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Understanding the mechanism of plasma build-up in vacuum arcs is essential in many fields of physics. A one-
dimensional particle-in-cell computer simulation model is presented, which models the plasma developing from
a field emitter tip under electrical breakdown conditions, taking into account the relevant physical phenomena.
As a starting point, only an external electric field and an initial enhancement factor of the tip are assumed.
General requirements for plasma formation have been identified and formulated in terms of the initial local
field and a critical neutral density. The dependence of plasma build-up on tip melting current, the evaporation
rate of neutrals and external circuit time constant has been investigated for copper and simulations imply that
arcing involves melting currents around 0.5−1 A/μm2, evaporation of neutrals to electron field emission ratios
in the regime 0.01 − 0.05, plasma build-up timescales in the order of ∼ 1 − 10 ns and two different regimes
depending on initial conditions, one producing an arc plasma, the other one not. Also the influence of the initial
field enhancement factor and the external electric field required for ignition has been explored, and results are
consistent with the experimentally measured local field value of ∼ 10 GV/m for copper.
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1 Introduction

In many areas of research, from fusion reactors [1] to satellite systems [2], one is confronted with the issue of
electrical discharges, especially with vacuum arcs. Gaining a deeper knowledge of the mechanism of these arcs
is thus desirable. Based on cathode phenomena, three phases of an arc can be distinguished [3], we call these
(i) the onset of arcing, during which electron emission is triggered, (ii) the burning of the arc, during which the
plasma is created and maintained, and (iii) the surface modification (cratering) of the cathode subsequent to it.
The particle-in-cell (PIC) code presented here has been developed to model the plasma build-up in vacuum arcs,
which is the early stage of the burning of an arc.

Linear collider designs such as the Compact Linear Collider (CLIC) call for a high accelerating gradient, that
raises the problem of breakdowns in ultra high vacuum also in radio frequency (RF) accelerating cavities [4]. To
complement high gradient RF experiments, an experimental programme to explore the nature of breakdowns is
under way in a direct current (DC) setup at CERN [5, 6], which aims at more detailed studies of sparks under
simplified conditions. This DC setup served as a basis of comparison between theory and experiment.

A 1d3v PIC code is used for simulations, meaning that no side losses of the plasma can be resolved and
particle motion is characterised by one spatial coordinate (1d) and three velocity components (3v). The 1d
simplification is motivated by the cylindrical symmetry of the geometry of DC experiments: The development
of arcs is restricted to a small and well defined area between locally plane electrodes, with an electric field
perpendicular to these. The aim is to simulate the build-up of electron, neutral and ion densities. Two different
mechanisms have been suggested to produce the explosive electron emission [7, 8] needed for the formation of
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6 H. Timko et al.: Modelling plasma build-up in vacuum arcs

the arc plasma: Electron emission due to (i) micro-protrusions (field emitting tips) on the cathode surface [9,
3] and due to (ii) insulating particles resting on or embedded in a metal substrate [10]. In our model, a field
emitting tip is assumed in terms of properties such as the field enhancement factor, although the tip itself is not
modelled. Resolvable physical quantities are areal densities such as current density. Thus one can interpret this
one-dimensional model as the simulation of plasma developing from one field emitter only.

2 Methods

2.1 Experimental setup

The experimental setup to be modelled [11] consists of a rounded rod (anode) and a plane sample (cathode), with
a typical gap distance of 20 μm (Fig. 1(a)). As the high electric field is concentrated to a small area on both the
anode and the cathode, the system can be approximated by two parallel plane electrodes, with a homogeneous
external electric field in-between. Two modes of measurement are possible with this setup, one for measuring
the electron field emission current as a function of applied field and the other for determining the breakdown
field EBRD. From the former, one can extract the so-called field enhancement factor β by fitting the Fowler-
Nordheim equation [12, 13]. Details of the field emission model are discussed in Sec. 2.3.4. β describes by what
factor the external field is enhanced at the surface. Typical measured values of the breakdown field are around
150 − 250 MV/m, and field enhancement factors between 40 − 70 for copper. The corresponding local field
(calculated as the product of EBRD and β measured prior to breakdown) for conditioned copper was found to be
more or less constant around a value ELOC ∼ 10− 11 GV/m [14, 15].

(a) Experimental setup: anode (cylindrical, on
the right) and cathode (planar, on the left) with
a gap distance of ≈ 20 μm in-between.

(b) Electric circuit during breakdown measurements, where Rext =
30Ω, Cext = 0.1− 27.5 nF. First Cext is charged, with S1 closed and
S2 open. Then the power supply is disconnected (S1 open) and finally
the charged capacitor is connected to the discharge gap (S2 closed).

Fig. 1 Experimental setup (a) and its schematic electric circuit during breakdown measurements (b).

To measure the breakdown field, first a capacitor is charged to a given high voltage, then it is disconnected
from the power supply and finally connected to the electrodes, so that the circuit during breakdown consists
of a capacitor Cext (serving as a power supply), a resistor Rext (limiting the current) and the discharge gap
characterised by the resistance of the plasma Rplasma(t) (Fig. 1(b)). The voltage over the electrodes is constant
until breakdown starts and then falls exponentially (Fig. 2) with a given time constant depending on Cext (Rext

is always the same). The maximum energy available for the breakdown is thus determined by the capacitance
and the charging voltage.
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Fig. 2 Typical experimental curves for current and
voltage measured over the cathode-anode system. First
an external capacitor is charged to a high voltage, then
this capacitor is connected to the copper electrodes.
The voltage remains stable for a while, until break-
down starts and drops then exponentially. Meanwhile
the current grows until the energy available for break-
down is consumed.

In a vacuum arc, experimentally measured plasma densities are typically 1020 − 1022 1/cm3 [16, 17, 18].
Total current densities are estimated to be in the regime of at least 10−2 − 10−1 A/μm2 [19] with values up to
∼ 1 A/μm2 [17]. In a fully developed arc, highly ionised species can be present (for copper up to Cu5+ [16]. In
the given geometry of the experimental setup one can assume that an order of 10 field emitters are present at the
same time at the breakdown site, one being the dominating field emitter [20].

