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 Fusion physics

 Satellite systems

 Industry

 Linear collider 

designs

Breakdown studies 

have a broad application spectrum
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Multi-scale model – PIC and MD parts of it

 Assuming field emission from a field emitter tip that 

enhances the electric field [phase 1], we shall focus on:

Evolution of plasma (particle-in-cell method)  [2]

Resulting surface damage (molecular dynamics) [3]

1. Onset

2. Build-up of 
plasma

3. Surface
damage, 
new spots
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First the Plasma Part…
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Modelling DC arcs

 First we have to understand 

breakdowns in DC, before we 

can generalise to RF

 For a direct comparison with 

experiments, we adjusted 

simulation parameters to the 

DC setup at CERN

 However, results are

completely general!
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PIC – The method

 Particle-in-Cell method: 

Popular for plasma 

simulations

 Treats particles (or fluid 

elements) in a 

Lagrangean frame, in 

continuous phase 

space

Macro quantities (n,j

etc.) in a Eulerian

frame on mesh points

 Kinetic approach
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PIC – Its applicability

 Applicability of PIC: Stability conditions

 Linear oscillations of a 1D unmagnetised plasma 

 x < 3.4 Db

 t < 0.2 pe
-1

 Equations can be rescaled to dimensionless quantities

Results are universally valid at any scale

Only collision cross-sections bind us to a given scale

 Determines the typical Db, pe (ne, Te) of the problem
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Corresponding to experiment
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 1d3v electrostatic PIC-MCC code

 Resolving the main stream of plasma

 Areal densities of physical quantities

Cu

r=1 mm

d=20 
μm

~ 4-6 kV

 Exponential voltage drop mimiced

 Limited energy from the circuit
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Phenomena taken into account

We started from a simple model with a code from IPP-MPG 

(Collaborators: R. Schneider, K. Matyash)

 Field emission of electrons, Fowler-Nordheim eq.:

 Evaporation of Cu neutrals

 Collisions, esp. ionisation collisions

 Sputtering of Cu neutrals at the wall, enhanced yield from MD

 Secondary electron yield due to ion bombardment
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I. Plasma build-up from a field emitter tip

 Field emitter tip: supply of electrons and neutrals 

 The field emitter is assumed in terms of an initial field 

enhancement factor (could be geometrical, or structural)

 Dynamic beta: the ”erosion” and the ”melting” of the tip 

was implemented 

We define the ”melting current” jmelt as the threshold of 

electron emission current, which, if exceeded, sets β=1

 Neutral evaporation: an estimate was needed

 Define the neutral evaporation to electron FE ratio rCu/e = 

rCu/e(E,t,…) and approximate it with a constant
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II. Collisions

PIC has limited dynamic range; can resolve only build-up phase

We treat only three species: e-, Cu and Cu+

 Coulomb colisions,

 Electron-neutral elastic collisions 

 Neutral-neutral elastic collisions

 Electron impact ionisation

 Charge exchange& momentum transfer

( , ),  ( , )   and  ( , )e e e Cu Cu Cu

e Cu e Cu

Cu Cu Cu Cu

2e Cu e Cu

Cu Cu Cu Cu

III. Surface interaction model

 Energy dependent experimental sputtering yield

 An enhaced sputtering yield (based on MD simulations)

 A constant SEY = 0,5
[Yamamura & Tawara]
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Plasma build-up

 If not regulated externally, densities grow steadily

 Only limiting factor: Energy available

 During onset, the plasma does not thermalise, is far from 

MB distribution (fluid approach not possible)
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Under what conditions will an arc form?

Two conditions need to be fulfilled: ( scaling btw. DC and RF)

 High enough initial local field to have growing FE current

 Reaching a critical neutral density ionisation avalanche

 The sequence of events leading to plasma formation:

 ”Point of no return”: lmfp < lsys – corresponding to a critical neutral 

density ~ 1018 1/cm3 in our case ionisation avalanche

High electric field

Electron emission, neutral evaporation

Ionisation e–, Cu and Cu+ densities build up

Sputtering neutrals
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Parameter space investigated
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Time constant

 Close to critical Cu density below ~ 10 ns

 Above ~ 10 ns, plasma formation is unavoidable
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Neutral evaporation to electron FE ratio

 0,001 – 0,008: below critical Cu density

 0,01 – 0,05 gives realistic timescales for plasma build-up
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Initial local field required

 Up to now, 10 GV/m was assumed (measured value)

 Lowering ELOC (either β or E) gave drastical changes

 8 MV/m: no ionisation avalanche any more

 7.5 MV/m and lower: no plasma at all

 The criterion seems to be:

to stabilise around ~6 GV/m to get 

growing FE current

 What happens if ELOC = 12 GV/m?

 It also stabilises to 6 GV/m only!

 Note: BDR = 1 reached
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The role of the Debye sheath

 Once the arc is 

ignited, the plasma 

sheath enhances the 

field at the cathode

 The field enhance-

ment factor due to 

the sheath will be 

~Lsys/ D different 

for DC/RF!

Sheath, ~ D

collisionless
Quasi-neutral 
plasma, no field
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Circuit characteristics

 Plasma has negative resistance

 The plasma seems to match the impedance of the 

external circuit 

consumes the available energy in the most effective way
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Conclusions of the 1D model

 When the 2 required conditions (high enough initial local 

field, reaching the critical Cu density) are fulfilled, plasma 

formation is inevitable

 The 1D model is suitable to obtain information on fluxes, 

densities etc. in the main stream of the plasma

 Restricted to the build-up phase of plasma

 Differences between DC and RF originate in plasma 

parameters (field enhancement, critical density etc.) and 

boundary conditions at the surface
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Now to the surface damage …
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Cathode damage due to ion bombardment

 Knowing flux & energy distribution of incident ions, 

erosion and sputtering was simulated with MD
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10 μm

Comparison to experiment

 Self-similarity:

Crater depth to width ratio remains 

constant over several orders of 

magnitude, and is the same for 

experiment and simulation

50 nm
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Ongoing work

 Plasma simulations: Extension to a 2D model. We gain:

 Information on the radial distribution and diffusion of the plasma

 Resolving area

 Self-consistent PIC-MD coupling

 Self-consistent coupling between the external circuit & 

discharge gap

 Surface damage: with the expertise of 

Dr. Samela, we shall derive

 Refined scaling laws,

 Energy deposition for craters



26Breakdown workshop 2010H. Timkó, CERN & HIP

Thank you!


