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1. Introduction
The nonstationary cathode spot has a complex of fragments when the electric current exceeds of some
value. Its chaotical movement over the surface may be guided by the external transverse magnetic field to
the anti–Amperian (retrograde) direction. The inner structure of the cathode spot play substantial role in
all these phenomena [1, 2, 3], and its behaviour must be described at least in a two–dimensional models.

2.Equations
2.1 Non–stationary heat conduction with cylindrical symmetry

Models with two-dimensional heat conduction developed for cathodes with thermionic
emission can yield more details also for the spot processes. Such models use boundary
conditions for the energy flow Qs from the near-cathode plasma to the cathode surface and
the current density on the surface Jc. For the cathode spot on copper these parameters are
available from [4], so it is possible to use a standard set of equations.
In cylindrical symmetry the equation for non–stationary heat conduction reads
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with the initial and the boundary conditions for the energy transition trough the surface
(Z=0), into the spot center (R=0) and into the metal bulk are
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The current is determined by
R

I a = I ( Rex ), I ( R) = 2π ∫ J c (Tc (r ), U c ( r )) ⋅ rdr
Rin

(3)

Rin ≥0 being the radius of the inner region with a current density Jc≥10 A/cm2 and Qs ≥0; Rex
is the outer radius of the spot region at which Jc≤10 A/cm2 and Qs ≤0.
2.2 Hall effect in the positive space-charge layer

With the above set of equations there occurs a singularity at the spot centre in dependence
on (Uc,Tc) energy flow, and current density at the surface. This is the numerical analogue to
the well known ‘thermal runaway’ [5]. In the 1D-description such runaway was avoided by
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taking into account the displacement of the emitting surface, allowing extremely high
temperatures only at ignition. In our 2D-model the surface displacement is not taken into
account, so it is necessary to search for other possibilities to avoid thermal runaway. As it
may be seen in [4], at high temperatures the energy flow to the cathode surface steeply
depends on the cathode fall Uc, thus its variation markedly influences the energy balance.
The simplest reason for a radial variation Uc is the Hall effect in the positive space charge
sheath due to the self-generated magnetic field of the spot current. The theory of magnetised
plasma–sheath transition region presented in [6]. Its proper using will dramatically increase
the complexity of the self–consistent calculations. The simple evaluation of the possible
effect on the cathode spot structure presented below.
The transverse magnetic field displaces the negative space charge of the emitted electrons,
accelerated by the cathode fall, in the Amperian direction (towards the spot centre), until the
increasing electric field (Hall field) of the positive charge at the spot border compensates
the Lorentz force. For the radial component of the electric field Fr=–∂U/∂r we put 0 = – e Fr
–eVeH/c, where Ve is the velocity of the emitted electrons at the edge of the positive space
charge sheath, c is velocity of light, magnetic field H(r)=0.2⋅I(r)/r (current in [A], radius in
[cm], H in [Gauss]). So the potential has a radial distribution over the cathode surface with
the minimum Uco at the centre (or at Rin ) and the maximum at the outer spot radius Rex:
U c ( R) = U co +

1 R
Ve (U c ( r )) ⋅ g ( r ) ⋅ H ( r )dr ,
c ∫Rin

(4)

where g=Je/Jc is the ratio of the electron component to the total current.
The analysis for the Hall electric field caused by an external magnetic field in the
neighbourhood plasma of the spot was carried out at [7]. However, in the present case the
velocities of the emitted electrons are much higher than those of the plasma electrons, so the
Hall effect is greater. The other origin of the spot structure may be the back flow of the
plasma electrons [8].
3. Results
2D model gives new possibilities for the spot description at long term operation: Formation
of ring structures and displacement of the energy source Qs towards the external radius due
to a redistribution of the cathode fall over the surface. This causes the temperature
maximum begins to move over the surface and Tmax to be situated near the border of the
spot.
fig. a shows radial and depth distributions of the temperature at different times. Obviously,
there exists a critical current I* up to which the thermal diffusion into the cathode bulk is
able to control the spot processes. The distribution of Uc over the spot surface can be seen
also in fig. a in more detail.
Because the 2D model is based on the relation of Qs to the local values of the surface
temperature Tc and the cathode fall Uc, it may be used with better accuracy for the
description of the quasi–stationary spot.
The hollow temperature profile, the internal and external radii Rin , Rex at different arc
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Fig. A. The distributions of energy flow Qs, current density Jc, and cathode fall Uc over
the spot surface (a), and the temperature distribution T(r,z,t) in the cathode bulk (b) for
different currents and times. a – Ia=10 A, t =100 ns ; b – Ia=80 A, t=200 ns .

currents is illustrated in fig. b. It is interesting to note that below a critical current Ia<I* this
hollow profile is absent. The calculated value I*≈30A has a qualitative meaning and may be
changed with additional treatment (for example, in the case of a combined 1D+2D model).
The temperature inside the valley may grow with time for Ia<45A, and decrease for Ia>50A.
When it surpasses the switch-on temperature (~2200K for copper, depending on Uc), the
hollow structure disappears, as it does at I*≈30A in fig. bb.
The calculated velocity Vb= Rex/t are dependent on the current, contrary to the case of the
1D model and may rise up to 800 m/s, decreasing with time.
4. Summary
The Hall field in the space-charge zone caused by the self-generated magnetic field leads to
a hollow profile of the surface temperature. The hollow structure of the temperature
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b)
a)
Fig. B. The temperature distribution over the surface, relative to the spot center (a) and
the time dependence of radii Rex and Rin for different spot currents (b).
distribution promises to provide a key for the understanding of basic spot phenomena, viz.
formation of fragments, spot splitting, and spot movement. Fragment formation and spot
splitting become probable above the critical current I* (30 A for Cu), transforming the ring
structure into a group of circles. Asymmetric expansion of the spot border may lead to
movement. In particular, the asymmetry may be caused by an external magnetic field, so
there is hope to explain the retrograde direction of the movement.
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