2.2 The model and its applicability

An existing one-dimensional, 1d3v, electrostatic particle-in-cell code with Monte Carlo collision scheme (PIC-
MCC) [21, 22, 23] has been adapted to the experimental setup described above and the relevant physical phenom-
ena (Sec. 2.3) in vacuum arcs. In the current model, the material under investigation is copper, which is the main
candidate material for CLIC accelerating structures. Two “infinite” electrodes are simulated, with the cathode
grounded and the anode powered with 5 kV. The distance between the electrodes is set to 20 μm, resulting in
an electric field of 250 MV/m. Particles can move in one dimension along the electric field. Through collisions,
their velocities are resolved in three dimensions. A schematic view of the model is given in Fig. 3.

Fig. 3 Schematic diagram of the one-dimensional PIC-MCC code used for modelling DC arcs. The high electric field causes
electron field emission and evaporation of neutrals. Ions are created in ionisation collisions. Three species (electrons, neutrals
and ions) are taken into account.

Simulations are initiated starting from perfect vacuum, i.e. no particle at all being present in the system. In this
model, only the three dominating species, electrons, Cu neutrals and Cu+ ions, are taken into account. Electrons
appear in the system due to electron field emission (Sec. 2.3.1) from a field emitter tip. This field emitter tip is
assumed to be present at the cathode in terms of its field enhancement factor β, however, geometrically the emitter
can not be resolved in a one-dimensional model. Neutrals appear initially due to a mixture of field and thermal
evaporation to which we apply a simple model (Sec. 2.3.2) in our simulations. Throughout all the simulation,
only electrons and neutrals are injected, which is a simplification mainly motivated by the fact that only Cu+
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8 H. Timko et al.: Modelling plasma build-up in vacuum arcs

is taken into account and no higher ionisation states. Therefore, all ions present in the system are produced in
collisions (Sec. 2.3.3). Once charged particles are present in the system, they are accelerated in the electric field
and can cause sputtering from the electrodes. The sputtering (Sec. 2.3.4) determines the boundary conditions and
sputtered particles become the source of further neutrals and electrons. Neutrals evaporated and sputtered from
the field emitter tip will erode the tip, and a high electron current density caused by emitted electrons will heat
and eventually melt the tip (Sec. 2.3.5). The ”melting” of the tip is performed simply by setting β = 1. Both the
erosion and the melting of the tip can be taken into account in the model by assigning an area to the tip.

In principle, simulations are then terminated when the initially chosen number of time steps is finished, and
simulations can be continued later on. In practice, however, simulations have to be stopped in the early stage of
arc development, due to memory limitations (discussed in detail at the end of this Section).

To mimic the experimental circuit and its limited energy available for breakdown, the external voltage applied
to the anode stays constant only until the current density through the electrodes reaches a certain threshold. This
threshold was assigned to indicate that plasma starts to build-up and extract energy from the system. Values
around 2− 3 · 10−3 A/μm2 were found to be suitable for this purpose, because they correspond to the build-up of
an ion current in addition to the electron current. (The choice of the threshold can slightly influence the timescale
of plasma build-up.) After the threshold in current density is reached, the voltage is reduced exponentially. The
time constant of this exponential drop is one of the parameters to be investigated (Sec. 3.2). In principle, the
time constant τ = Cext(Rext + Rplasma). However, the resistance of the plasma can not yet be calculated self-
consistently because only the current density is known and the area of current flow is clearly not resolved in a
one-dimensional model.

As the model is one-dimensional, several free parameters in the model remain, which will be discussed exten-
sively in Sec. 3. These free input parameters and their implementations in the code are the following:

i. the electron field emission current density that melts the tip (Sec. 3.1), implemented as a threshold of electron
field emission current density jmelt, which, if exceeded, sets the field enhancement factor of the tip β = 1;

ii. the time constant of the exponential drop in the external voltage τ (Sec. 3.2), which determines the potential
at the electrodes at any instant;

iii. the evaporation of neutrals to electron field emission ratio rCu/e (Sec. 3.3), which determines how many
neutrals are injected at the cathode in comparison to the electrons that are injected according to the Fowler-
Nordheim equation (Eq. 1);

iv. the initial local field ELOC that acts at the field emitter tip when starting the simulation (Sec. 3.4), given by
the product of the initial field enhancement factor of the tip and the initial external electric field.

These parameters together with simulation-related parameters such as time step and grid size serve as the only
input parameters in the model. The development of the system is then fully determined by the model described.
Within regular time steps, relevant macroscopic plasma parameters that are calculated from particle coordinates
(1d) and velocities (3v) (number density of each species, potential and temperature) are outputted, as well as
energy distributions at several positions in the system. Also the evolution of free parameters that vary with time
(local field, field enhancement factor, exponentially dropping external potential), and the evolution of injected
and absorbed particle currents at the boundaries is followed. With the aid of these, the total current density going
through the discharge gap as well as the plasma resistance can be determined as a function of time.

When using a PIC code, following conditions between simulation time step Δt and plasma frequency ωpe

as well as grid size Δx and Debye length λD have to be fulfilled in order to guarantee a stable and reliable
solution [22]: Δt ≤ 0.2ω−1

pe and Δx � λD (we chose Δt = 0.2ω−1
pe and Δx = 0.5λD). The dynamic range for

resolving plasma density with pseudo-particles is limited due to memory and runtime limits to about 6 orders of
magnitude. These limits can be estimated as follows. Knowing the timescale of the phenomenon to be simulated
and given an acceptable runtime (a few weeks, for instance), the smallest resolvable time step can be determined.
Similarly, knowing the typical densities (number of particles in a cell) in the phenomenon and given the memory
available in the simulation determines the grid size that can be resolved. This means, that for a given system
with given timescale and spatial size, we may choose the number of superparticles (Nsp) such that runtime and
memory requirements are optimised, however, this determines the density around which the solution is stable.
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Given the fixed dimensions of the modelled system, the practical limit of plasma density producing reliable results
is 1019 − 1020 1/cm3 at a maximum, keeping the number of cells below ∼ 1000.

