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Abstract
We are continuing to extend and simplify our under-

standing of vacuum arcs. We believe that all the breakdown
phenomena we see (with and without B fields) can be ex-
plained by: 1) fracture due to electrostatic forces at surface
crack junctions, 2) the development of a unipolar arc driven
by the cavity electric field, and 3) cooling, and cracking of
the surface after the event is finished. Recent progress in-
cludes the evaluation of non-Debye sheaths using molecu-
lar dynamics, studies of sheath driven instabilities, a model
of degradation of gradient limits in strong B fields, analy-
sis of the variety of arcs that can occur in cavities and their
damage and further studies of breakdown triggers.

INTRODUCTION
We numerically model all mechanisms crucial to arcing

in the simplest and most general way. We ultimately dis-
agree with most of the assumptions used to describe and
understand dense vacuum arcs over the last 80 years.

Our picture of arc development is summarized in Fig. 1.
Experimentally, two processes seem to control damage: 1)
the formation and fracture of cracks and small structures,
and, 2) the evolution and properties of unipolar arcs [1, 2].
Theoretically, we divide the arcing process itself into four
elements: 1) mechanical failure (Coulomb explosion) of
the surface producing fragments, 2) initial ionization of the
fragments by field emission (FE) currents, 3) exponential
density growth of the unipolar arc, and, 4) surface damage.
Many of the details of these mechanisms have been de-
scribed in earlier papers. We describe detailed calculations
on the non-ideal plasma sheath, which seems to contain
the essential mechanisms of surface damage by plasmas[3].
Recent progress has also included a better understanding of
the production of field enhancements required to produce
the initial fracture that triggers breakdown, particularly in
magnetic fields. We have continued to study these surface
damage mechanisms under a variety of conditions.

These arcs act as virtual cathodes and produce currents
that short the cavity fields. Once an arc starts, the surface
electric field, and field emission increase, increasing ion-
ization of neutrals, causing an increase in the plasma den-
sity. The density increase decreases the Debye length and
causes an increase in the surface electric field, producing
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Figure 1: The arc process is controlled by: 1) fracture of
high field areas at crack junctions and, 2) the evolution of
the unipolar arc, driven by sheath parameters.

and exponential increase in both the electric field and the
density with time, roughly described by the blue arrow in
Fig. 2. PIC simulations of the unipolar arc model for vac-
uum arcs relevant to rf cavity breakdown [4] show that the
density of plasma formed above the field emitting asperi-
ties can be as high as 1026 m−3. The temperature of such
plasma is low, in the range of 1 − 10 eV.

Figure 2: The plasma parameter space during breakdown,
showing applicable modeling techniques.

At these high densities the Debye screening length,
λD =

√
ε0kBT/nee2, becomes smaller than the mean

inter-particle distance, causing the number of particles in
the Debye sphere, ND = 4πneλ

3
D/3, to become less that

unity. As the density increases modeling with a PIC code
becomes less precise because the interactions are no longer
two body scattering. There is a general lack of experience
with modeling non-ideal plasmas and with the density lim-
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itations of PIC codes. We find that an approximate pic-
ture of the domain of applicability of PIC and MD codes is
shown in Fig 2. The degree of non-ideality of the plasma is
measured by the ratio Γ of the potential energy divided by
kinetic energy of the plasma.

Equilibrium and non-equilibrium non-ideal plasmas
have been studied extensively by MD in the past several
decades [3]. Nevertheless there are few studies of the spa-
tially inhomogeneous systems such as the plasma sheath.
Ref [3] gives the first results for MD simulations of the
non-ideal plasma sheath near a metallic surface.

SHEATH PARAMETERS
We consider a two-component fully ionized electron-ion

plasma. In the present work the simulations are restricted
to the singly ionized, copper plasma with Z = 1.

The procedure is: 1) creation of a set of initial states of
ions and electrons, 2) freezing the ion motion and allow-
ing the electrons to go to the wall until this motion is bal-
anced by electrostatic forces, and, 3) averaging the results
obtained with different initial states. The electron-electron
and ion-ion interactions are given by the Coulomb poten-
tial. For electrons and ions it is modified at short distances
to account for quantum effects. The equation below as-
sumes a Gaussian wave function for an electron

Vei(r) =
Ze2

4πε0r
erf

(
r

r0

)
,

where the r0 parameter that equals to 0.21 nm in our
case to match the ionization energy for copper at r = 0:
U(0) = −7.73 eV. More detailed information is available
in Ref [3, 5]. The results are weakly dependent on the short
distance part of the potential as the change of the U(0)
value from 7.73 eV to 5.1 eV does not change the results
within simulation accuracy. Neutral atoms are not taken
into account, which can affect relaxation times at relatively
low plasma densities when the density of neutrals is high
enough. It should not, however, affect the stationary distri-
bution of charges.
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Figure 3: Sheath evolution at 1023 m−3.

