performance limitation in high-

gradient RF accelerating structures.
• A number of studies have been carried out in the context of the 

development of linear colliders in recent years at CERN and other labs.
• Pulsed DC systems have been built for dedicated breakdown studies

([1] and references therein): provide a simplified experimental setup, 
capable of breakdown experiments in conditions similar to the RF tests.

• The present work:
– The experimental data on vacuum breakdown in the pulsed DC experiment 

at CERN was analysed and compared to the physics (and numerical 
simulations) of low-voltage (vacuum) arcs;

– A physical picture was formulated;
– A numerical model was established and simulations have been started with 

the aim to describe the mechanisms of vacuum breakdown on copper 
cathodes with protrusions of different geometries.
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[1] I. Profatilova et al., Nuclear Inst. and Methods in Physics Research, A, vol. 953, p. 163079, 2020.
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Copper electrodes of the pulsed DC experiments at CERN and other institutes 
show a large number of craters: evidence of vacuum breakdown.

• SEM images (I. Popov) indicate that the breakdown sites are usually 
comprised of two distinct areas: 
– a central part, which represents one or more crater-like formations of 

recrystallized and solidified molten metal, and 

– a surrounding so-called “wavy pool” of recrystallized and solidified molten metal.
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• Crater dimensions vary from 5-10 μm, but may be much larger, up to 50 μm.

• The wavy pool diameter depends on the size of the crater and on the gap 
between electrodes in the experiment, and is usually about 50-200 μm.

• The “waves” on the pool surface are grainy, however a radial pattern is clearly 
visible.

• The surface outside the pool is flat and looks identical to the surface of freshly 
made (untested) electrodes.



Univ. 
Madeira

H. Kaufmann

Vacuum breakdown: experimental data

- 6 -

• In some cases, the wavy pool is 
absent, and the crater rim borders 
the flat surface.

• Analysis of the copper 
microstructure below the 
breakdown site surface with 
STEM imaging reveals plastic 
deformation beneath the 
surface.

• The molten surface layer of 
copper could be from 70 nm up 
to 1 μm thick.

All images of copper electrodes shown in these slides have been provided by Inna 
Popov, the Center for Nanoscience and Nanotechnology from the Hebrew University 
of Jerusalem.

STEM image of FIB cross section of a 
breakdown crater on a copper cathode 
tested in the pulsed DC system 
(experiment at CERN).
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• More recently, there has been increased 
discussion on the nature of starburst-
like crater patterns that appear on 
electrodes subjected to conditioning at 
cryogenic temperatures (30-90 K).

• No circular symmetry.
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The presented experimental information suggests the following physical picture 
of breakdown.
• The central crater(s) represent(s) the epicenter of the breakdown:

• Electron emission,
• Vaporization and ionization of the electrode metal vapor,
• Formation of the plasma ball.

• Pressure exerted by the plasma ball:
• Formation of the crater,
• Formation of the crater rim, as molten material in the crater is pushed 

outwards.

1) The only possible mechanism of ionization of neutral vapor seems to be
ionization by the emitted electrons;

2) Formation of crater is a consequence of the interaction of the plasma
ball with the metal surface.
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The physical picture of formation of 
craters in the course of breakdown is 
generally similar to what was seen in 
simulations of:

• formation of cathode spots in low-
voltage vacuum arcs under 
conditions typical for, e.g., circuit 
breakers [2],

• unipolar arcs in fusion devices [3]. Cathode spots in vacuum arcs.

Unipolar arcs.[2] H. T. C. Kaufmann et al., J. Appl. Phys., vol. 122, p. 163303, 2017.
[3] H. T. C. Kaufmann et al., Plasma Phys. Control. Fusion, vol. 61, p. 095001, 2019.
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However, there is an important difference.
• External factor provoking the formation of cathode spots in low-voltage 

(vacuum) arcs: the plasma cloud left over from an (extinct) spot that previously 
existed in the vicinity of the (new) spot being ignited. 

• External factor provoking the ignition of unipolar arcs: so-called edge-
localized modes, i.e., plasma instabilities which deliver high energy and particle 
fluxes to the plasma-facing components. 

No such external agent which would facilitate the breakdown in 
accelerator conditions. 