Specifically for arc plasma, the difficulty is that many orders of magnitude in density would have to be covered,
but with one set of parameters (Δx, Δt, Nsp) this is not possible. One may of course stop a simulation when
a given density is reached and choose different parameters so that the range of densities that can be simulated
would be extended. However, due to the enormous rise of density in the arc during the “avalanche” of ionisation,
enhancement factors in the grid size of several orders of magnitude and similar reduction factors of the time step
would be needed to describe the complete phenomenon. Therefore, with PIC one is limited to the early stage of
arc burning.

2.3 Phenomena taken into account

Particular attention is paid to the physical phenomena specifically important in the studied situation. The way of
their implementation with respect to the plasma-surface interaction, build-up of plasma and sheath potential is
presented in detail in the subsections below.

The diagnosis of the plasma sheath is carried out as follows. As in our simulations the sheath at the cathode
is driven by the applied voltage, and is also influenced by the secondary electron emission, it is improper to
define the sheath edge using the classical Bohm criterion. Therefore, we determine the sheath edge at the cathode
qualitatively at the point where the electric field abruptly changes.

2.3.1 Electron field emission

The standard Fowler-Nordheim equation taking into account the field enhancement factor β has been used to
calculate the field emission (FE) current of electrons jFE [24, 25, 13]:

jFE(E) = aFN
(eELOC)

2

φt(y)2
exp

(
−bFN

φ3/2v(y)

eELOC

)
, (1)

where φ is the work function, e the elementary charge and the local field is ELOC = βE with E being the electric
field measured at the cathode. Note that in our case E is not purely the instantaneous external field applied but
also contains contributions coming from the charged particles of the plasma. t(y) and v(y) are elliptical integral
functions of the variable

y =

√
e3ELOC

4πε0φ2
, (2)

where ε0 is the permittivity of vacuum. The constants aFN and bFN stand for

aFN =
e

16π2�
= 1.5414 · 10−6 A

eV
,

bFN =
4
√
2me

3�
= 6.8309 · 109 1√

eVm
, (3)

when [jFN ] = A/m2, [ELOC ] = V/m and [φ] = eV, where � is the reduced Planck constant and me the electron
mass. The Wang and Loew approximation [26] has been used for the elliptic functions t(y) and v(y), setting
t(y) = 1 and v(y) = 0.956−1.062y2. The value φ = 4.5 eV [27] has been used as an average for polycrystalline
copper.

The Fowler-Nordheim equation in the above form is no longer applicable when the electron current density
reaches ∼ 0.06 A/μm2 [10, 47], and space charge corrections become significant thereinafter. Since in PIC the
electric field is a sum of the external field and the fields created by charged particles, the space charge correction
to the Fowler-Nordheim equation is automatically taken care of. Above an emission current of ∼ 0.06 A/μm2,
most of the emitted electrons will be absorbed again immediately by the cathode, so that the net electron emission
current towards the anode will be the space charge corrected one.

In reality, part of the electron emission from the tip is thermal-assisted, however, in the model, thermionic
emission [28] has not been taken into account, since the temperature of the tip is not resolved. Nevertheless,
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10 H. Timko et al.: Modelling plasma build-up in vacuum arcs

the melting of the tip had to be incorporated into the model (discussed in detail in Sec. 2.3.5), for otherwise
the electron emission current would grow unrealistically high. Due to the high electron current density flowing
through the tip, the temperature of the tip is expected to grow significantly during the simulations, and near
the melting point the thermionic component of the electron emission current is not negligible anymore. In fact,
the lack of information on thermionic electron emission results in the underestimation of electron current right
before the tip melts with up to 30% [13, 28] for the typical ELOC ∼ 6− 8 GV/m seen in simulations. However,
assigning temperature to the tip within a one-dimensional model, where areas are not resolved, would result in
similar errors and is out of the scope of this model.

2.3.2 Evaporation of neutrals

Neutral atoms removed from the field emitter tip are the other species which build up the plasma. The evaporation
of neutrals is the key to the question why arcs under vacuum conditions can develop at all. Therefore, the
evaporation phenomenon is a crucial part of our model. Since the tip will be heated by the electron field emission
current up to its melting point, the most significant contribution to the evaporation of neutrals will come from the
(field assisted) thermal evaporation of neutrals from the field emitter. Until a more accurate prediction for the
evaporation rate of neutrals is available, a simplified model has been applied in the present work. The evaporation
rate of neutrals was assumed to follow the electron field emission current with a given ratio. This results in an
exponential behaviour of the evaporation of neutrals as a function of electric field, which is also motivated by
the fact that the thermal excitation of an atom is represented by the Boltzmann factor. The possible range of the
evaporation of neutrals to electron field emission ratio has been investigated through simulations (Sec. 3.3).

The field evaporation [29, 30] of positive ions from the anode and possibly negative ions from the cathode,
which might play a role in the early stage, has not been taken into account. Also the thermal evaporation of
neutrals from outside the field emitter tip, which can play a role at elevated temperatures, was assumed to be
negligible.

Both electrons and neutrals are injected into the system with Maxwellian velocity distributions, with corre-
sponding temperatures of 0.25 eV and 250 eV for electrons and neutrals, respectively.

2.3.3 Collisions

Collisions play a central part in the code and are treated with the Monte Carlo collision scheme (MCC). As we
are simulating the onset of plasma build-up, only the three dominant species, electrons, Cu neutrals and Cu+ ions
are taken into account; qualitative results are not expected to change much through handling more species. In
addition, in the experimental setup only Cu+ and Cu2+ have been observed with optical spectroscopy [31]. For
the three species treated, following collisions are relevant and have been taken into account with experimentally
measured, energy dependent cross sections [32, 33, 34]:

• Coulomb collisions between (e−, e−), (Cu+, Cu+), (e−, Cu+),
• Elastic collision e− + Cu → e− + Cu,
• Impact ionisation e− + Cu → 2e− + Cu+,
• Charge exchange and momentum transfer Cu+ + Cu → Cu + Cu+,
• Elastic collision Cu + Cu → Cu + Cu.