The formation of the sheath takes about 200 fs. The
density profiles obtained after the relaxation are shown in

n   (m  )e
-3
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Figure 4: Sheath parameters as a function of electron tem-
perature and density.

Fig.3. The electron deficit defines the plasma sheath. This
technique can be used to evaluate the material dependence
of the plasma sheath and burn voltage of the arc. Fig. 4
shows the parameters of the sheath.

The exponential increase in density and surface field
seen in PIC codes will be shorted out by field emission at
∼3 GV/m. This value of the maximum field corresponds to
FE current densities of ishorting = εOE/δt ∼ 20 MA/m2,
with δt = 1 ns, the approximate plasma growth time. We
anticipate this will produce oscillations in the 100 - 500
MHz range, and see these oscillations [3]. When multi-
plied by the area of the melted spot seen in 805 MHz cavi-
ties, we determine that the shorting current from this mech-
anism would be about 4 A, equal to the value seen in x ray
measurements from the MAP 805 MHz pillbox cavity [2].

Arcs in other cavities (for example CLIC), where short-
ing currents of hundreds of Amps are required, would be
constrained the same current density limits, implying that
the arcs must be much larger, perhaps filling the cavity or
at least a few cells. This is consistent with SEM images
showing large melted areas (∼ cm2) and spinodal decom-
position, see Fig. 5 [6].

Figure 5: Images from large area arcing in CLIC structures.
The image on the left shows spinodal decomposition [6].
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EFFECTS OF B FIELDS
Recent experimental data show the effects of magnetic

fields on surface damage. Parallel electric and magnetic
fields confine the shorting currents to a small area on the far
side of the cavity producing small round arcs and melted
areas. When these arcs cool and contract, they produce
small intensely cracked central regions surrounded by large
smooth areas, see Fig 6. For both the B = 0 and B = 3 T
cases, the integrated width of these cracks is about 2 % of
the diameter of the melted area, i.e., ∆x/x = α∆T ∼ 2%,
where ∆T is 1000o C and α is the linear expansion coef-
ficient. In the B = 3 T case, the cracks were densely con-
fined in a region about 10 µm in diameter. We assume that
a higher density of cracks produces more crack junctions,
giving more possible breakdown sites and lower maximum
fields.

5 µm

Figure 6: At B = 3 T, cracking is confined to the 10 µm
diameter center of a 500 µm diameter melt spot, producing
more crack junctions (i.e. breakdown sites). MIrror images
of the mm scale damage patterns appear at both ends of
cavities when the damage occurs in magnetic fields.

GAS FILLED CAVITIES
High pressure gas has been proposed as a way of com-

bining the absorber required for muon cooling with the arc
suppression features of SF6 [7]. Recent experimental re-
sults have been described in Ref [8]. The arc model de-
scribed above explains arc suppression due to high pres-
sure gas as a low energy attenuation of the field emitted
electrons before they are able to ionize fragments broken
off of the surface by tensile stresses. An early calcula-
tion, Ref [7], showed that this attenuation is effective in
preventing breakdown by slowing down field emitted elec-
trons before they can ionize fragments, but at higher fields,
the surface can break down normally. Gas filled cavities
are sensitive to ionization due to muons and impurities in
the beam, making the gas conductive. Above 1 keV en-
ergy, the retarding force due to dE/dx scattering of ion-
ization electrons (delta rays) is less than the applied accel-
erating field, and these electrons would run away, further
loading the cavity, this loading is dependent on the inten-
sity of charged particles and the cavity length. The number
of high energy secondaries produced per electron in high
pressure hydrogen has been calculated by Seitz since this

mechanism is similar to the formation of bubbles in hydro-
gen bubble chambers with comparable density [9].

CONCLUSIONS
Our numerical results imply that breakdown events are

triggered by mechanical failure at high field regions of sur-
face crack junctions. We find that the arc behavior is dom-
inated by avalanche processes at the surface that produce
a non-ideal non-Debye plasma that seems to be limited by
field emitted shorting currents at about 3 GV/m (20 MA/m
current density). These processes should be time, material
and structure dependent. The model can also consider gas
filled cavities. These methods extend the model to other
arc behaviors, in tokamaks, micrometeorites and laser pro-
duced unipolar arcs.

Our numerical results do not, however, support the con-
ventional wisdom in arcing studies. Fowler-Nordheim
plots seem unnecessarily indirect and confusing. Single
structures with significant field enhancements (βs) are not
found in cavities [2, 3, 4, 5]. Ohmic heating of solid ma-
terial seems too slow to be significant, and we find that the
current densities and structures (both solid and liquid) are
too small to generate significant heating.
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