Ø The breakdown voltage is very high (orders of magnitude higher than in vacuum 
and unipolar arcs);

Ø Breakdown in accelerator conditions is dominated by field electron emission 
(irrelevant in vacuum and unipolar arcs);

Ø The average gap electric field in the vacuum breakdown experiments is clearly 
insufficient for field emission;

Ø The most popular mechanism: enhancement, by 102 or higher, of the applied 
(average) electric field by microprotrusions present on the cathode surface.
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Two phases of breakdown

• Voltage oscillograms from the experiment [1]: 

• the potential difference over the gap first rapidly decreases from the 
initial value of several kilovolts, as provided by the power supply, 
down to a value of the order of 50-100V;

• then, remains more or less constant during the rest of the breakdown 
event.

[1] I. Profatilova et al., Nuclear Inst. and Methods in Physics Research, A, vol. 953, p. 163079, 2020.
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Two phases of breakdown

• The charged particle 
density in the gap is low;

• The potential distribution 
in the gap is governed by 
the applied voltage;

• Significant field emission 
from protrusions
(enhancement of the 
electric field);

• Heating of the protrusion 
due to Nottingham and 
Joule effects.

• Formation of the near-cathode layer where 
most of the potential drop in the gap 
concentrates (accumulation of plasma near the 
cathode surface);

• High temperatures in protrusion:

• Field electron emission => thermo-field 
emission;

• vaporization and ionization of cathode 
material occur;

• Ions return to the surface => further 
cathode heating.

• The protrusion will melt and then be 
destroyed by the pressure exerted by the 
bombarding ions, forming a crater and maybe 
even molten metal jets.

First phase of breakdown Second phase of breakdown
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The initial stage of breakdown in high-electric field has been simulated in 
previous works, however it appears that the formation of craters has not been 
simulated in a self-consistent manner up to now.

• ArcPIC: simulation of plasma initiation in DC vacuum arc discharges starting 
from a single field emitter at the cathode [4].

• Prediction of the current and voltage characteristics, and of properties of the 
plasma (densities, fluxes and electric potentials).

• Multi-physics atomistic simulations of the thermal runaway process on 
emitting nano-tips: the simulations show that both high current density and 
sufficiently large tip size are needed to initiate the melting at its apex [5].

• The field-induced forces gradually deform the tip, elongating and 
sharpening its apex in a process similar to the Taylor cone formation in 
liquid metal ion sources.

• The temperature exceeded 10 000 K and the emission current was about 2 
mA, before the tip field induced forces caused detachment of part of the tip.

[4] K. N. Sjobaek, “Avoiding vacuum arcs in high gradient normal conducting RF structures”, Ph.D. thesis, University of Oslo, 2016.

[5] A. Kyritsakis et al., J. Phys. D: Appl. Phys., vol. 51, p. 225203, 2018.
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The initial stage of breakdown in high-electric field has been simulated in 
previous works, however it appears that the formation of craters has not been 
simulated in a self-consistent manner up to now.

• Explosion of surface protrusion during breakdown in RF fields: simulation 
of the heating and electrical explosion of a microprotrusion under the action of 
RF electromagnetic fields [6, 7].

• Pre-breakdown: variations in emission characteristics, the role of the main 
sources of energy release (Nottingham and Joule effects), and the time of 
heating of the microprotrusion to the critical temperature;

• MHD modeling of explosion: it was assumed that the microprotrusion tip 
heated by the thermal field emission current had changed to a plasma state 
before simulation was initiated.

• The heating times up to the critical temperature (microexplosion) were of 
the order of a few nanoseconds.

[6] S. A. Barengolts, I. V. Uimanov, and D. L. Shmelev, IEEE Trans. Plasma Sci., 47, p. 3400, 2019.

[7]. S. A. Barengolts et al., IEEE Trans. Plasma Sci., 47, p. 3406, 2019.
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Model of initial phase
of breakdown.

• The numerical model is based on that of works [2, 3]. 

• At the present stage of the work, simulations of the initial phase of 
breakdown were performed for copper electrodes with a 20 μm gap between 
them.