2.3.4 Sputtering yields

Sputtering phenomena have also been built into the code. Cu and Cu+ sputter Cu on both the cathode and
the anode, with a yield depending on their impact energy. In our model, we used the empirical formula by
Yamamura and Tawara [35], which is a best fit to available experimental data. In general, ions arriving at the
cathode will sputter the most. After a while, when the plasma density builds up, the ion bombardment starts to
be so intense at the cathode that the assumption of having single, uncorrelated bombardment events breaks down
and yields obtained from low-flux experiments can no longer be applied. Above a threshold of ion flux at the
cathode, the heat spike regime is reached and we apply an average enhanced sputtering yield of Y = 1000, based
on previous molecular dynamics (MD) simulation results [36], carried out under conditions consistent with the
model presented here. As a threshold of ion flux, the order of 1024 1/cm2s (or in terms of ion current density
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10−3 A/μm2) has been used, obtained in earlier PIC simulations [36]. This suitably chosen threshold led to a
smooth transition between the experimentally measured and the simulated, enhanced sputtering yield.

Ions and electrons accelerated through the plasma sheath gain kinetic energies in the keV regime under the
described conditions. The high energy ions cause not only an enhanced sputtering of neutrals, but also the
secondary electron yield (SEY) is significant at the cathode. Taking into account the energy dependence of the
SEY is nontrivial, since experimental data is mostly available for the low (< 1 keV) or the high (> 10 keV)
energy regime and the most important contribution in our case comes from the intermediate regime, and as a
result of high-flux bombardment. However, as the primary source of electrons is field emission and not SEY, an
estimated average value of SEY = 0.5 has been used for ion impact at the cathode, motivated by experimental
upper and lower limits of SEY = 2 for an incident energy of 10 keV [37], and the order of SEY ∼ 0.01
for slow ions, respectively (an estimate based on [38]). Simulations carried out with SEY = 0.01, 0.5, 2 and
otherwise the same parameters, showed that the value of SEY influences only slightly the time it takes for the
plasma to build up. Also secondary electron emission (SEE) at the anode can influence the electron dynamics.
This is not expected to change the characteristics of plasma build-up much, as the mechanism has been implicitly
parametrised and tested through increasing the SEY up to 2.

Note that in experiments, electron stimulated desorption (ESD) of neutral or charged molecules and atoms [39],
as well as low-energy electron-induced sputtering [40], could play an important role at the anode, both mainly
due to surface impurities present in the samples [41, 42]. In simulations, however, a pure material is modelled,
therefore both effects were assumed to be negligible.

2.3.5 Eroding and melting the field emitter tip

The plasma obtained from one single tip is simulated with our one-dimensional model, so the erosion and finally
the melting of this tip has to be included in the model. For explicit calculations in the code, a cylindrical tip with
20 nm radius has been assumed.

The erosion of the tip is simply determined by counting the number of neutral particles injected at the cathode,
which is the sum of sputtering yield and evaporation. The “height” (h ≈ βr [43]) of the tip is reduced linearly
with the number of neutrals injected, through the decrease of β. Simulations showed that the erosion of the tip is
� 1% before the electron current melts the tip, so that the change in β due to erosion is not significant; the local
field will fluctuate much more as a consequence of fluctuations in the potential.

The electron current density that melts the tip modelled, has been estimated based on a calculation solving the
heat conduction equation [44], and gave the order of 1 A/μm2. The Nottingham effect, which would give only a
small correction for a cylindrical tip [45], has not been taken into account for this order of magnitude estimate.
Hereinafter, by the term “melting current” (jmelt) a threshold of electron emission current density is understood
that melts the tip. When this threshold is exceeded, β is set to 1. (β = 1 corresponds to a flat surface and a
completely eroded field emitter. In reality, part of the field emitter could remain so that β0 > β > 1.)

It was mentioned already, that for high field emission currents, the net electron current towards the anode will
be significantly smaller than the originally emitted one. Note that the melting of the tip is attributed here to the
emitted electron current only, since the electron current reabsorbed at the cathode will be distributed over a much
larger area (O(μm2)), than the area of the field emitter tip (O(nm2)).

3 Results

The sequence of events, as seen from the simulations, that leads to plasma formation is the following. Starting
the process of arcing in vacuum, the first two species which appear in the system are electrons and neutrals,
due to the high electric field. Neutrals are then ionised by the electrons that are accelerated in the electric field.
Electrons and neutrals being constantly emitted, e−, Cu and Cu+ densities build up accordingly. An avalanche
of ionisation is reached, when the mean free path lmfp of the electron impact ionisation (given by the Cu density
and the experimental value of the cross section of Cu ionisation) becomes smaller than the spacing between the
electrodes lsys, which happens around a neutral Cu density of 1018 1/cm3. This is the criterion for unavoidable
plasma formation, since the sputtering due to the ion flux at the electrodes will create even more neutrals in the
system, leading to increased ionisation, which then again results in an enhanced ion flux, in enhanced erosion

www.cpp-journal.org c© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



12 H. Timko et al.: Modelling plasma build-up in vacuum arcs

of the electrodes, and so forth. As long as energy is available, the current density of the arc rises steadily too,
accompanied by the rapid reduction of electrical resistance; breakdown occurs.

We can formulate two conditions required for the plasma to build up. The first condition to be fulfilled is
a high enough initial local field, which after stabilising first to a given value, grows then slightly, resulting in
a huge electron field emission current growth, until the melting current is reached. During this period, the ion
density still remains below the electron density, and so the plasma sheath is not established yet. Instead, just
before the melting of the tip, the potential is usually zero in the first ∼ 2/3 of the system seen from the cathode,
indicating the screening of the external potential by electron space charge (cf. Fig. 5). When the ion density has
built up sufficiently, a sheath can form, which happens around the same timescale as the melting of the tip. The
second condition to be fulfilled is reaching the critical neutral density, or equivalently, meeting the requirement
that lmfp < lsys for the electron impact ionisation. Depending on the state of the system, two cases are possible:
Either (i) the neutral density remains below critical, and charged particle densities remain then even below the
neutral density and no arc plasma builds up; or (ii) the avalanche of ionisation is reached, the sheath leads to
a local field at least as high as initially with β > 1, plasma is maintained and densities grow until the energy
available for breakdown is consumed.

