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1. Introduction
Field electron emission is a necessary mechanism for the development of vacuum breakdown and is

generally accepted that the field on the surface of the cathode is locally enhanced to values that lead to
breakdown. In [1], the field enhancement is attributed to imperfections microprotrusions on the cathode
surface, though these have not yet been observed experimentally. Alternatively, it has been suggested
(e.g. [2], [3]) that breakdown could be attributed to the motion of dislocations on the metal surface as the
electrodes are subjected to an electric field. A phenomenological approach was taken when considering
the local enhancement of the field - a field enhancement factor, β, based on high-field measurements in
high-voltage cryosystems [4] was introduced as a means of describing the enhancement of the field.

Simulations of vacuum breakdown initiated by field emission due to the enhanced electric field have
been performed for axially symmetric planar copper cathodes and prove that that field emission is suffi-
cient to cause a thermal instability underneath the surface that leads to a fast increase of the temperature
and current density at the cathode’s surface. The onset of a hot spot below the surface of the cathode
that rapidly reaches the critical temperature of the cathode material was observed. This means that, in
principle, no other mechanism in addition to field emission is necessary to cause vacuum breakdown.
Preliminary work regarding other relevant physical mechanisms, such as the motion and deformation of
the melt and contributions to current and energy transfers from the plasma has also been conducted.

2. The model
Simulations of the temperature and current distributions were made for an axially symmetric cylin-

drical copper cathode with a radius and height of 10µm. The model consists of the heat conduction
equation (supplemented with Joule heating) and the current continuity equation,

ρcp
∂T

∂t
= ∇ · (κ∇T ) + σ (∇φ)2 ,

∇ · j = 0, j = −σ∇φ,
(1)

respectively, where T is the temperature, j is the current density, ρ is the mass density of the metal, cp
is the effective specific heat of the metal (which takes into account the change of phase from solid to
liquid), κ and σ are the thermal and electric conductivities of the metal, respectively, and φ is the electric
potential. The boundary conditions at the bottom and front-facing surface of the cathode were

z = 0 : κ
∂T

∂z
= qrad0 , φ = 0,

z = h : κ
∂T

∂z
+ qradh = −qem , σ

∂φ

∂z
= −jem,

(2)

where qem = (jem/e)(2kBT + Aeff) is the energy flux due to field emission, jem is the field emission
current density, and Aeff is an effective work function. qrad is the energy flux due to the radiation emitted
by the cathode in terms of its temperature. The field emission current density was calculated in terms of



ESCAMPIG XXVI, Brno, Czech Republic, July 9–13, 2024 Topic number: 4, 6

the effective electric field Eeff = βEw, where β(T ) is the temperature-dependent enhancement factor.
Finally, thermally and electrically insulating boundary conditions were considered for the lateral surface
of the cathode.

3. Results and discussion

Fig. 1: Temperature (K) of the cathode
for Ew = 1.9× 107 V/m, as a function
of time.

For a cathode initially at a temperature of 300 K to which
a perturbation of 40 K on a 1µm scale is introduced, the re-
sults are as follows: for an applied electric field of Ew =
1.9×107 V/m, we initially have gradual heating of the surface.
A region of subsurface heating appears at t = 14.8 ns; from
here, a very rapid increase in temperature underneath the sur-
face is observed - at t = 15 ns, a thermal instability region is
well-developed, and the cathode reaches a maximum temper-
ature exceeding the critical temperature of copper, located at a
depth of about 60 nm from the surface, as shown in Figure 1.
The region of melted metal has a maximum depth of 0.5µm. It
can be concluded that field electron emission on its own is suf-
ficient to induce vacuum breakdown, and that the enhancement
of the surface electric field need not be due to surface micro-
protrusions, but can be described by a temperature-dependent
enhancement factor, β(T ), which may relate to dislocations.

From here, it is logical to consider what happens next. The
results reported above concern the initial stage of breakdown.
However, as the temperature increases, plasma contributions
will have to be taken into account, similarly to the work pre-
sented in [5]. The goal is therefore to produce a thorough
description of vacuum breakdown that takes into considera-
tion all relevant physical mechanisms. At this stage, prelimi-
nary work has been completed regarding the implementation
of the continuity and Navier-Stokes equations (which include
the Lorentz force due to the self-induced magnetic field) to ac-
count for the motion of the melt, the current and energy con-
tributions from the plasma to the cathode surface, and the deformation of the cathode surface. The final
results are to be presented at the conference.
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