[2] H. T. C. Kaufmann et al., J. Appl. Phys., vol. 122, p. 163303, 2017.
[3] H. T. C. Kaufmann et al., Plasma Phys. Control. Fusion, vol. 61, p. 095001, 2019.
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• Axially symmetric: the equations are solved in cylindrical coordinates (r, z).

• Laplace equation will be solved in the gap for evaluation of the electric field 
and potential distributions in the gap and at the surface of the cathode:

𝛻!𝜑 = 0
• Boundary conditions at the cathode and anode:

𝜑" = 𝑉 − 𝐼#"$×𝑅𝜑% = 𝑈&

The gap

Us obtained by solving the current continuity equation in the cathode; V is the power 
supply voltage (5 kV); R is a ballast resistance (1 kΩ); Igap is the current in the gap, 
obtained by integrating the distribution of the current density jem due to emitted electrons 
over the cathode surface.

The external power supply V is applied as a ramp function with a rise time of 0.2 μs, 
from 0 V at t = 0.1 μs to 5 kV at t = 0.3 μs (in accordance with typical voltage 
oscillograms [1]).
[1] I. Profatilova et al., Nuclear Inst. and Methods in Physics Research, A, vol. 953, p. 163079, 2020.
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𝜌𝑐$
𝜕𝑇
𝜕𝑡 = 𝛻 0 𝜅𝛻𝑇 + 𝜎 𝛻𝜑 !

The cathode body
• Heat transfer equation with account of Joule heating, and the current 

continuity equation supplemented by Ohm’s law, to be solved in the 
cathode:

T = 300 K• Boundary conditions at bottom of cathode:

𝛻 0 𝐣 = 0, 𝐣 = −𝜎𝛻𝜑

𝑞'( =
𝑗'(
𝑒 2𝑘𝑇) + 𝐴*++

• Boundary condition at the cathode surface: energy flux density qem and 
current density jem delivered from the plasma to the cathode,

U = 0 V

Field or, possibly, thermo-field electron emission is the dominant mechanism of 
current transfer to the cathode: the Murphy and Good formalism [8] will be 
employed (describes all stages: cold and hot cathodes) => jem (Ew, Tw).

[8] M. S. Benilov, and L. G. Benilova, J. Appl. Phys., vol. 114, p. 063307, 2013
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Temperature distribution
evolution in the elipsoidal 
protrusion.

• Ellipsoidal microprotrusion: height of 5 μm and a base radius of 0.5 μm 
(aspect ratio: 10).

• Significant heating of the protrusion is observed.

• The maximum 
temperature
of the 
protrusion is 
approximately 
3800 K.

• The electron 
current Iem is a 
little over    
0.16 A.
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• Alternative shape of the 
protrusion: conical protrusion, 
with the tip rounded into a 
sphere with a given radius R.

• Different values of R employed 
(height of kept constant at 5 μm).

• The chosen shape attempts at simulating the shape of ridges that can be 
found on the surface of electrodes, which are significantly wider than 
proposed needle-like protrusions.

• The radius of the base of the cone is of about 3 μm vs. the radius of 0.5 μm 
used previously.

Ø The aspect ratio has been reduced from 10 to approximately 1.7.
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R = 0.5 and 0.4 μm:

• No increase of the protrusion temperature;

• Enhancement of the electric field at the tip is sufficient for the transfer of 10s 
to 100s of nA of electron emission current Iem.
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R = 0.1 μm:

• Electric field at the tip more than doubles (vs. R = 0.5 and 0.4 μm);

• Slight increase of the protrusion temperature;

• Iem reaches 5 mA.
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R = 0.05 μm:

• Enhanced electric field has surpassed 1010 V/m;

• The protrusion temperature is slightly below the melting temperature; 

• Iem reaches 50 mA.
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R = 0.04 μm:

• Electric field is very similar to case of ellipsoidal protrusion, but the 
protrusion temperature and electron current are lower.
Ø More efficient loss of heat due to conduction into the bulk of the conical 

protrusion (it is much wider than the ellipsoidal protrusion).
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• All the cases described: a stationary state is reached.

• Once the external power supply attains its maximum output of 5 kV, there 
is no further change in the system up to and beyond the millisecond 
range. 