A four-dimensional parameter space has been sampled with simulations and the reaction of the plasma to the
changes in initial parameters has been investigated. Setting different initial parameters can result in very different
plasma behaviour and knowing the regime in which plasma build-up is facilitated and in which it is not, can
suggest ways how to lower the breakdown probability. The parameters examined were: (i) the melting current,
which will change with the geometry of the tip; (ii) the time constant of the external circuit, scaling the energy
available for breakdown; (iii) the evaporation of neutrals to field emission current ratio, to give an estimate on
the range in which it can move, and finally, (iv) the initial local field needed for ignition, a quantity that can be
directly compared with experiments.

As mentioned before, ELOC for copper at breakdown is always around 10 GV/m [14]. In experiments, the
energy available for breakdown has been varied, and even with different amounts of energy available, ELOC

remained the same [31]. Consequently, this value has been assumed throughout all the simulations (except for
series (iv)), using typical experimental values of an initial external electric field E0 = 250 MV/m and β = 40.

3.1 Melting current

The influence of the melting current has been examined in the region jmelt = 0.4− 1 A/μm2. Above 1 A/μm2,
additional information can not be gained due to limited simulatable density. Simulations have been carried out
for melting currents of 0.4, 0.5, 0.6, 0.8, 0.9 and 1 A/μm2, with a time constant (Sec. 3.2) of τ = 5 ns and an
evaporation of neutrals to electron emission current ratio (Sec. 3.3) of rCu/e = 0.01 for all of them. (Note that
timescales are rather sensitive to the parameter rCu/e. This will be further discussed in detail in Sec. 3.3). The
plasma was in all of these cases beyond the “point of no return”, where ionisation and the development of an arc
are unavoidable. This confirmed that the estimated regime of jmelt = 0.4−1 A/μm2 provides a sufficient amount
of electrons for the onset of plasma, and in combination with rCu/e = 0.01 and τ = 5 ns initial conditions are
suitable for plasma to build up. Therefore factors that can influence the melting current such as the dimensions
(height, area perpendicular to j), the geometry (cylindrical, conical etc.) and the composition (oxides, impurities)
of the tip, do not seem to influence arc development. (However, they may influence the triggering of the formation
of field emitter tips.)

After the electron current density has reached its peak, the plasma ionises completely (neutrals are present
only in the sheath region) and a sheath forms that is able to maintain itself thereafter. An example for jmelt =
0.5 A/μm2 is shown in Fig. 4(c). The total current (Fig. 4(a)) starts to grow once more after its first peak, that is
due to the high electron emission before melting; this is the onset of arcing. At 6.13 ns the simulation exceeds its
numerical limits due to high neutral density at the cathode. The Cu+ energy distribution at the cathode (Fig. 4(b))
averaged over the onset phase (5.35−6.13 ns) shows a peak around 3 keV, as a consequence of a sheath potential
of ∼ 3 kV.

In the whole regime of jmelt = 0.4− 1 A/μm2 the effect of space charge on the electron emission current can
be seen in terms of the potential (Fig. 5). The higher jmelt, the more this effect is enhanced. Qualitatively jmelt

does not influence plasma behaviour much, but in the region jmelt = 0.8 − 1 A/μm2 numerical limits restricted
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the simulations to the electron emission phase. To simulate the plasma onset, it was numerically convenient to
use jmelt = 0.5 A/μm2 for the investigation of all other parameters.

(a) External potential and total current through the
discharge gap.

(b) Average Cu+ energy distribution at the cathode.

(c) Density of different species (left) and electric potential (right) in the plasma

Fig. 4 Examining the influence of the melting current. The qualitative behaviour remains the same for the whole regime
investigated (jmelt = 0.4 − 1 A/μm2). In the particular case shown here τ = 5 ns, rCu/e = 0.01 and jmelt = 0.5 A/μm2.
After the first peak in the total current, a sheath has built up and the total current grows again. (Note that the total current is
the sum of the ion and the space charge limited electron current, and stays therefore below jmelt.) Fig. (b) shows the average
energy distribution of ions bombarding the cathode during the burning of the arc. The densities of different species in the
plasma and the corresponding electric potential at the last instant before the simulation exceeds its numerical limits are shown
in Fig. (c). Neutrals are present only in the sheath region, while outside the sheath region the plasma is quasi-neutral (electron
and ion densities are the same). Quasi-neutrality outside the sheath is reflected also in the constant potential (fluctuations in
the potential are due to growing numerical instability at this last instant), whereas the sheath potential originates from the
difference in ion and electron densities in the sheath region. Note that also close to the anode there is a sheath potential drop
present (∼ 200 eV, corresponding to an electron temperature of ∼ 40 eV), however, it is difficult to notice it on the scale of
Fig. (c).

3.2 Time constant

Possible changes in plasma properties were examined as a function of energy available. Experimentally, this was
done through changing the capacitor that supplies the discharge; the energy range covered was 5 mJ – 1.5 J. One
observation was that both breakdown and local field (and thus also β) remain approximately the same. Therefore,
different capacitors will be equivalent to different time constants and energies. The current-voltage characteristics
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of the discharge remained qualitatively the same, but both the current reached and the timescale of the discharge
scaled with the energy available. Corresponding time constants varied in the range 3 ns – 1 μs. In simulation, the
range 1−100 ns is realisable and simulations have been carried out for τ = 2, 3, 4, 5, 5.6, 6, 7, 10, 20 and 100 ns,
with common parameters jmelt = 0.5 A/μm2 and rCu/e = 0.01.

Fig. 5 The effect of space charge during high electron emission current. Before the formation of the sheath, as long as the ion
density is still smaller than the electron density, the potential is screened in about 2/3 of the system starting from the cathode
where electrons are emitted. Simulation parameters were τ = 5 ns, rCu/e = 0.01 and jmelt = 0.9 A/μm2.

An important prediction of this series was that below a given time constant, no breakdowns would occur.
Practically no plasma builds up at all, as in the case of τ = 2 ns (Fig. 6). Intuitively, such a threshold should
exist, below which there is simply no time to create a plasma starting from vacuum. Nevertheless, no exact value
for this threshold can be given with our model, since the timescale is highly influenced by rCu/e (cf. Sec. 3.3).
In DC experiments, this threshold has not been reached yet and it does not seem to be feasible to lower the time
constant further. However, RF structure testing experiments show indications of such a threshold: Travelling
wave structures tested with 3−5 ns pulses could attain a surface field twice as high as usual (∼ 600 MV/m) [46].

(a) External potential and total current through the dis-
charge gap

(b)Evolution of β and the local field at the cathode

Fig. 6 A simulation with a time constant of τ = 2 ns. No breakdown is occurring, implying that the plasma needs — with
the given initial conditions (jmelt = 0.5 A/μm2, rCu/e = 0.01) — at least ∼ 4 ns in total to build up. The timescale is
sensitive to rCu/e. Also the threshold, at which the voltage starts to drop exponentially, is only estimated and can modify
slightly the timescales.
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For τ ≥ 3 ns, breakdown does occur, but with two different regimes depending on τ . Below 10 ns, the neutral
density is very close to the critical density and small changes in the initial conditions can influence whether the
ionisation avalanche can be reached or not. For τ = 3, 4, 5 and 6 ns, the plasma sheath was sustained until
all the neutrals in the system, except for those in the sheath region, were ionised, while for τ = 5.6 and 7 ns
ionisation could not be reached. Although in reality many other factors will influence the timescale of plasma
build-up (ELOC , rCu/e etc.) and such a closeness to the critical density might not be observed, it is interesting to
examine what causes this effect. In the case of τ = 5.6 and 7 ns, the sheath remains sustained once it is created,
nevertheless, not all the neutrals can be ionised. This is due to the fact that the neutral density fulfils the criterion
for an ionisation avalanche only close to the cathode and only temporarily, then it drops below the critical density.
As a consequence, Cu density is higher than e− or Cu+ density, both of which remain below 1018 1/cm3. This
relatively “low-density” plasma populated mostly by neutrals does not show the characteristics of an arc plasma
(such as an ionisation avalanche, growing current density, a high flux of high energy ions bombarding the cathode,
etc.). Above 10 ns, the ionisation process takes place unavoidably in all of the cases, and an arc plasma forms.

Also the timescale of plasma build-up changes slightly with τ . Between τ = 3 − 5 ns, a double peak could
be seen in the total current, with the first peak corresponding to the electron emission phase and the second peak
corresponding to the build-up of plasma (cf. Fig. 4(a)). This second peak occurred while β = 1 and, due to the
sheath, ELOC ∼ 7− 8 GV/m. Above 5 ns, the second peak overlaps with the first one, the rise in current density
due to plasma build-up can barely be distinguished from the rise due to electron emission (cf. Fig. 11(b)).

The statistics of highest current density and local field reached after the melting of the tip for τ = 3− 100 ns
can be seen in Fig. 7, showing the proximity to the critical density below τ = 10 ns in terms of ELOC . All
ion energy distributions at the cathode extracted for τ = 4, 6 and 20 ns gave a peak around 3 keV and a total
flux of ∼ 5 · 1022 1/(cm2s). In comparison, the ion energy distribution for τ = 7 ns, where not all the neutrals
could be ionised, gave also a peak around 3 keV, but a much narrower one. In addition, the flux reached only
∼ 3 · 1021 1/(cm2s) directly after the melting of the tip, and contrary to the fully ionised case, then started
dropping. Simulations τ = 4, 6 and 20 ns were also repeated with jmelt = 0.9 A/μm2, but they all exceeded
numerical limits: Memory limitations caused simulations to break down almost immediately after ionisation has
started due to a quick rise in density.

Fig. 7 Statistics for the highest current density and lo-
cal field reached in each simulation after the melting of
the tip, as a function of τ . Below 10 ns, the neutral den-
sity is close to critical. ELOC reflects whether an arc
can develop or not. For τ = 5.6 and 7 ns, only a rel-
atively low-density plasma can build up (densities stay
below ∼ 1018 1/cm3). Above 10 ns, an arc plasma
develops unavoidably. Only lower limits can be pre-
sented for those cases in which an arc develops, since
simulations are restricted to the onset phase.

3.3 Evaporation of neutrals to electron field emission ratio

Although rCu/e = rCu/e(E, t, ...) is treated in our simple model of evaporation of neutrals as a constant, it is
valuable to have a theoretical estimate in which regime it can move. Simulations covered rCu/e = 0.001, 0.005,
0.008, 0.01, 0.025, 0.05 and 0.1 for both τ = 4 ns and τ = 20 ns, with jmelt = 0.5 A/μm2.

The rate of neutrals compared to electrons in the system will influence how quickly different processes will
take place; e.g. it can either enhance or slow down ionisation. For rCu/e = 0.001 − 0.008, most of the neutrals
can not be ionised (nCu > nCu+ , ne− ) and all densities stay rather low so that the ionisation avalanche can not
be reached. Also the local field created by the sheath of this “low-density” plasma is rather small (∼ 2− 3 GV/m
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at maximum). In contrast, already for rCu/e = 0.01 all neutrals get ionised and also the sheath results in
significantly higher fields (∼ 7 GV/m). Above rCu/e = 0.01, the higher rCu/e is, the stronger also the effect of
potential screening.

Fig. 8 Influence of the evaporation of neutrals to elec-
tron field emission ratio on the timescale of plasma
build-up. The timescale is defined here as the time
needed for the first peak in total current density to oc-
cur, which corresponds to high field emission prior to
plasma build-up. For the lowest ratio, rCu/e = 0.001,
the value presented is only an upper limit. The time
constant used in the simulation does not influence these
timescales significantly, only about 10%.

The time needed for the (first) peak in total current density to occur, is summarised for all the cases in Fig. 8,
which shows how the time needed for plasma build-up scales with rCu/e. Comparing theoretical and experimental
timescales, the evaporation of neutrals can be estimated to be in the regime rCu/e ∼ 0.01 − 0.05. Even though
DC and RF can not be easily compared, very fast plasma build-up can be excluded since otherwise it would be in
contradiction with the fact that short pulses are not likely to produce breakdowns in RF (in RF experiments, most
of the breakdowns occurred between 8− 60 ns after the peak field [4]). Very slow build-up can be excluded too,
since low values of rCu/e do not produce an arc plasma with high densities.