Temperature distribution
in the protrusion and
electric field distribution
in the gap. Conical
protrusion with R = 0.04 
μm.
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• The external power supply V begins to be applied at 0.1 μs. 

• t ~ 0.2 μs (V = 2500 V): the temperature of the protrusion starts rapidly 
increasing and reaches approximately 3600 K at t = 0.3 μs.

Temporal evolution of the gap voltage
(voltage pulse) and of the electric field at
the protrusion tip. 

Temporal evolution of the maximum
cathode temperature and of the electron
emission current.
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• The Nottingham effect plays a 
significant role at this stage, 
resulting in qem being directed into 
the protrusion and exceeding a 
value of 6x1012 W/m2.

• The electric field is enhanced up 
to 1.26x1010 V/m at the tip 
(~ 108 V/m elsewhere).

Numerical modeling: ellipsoidal protrusion
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Temporal evolution of the gap voltage
(voltage pulse) and of the electric field at
the protrusion tip. 

0

1000

2000

3000

4000

5000

100 200 300 400
0.0x100

4.0x109

8.0x109

1.2x1010

1.6x1010Vgap

 (V)

t (ns)

Vgap
   Ew

 (V/m)

Etip

• Fast increase of electron emission current Iem:
• Vgap increases and the electric field in the gap is enhanced at the protrusion tip;
• electrons start being emitted from the tip;
• current transfer to the surface is initiated and quickly reaches a value above 0.1 A.

Temporal evolution of the maximum
cathode temperature and of the electron
emission current.
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R = 0.035 μm:

• The critical temperature is reached at t ~ 0.29 μs (before the power supply 
attains its maximum output of 5 kV).

• Compare to ellipsoidal protrusion: Iem is lower by almost a factor of 2, but the attained 
maximum temperature has more than doubled.
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R = 0.035 μm:

• The critical temperature is reached at t ~ 0.29 μs:

• Tmax at t ~ 0.2778 μs is of about 2300 K;

• Tmax > 8000 K within the next 13 ns (attained at t ~ 0.2903 μs).

These results are 
indicative of a 
microexplosion.

Temperature distribution
in the protrusion and
electric field distribution
in the gap. Conical
protrusion with R = 
0.035 μm.
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Conclusions & Outlook
• The physical picture of formation of craters during vacuum breakdown 

appears similar to simulations of formation of cathode spots in vacuum arcs and 
of unipolar arcs in fusion devices.

• However, the lack of a so-called “external factor” to facilitate breakdown 
means that enhancement of the field must be a decisive effect.

– The most popular mechanism: enhancement, by 102 or higher, of the applied (average) 
electric field by microprotrusions present on the cathode surface.

– To explain the values of the enhancement factor, the microprotrusions must be quite 
slender (needle-like), and such protrusions are not normally seen on electrode surfaces.

• The results of the present work show that thin protrusions (with aspect ratios 
≳ 10) are not critical for the initiation of a microexplosion and subsequent 
breakdown in vacuum.

• Significantly wider ridge-like structures may be sufficient for breakdown 
initiation.

• Future work: simulations of second phase of breakdown (melting, surface 
deformation, crater formation…)

- 30 -
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Still on the topic of surface protrusions:

• The problem: to explain the values of the enhancement factor of 102 or higher, 
the microprotrusions are assumed to be quite slender (needle-like), and 
such protrusions are not normally seen on electrode surfaces.

– According to [9]: “Protrusions of small lengths of a few 10 to few 100 μm correspond to the 
surface roughness, whereas long protrusions of more than 500 μm correspond to particulate 
contamination or severe surface damages”;

– Analysis of deviations from the similarity law, observed at high and very high pressures 
in experiments on discharge ignition and breakdown in corona-like configurations, can 
serve as a useful, albeit inevitably indirect, source of information about 
microprotrusions on the surface of electrodes.

Analyzing Experimental Data on Ignition of Corona Discharges and 
Breakdown on Positive Electrodes in High-Pressure Air for Diagnostics 

of Surface Microprotrusions 

(MeVArc 2021 oral contribution, Dr. Nuno Ferreira, March 11)

Conclusions & Outlook
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[9] O. C. Feet et al. (ABB), Energies, vol. 13, p. 4449, 2020.