3.4 Initial local field

Up to now, an initial E0
LOC = 10 GV/m has been assumed, based on experimental results. A final issue to

examine is, how sensitive plasma build-up is to E0
LOC , the initial electric field E0 and the initial β. Altering β

and E0 without altering E0
LOC did not result in a different behaviour of the plasma (conclusion from simulations

with β = 30, E0 = 333 MV/m and β = 50, E0 = 200 MV/m instead of the usual β = 40, E0 = 250 MV/m;
common parameters were jmelt = 0.5 A/μm2, τ = 4 ns and rCu/e = 0.01). The typical time evolution of ELOC

is presented in Fig. 9. Even though starting from E0
LOC = 10 GV/m, ELOC soon stabilises to a value typically

∼ 6 GV/m, slightly growing before breakdown. With growing electron emission, ELOC becomes more and
more unstable. After the melting of the tip, in case a sheath forms, ELOC can reach values around 6− 8 GV/m,
depending on initial conditions.

Lowering E0
LOC through either lowering β or lowering E0 resulted in drastic changes in the current density.

With initial conditions β = 40 and E0 = 200 MV/m (i.e. E0
LOC = 8 GV/m), the electron FE current can

still melt the tip but the ionisation avalanche is not reached anymore. For conditions β = 30, E0 = 250 MV/m
(E0

LOC = 7.5 GV/m) and β = 40, E0 = 150 MV/m (E0
LOC = 6 GV/m), no plasma evolved at all. Comparing

to Fig. 9 and seeing that the initial field drops down to 6 GV/m almost immediately, one might ask why there is
no plasma forming for E0

LOC = 6− 8 GV/m. The key to this is the fact that for E0
LOC = 6 GV/m the local field

stabilises around 4 GV/m, for E0
LOC = 7.5 GV/m around 5.5 GV/m and for E0

LOC = 8 GV/m slightly below
6 GV/m, so that the condition for plasma to build up appears to be stabilising the local field at least up to 6 GV/m
to reach a sufficiently high electron field emission current.

For copper, E0
LOC = 10 GV/m corresponds already to an experimentally measured breakdown rate BDR =

1, meaning that the probability of a breakdown occurring when applying this field is 1. One might ask then
what happens for E0

LOC > 10 GV/m. Interestingly, the initial conditions β = 30, E0 = 300 MV/m and
β = 48, E0 = 250 MV/m, both corresponding to E0

LOC = 12 GV/m, showed a stabilisation of the local field
again around 6 GV/m, and not higher. This means that even for E0

LOC > 10 GV/m the FE current will regulate
itself down to the same level as for E0

LOC = 10 GV/m.
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Fig. 9 Typical time evolution curve of β and the local
field when starting from an initial E0

LOC = 10 GV/m.
Before breakdown, ELOC typically falls down to ∼
6 GV/m and then grows slightly. The fluctuations cor-
respond to the period where electron emission is en-
hanced significantly. After the tip is molten, the local
field drops accordingly. In case a plasma sheath can
form and maintain itself, ELOC can reach afterwards
values up to 6 − 8 GV/m during the plasma build-up
phase.

The fact that the efficiency of plasma development drops drastically for ELOC < 10 GV/m confirms that,
for plasma build-up from a field emitter tip, ELOC = 10 GV/m is required within its experimental error of
±16% [15]. However, the initial ELOC = 10 GV/m might rather set a condition to the formation of field emitter
tips during the onset phase of arcing, than to the build-up of plasma, which requires only ELOC ∼ 6 GV/m to
produce a growing field emission current. An indication for this might also be the fact that the experimentally
measured ELOC = 10 GV/m required for copper to break down is the value for conditioned 1 copper, where tips
have to be formed first before breakdown. For non-conditioned copper, ELOC can be significantly lower.

4 Discussion

A diagram summarising the simulated parameter space and its main characteristics is given in Fig. 10.
Clearly, a one-dimensional model has free parameters that can be eliminated in a two-dimensional model: For

instance, jmelt could be eliminated in a two-dimensional model where areas are resolved and therefore temper-
ature can be assigned to the field emitter tip. Also the drop of the external potential could be self-consistently
implemented and no assumption of a time constant τ would be needed. Due to these free parameters, the results
of the presented one-dimensional model should be interpreted on a qualitative level. To what extent experiments
and simulations can be compared is discussed below.

The model that has been presented describes plasma build-up under breakdown conditions from only a single
field emitter tip. When comparing with experimental results, it has to be taken into account that the total arc
plasma will be a spatial and temporal overlap of multiple tips. Plasma igniting at one site results in intense ion
bombardment at the cathode and clusters flying out of the cathode spot can ignite the plasma at another site. Thus
the plasma observed in experiments could be interpreted to consist of several “generations” of plasma originating
from field emitter tips, where in each such “generation”, several tips (∼ 10 field emitters in the DC setup, one
dominating) would be present at the same time.

The implications of the results obtained in Sec. 3 have to be discussed in the light of this tip-overlap-model.
The characteristics of model and experiment can almost directly be compared (Fig. 11(a) and 11(b)), the only
missing factor is the area of current flow, which is a dynamic quantity. The quick rise in current during the build-
up of plasma seen in experiments is reproduced also in simulation and reflects a characteristic feature of arcs,
namely that they can short-circuit even vacuum within a short time (∼ 10 − 100 ns). However, looking at the
experimental curve, one should note that the maximum current drawn by the arc will depend on how long the arc
can be sustained (how many arc spots are involved in the process). In simulations, two phenomena can contribute
to high current density values: (i) a peak in electron field emission and (ii) an established arc plasma. Sometimes

1 By a conditioned material, we mean a material, that has suffered already some breakdowns, and consequently, has an eroded surface
layer. Both in RF and DC experiments, materials exhibit a “conditioning”, which means that their breakdown field stabilises after a few
sparks to a value which is either higher or lower than initially. Experiments suggest that conditioning might be due to the removal of oxide
from the surface.
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these peaks corresponding to (i) and (ii) are separate, sometimes they grow together, depending on the timescale
of (i) compared to when the avalanche of ionisation is reached. Nevertheless, in experiments (i) can not be seen,
since FE occurs on a much smaller area and has therefore a minor contribution to the total current.

Fig. 10 Summary of the parameter space simulated. In all of the cases, E0
LOC = 10 GV/m. Different simulation series can

be seen in the rounded boxes. Common parameters used during a given series are indicated by the dark areas. Comments on
main characteristics in a given region are also given.

The scaling of the maximum total current and the timescale of reaching this maximum with the time constant
(or equivalently, with the energy available) was experimentally measured. Shorter time constants result in shorter
burning of the arc, with less current, so that the total energy consumed by the arc is directly proportional to τ .
This observation can not directly be compared to simulation, since for long time constants, plasma jets that are
ejected from the arc spots could ignite new spots as it is known from experiments [3], [16] and was confirmed by
former simulations [36], so that a different amount of “generations” would be present for low-energy arcs than
for high-energy arcs.

This idea is also motivated by comparing the energy consumption of simulated and experimental arcs. In
simulation, the energy density consumed by the arc plasma was always between 0.5− 1·10−5 J/μm2, regardless
of initial conditions. Assuming an average ion bombardment area of ∼ 100 μm2 (based on the size of molten
spots in scanning electron microscope images), we get 0.5− 1 mJ for the energy consumed by the plasma of one
field emitter tip. Thus for the lowest energy experiments with 5 mJ, at maximum 5− 10 tips could be coexisting
(even more, if the β of one tip dominates). In comparison, for experimental discharges of 1.5 J, the ignition of
several subsequent arc spots would be possible, while the ions and electrons from the initial spots are already
present in the system; the discharge maintains itself longer and higher total current can be drawn.
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(a) Characteristic experimental curves, τ ≈ 200 ns with
Cext = 15 nF. The negative values after the sudden
drop in voltage are purely instrumental. The measure-
ment of shorter timescales is difficult due to growing noise,
impedance of cables etc.

(b) Characteristic simulated curves, τ = 100 ns. Simu-
lations are limited to the build-up phase of the plasma. As-
suming a bombardment area of 100 μm2, the simulated cur-
rent density would correspond to a current up to 10 A.

(c) Simulated voltage-current characteristics corresponding
to Fig. 11(b). In the beginning, the discharge gap results in
an open circuit, only a small leakage current flows through
it that does nearly not affect the voltage. As the plasma
forms, the discharge gap gets conducting. (Note: The time
evolution in the plot is from the right to the left.)

(d) Simulated plasma resistance corresponding to
Fig. 11(c), after the voltage starts dropping. The plasma re-
sistance is negative and drops quickly during its formation
orders of magnitudes.

Fig. 11 Comparison of the modelled (b-d) and experimentally measured (a) development of current and voltage over the
discharge gap as a function of time. In terms of total current, the characteristic behaviour of the plasma seen in experiments
is reproduced by the model, the only missing factor is the area of current flow, which is also a function of time.

Finally, we would like to mention some interesting properties of the plasma as a part of an electric circuit. The
plasma has negative resistance (i.e. growing driven current for dropping voltage), as can be easily concluded from
Fig. 11(a). Also in simulations, this characteristics is reproduced (Fig. 11(b), 11(c) and 11(d)). When analysing
experimental data of the exponential drop of the voltage, the time constant obtained will be τ = RTOTCext,
where Cext is the capacitance of the external capacitor (assuming other capacitances in the system are negligible)
and RTOT will be the sum of the external resistance Rext and the resistance of the plasma Rplasma. From
experiments it turns out that RTOT � Rext [31], suggesting that the plasma will match the impedance of the
external circuit as much as possible in order to extract energy in the most efficient way. In the ideal case, when
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Rplasma = −Rext, half of the available energy can be consumed by the plasma, giving an upper bound for what
energy can actually be transferred to the plasma.

5 Conclusions and outlook

A one-dimensional particle-in-cell model has been developed to describe the build-up of plasma in electrical arcs
and sparks resulting from a single field emitter tip. A better understanding of the sequence of the phenomena
leading to the build-up of plasma in vacuum arcs has been achieved: The two key criteria to be fulfilled for a
breakdown to occur are a high enough initial local field to produce a sufficient amount of electrons and a high
enough neutral density to meet the criterion lmfp < lsys leading to an avalanche of ionisation.

A four-dimensional parameter space has been analysed for copper and parameters leading to plasma build-up
have been identified. A local field of at least 10 GV/m is necessary for ignition and evaporation of neutrals to
electron field emission ratios rCu/e between 0.01−0.05 match experimentally observed timescales. With the aid
of the model, one could also estimate ∼ 5 ns as a minimum timescale for the plasma to build-up. The melting
current, and therefore the geometry of the tip, does not influence the onset of arcing from the plasma formation
point of view.

The one-dimensional model presented allows also for a qualitative comparison to experiments concerning the
circuit characteristics of the plasma, the energy consumed by the plasma, the timescale of plasma build-up etc.
It can give an order of magnitude estimate of the conditions ruling in the build-up phase of the discharge such
as the densities, temperatures and energy distributions of each species, and the overall potential. Furthermore,
the fact that both qualitative results as well as quantitative estimates of the simulation model give reasonable
agreement with experimental results indicates that the theory of having field emitter initiated arcing is able to
explain experimental findings and therefore to give an estimate of the number and generations of field emitters
present during an arc.

Further extension of the work to a two-dimensional model is currently under development. This will allow
a fully self-consistent coupling between PIC and MD simulation of surface modification, as well as between
the external circuit and the discharge gap, because then also the area and the radial flux distribution of the arc
will be known. In addition, further physics refinement will be done by including thermionic emission, SEE and
the generalisation from DC to RF. The current model with its estimates on evaporation rates of neutrals serves
furthermore as a good basis for future work towards a refined neutral evaporation model, where direct field
evaporation of neutrals is also taken into account.
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