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Abstract
The effect of the electron sheath collapse in an applied-B ion diode due to the presence of the
resistive anode plasma layer is found. It is more damaging at higher diode voltages and it
may be responsible for the parasitic load effect observed in the experiments.

Introduction
Applied-B ion diodes are used for the generation and focusing of intense ion beams in the

Inertial Confinement Fusion Program. The basic effort has been to increase the energy and
improve the quality of the beams. Experiments show that there are many obstacles to this, and
the unstable behavior of the magnetized electrons is among them. Describing the electron
component is one of the basic problems in the theory of ion diodes. The reason is that, in
contrast with a classical Child-Langmuir diode, in which the electrons are freely accelerating
between the electrodes, an ion diode requires magnetic insulation of the electrons, which
would otherwise carry most of the current. Magnetic insulation, however, makes the
behavior of the electrons extremely complicated.

The basic goal of the present work is to investigate the role of the anode plasma in the
problem of stability of the electron sheath in the diode. Both analytic and numerical
approaches are used. It is shown analytically that the infinitely thin electron sheath is
generally speaking unstable in the presence of a resistive anode plasma and the threshold
thickness of the plasma layer is less, the greater the ion current enhancement is. The
numerical part of the work is to study the role of finite electron gyroradii which are assumed
to be zero in the theory. The main result is that low-voltage diodes exhibit better stability due
to the limiting effect of larger gyroradii.

Theory
Let us consider an infinitely thin electron sheath in the diode (Fig. 1), the position of

which is determined by the balance [1] between electrostatic attraction to the anode and
resulting
magnetic pressure defined by the extent of the compression of the magnetic flux captured in
the gap and the extent of the expansion of the magnetic flux captured in the charge-neutral
region

B2
gap/Sn-E2

gap/Sn = B2J$n. (1)

Here the left side represents the net force acting on the sheath from the anode and the right
side represents pressure of the magnetic flux captured in the charge-neutral region of the
diode. The presence of the anode plasma results in a different scaling for the two forces: the
magnetic one and the electrostatic one. The pressure of the magnetic flux captured to the
diode gap is proportional to the inverse square of the distance from the sheath to the anode,
while the electrostatic force for the given voltage is proportional to the inverse square of the
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Fig. 1. Geometry of the model.

distance from the sheath to the boundary of the plasma layer (we assume here, for this simple
argument, the skin time for the magnetic field penetrating into plasma to be small compared
with the pulse, duration). If both forces are large enough compared with the pressure of the
magnetic flux captured in the charge-neutral region (the case of the large current
enhancement), the stability of the electron sheath is impossible as the electrostatic force
(directed to the anode) rises faster than the magnetic one (having the opposite direction) when
the sheath position is shifting towards the anode. The theory provides the expression

1
tanh/yr

\-q (2)

for the growth rate y where T = 4nad2/c2 is the plasma skin time and q = (^ ) 2 — . One

can find that y > 0 at

If L » d, one can neglect the change in the pressure of the magnetic flux in the
charge-neutral region and the condition of instability simplifies to:

5>^) 3 . (4)

This means that at the large enhancement (x « d) a smaller plasma layer is sufficient to
cause the electron sheath instability. The physical meaning of the threshold is that the spatial
derivative of the force F acting on the unit square of the electron sheath, where

F=B2
gap/8n-E2

gap/8n-B2J8n (5)

changes its sign from negative to positive and instead of returning the sheath to the
equilibrium position, the force F acts to increase the deviation from equilibrium. One can
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show that the unequality (3) is equvivalent to the condition dFldx > 0.

Simulations: The Model
Simulations using the 2D PIC code KARAT [2] were carried out in order to clarify the

nonlinear stage of the instability, its sensitivity to the physical parameters, and its possible
effect on the ion diode behavior. A simple model for the simulations was chosen: the resistive
plasma was modelled by a region with constant resistivity; the ion beam was absent. This
simple model is more preferable than an exact one in the sense that it cuts off all the features
which are not related to the studied effect, such as the two-fluids electron-ion instabilities as
well as by the instability of the plasma surface due to the ion beam emission. (See the
Discussion also.) The only quantitative consequence of the absence of ions in the simulations
is that the voltage and electric field in the gap are related by the factor a = 1 rather than
a = 0.75 as it would be in the case of a Child-Langmuir diode.

Results
Figure 2 exhibits the pattern of the sheath instability for the high-voltage case U= \00MV

which is closer to the theory's assumptions as the electron gyroradii are small and the
approximation of an infinitely thin electron sheath works well enough. One can see that the
instability results in spot-like regions where the electron sheath penetrates into the resistive
plasma. Figure 3 exhibits the same case with half the anode width along the magnetic field.
Only one spot develops.Figure 4 exhibits a lower voltage case with U = \0MV. One spot
develops, but it is much more diffuse. The depth of the electron sheath penetration into the
plasma is much less.
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Fig. 2. Instability at U= 100MV for t = 9.0ns and / = 103ns.
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Fig. 3. Instability at the same voltage and an anode that is half as wide in the direction of the
magnetic field for / = 3.0ns and t = 3.Sns.
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Fig. 4. Instability at U= lOMFfor / = 21.5ns and t = 25ns.

Discussion
It has been shown that in the case of higher voltages, the instability is more damaging in the
sense of the electron sheath uniformity and insulation. Better performance of the diode is
expected at lower voltages due to the stabilizing effect of the relatively larger electron
gyroradius, which obeys the scaling

rL/d mec
2/U. (6)

The simulations with the low voltage U = 1MV did not exhibit any significant effect of the
instability at all. This conclusion, however, may be too optimistic because in the real 3D
electron dynamics their gyroradii could be less due to the possibility of energy transfer from
gyrorotation to other degrees of freedom - e.g. to ion beam. The described effect may be
responsible for the parasitic load effect both because of the breakdown of the electron
insulation at the spots and the enhancement in ion current emitted from the spots; theion
beam from the spots would not contribute to the focussable beam because of strong local
defocussing.
This instability due to the presence of the anode plasma is not the only one. It can be shown
that the ion emission from the plasma leads to instability of the plasma boundary, with a
growth rate provided by the dispersion relationship

(7)

which is consistent with the observed time dependence of the anode plasma layer broadening.
Here p is the mass density of the plasma and the wavenumber k is directed across the
magnetic field. The physical meaning of this instability is that rippling of the plasma
surface leads to the modulation of the emitted ion current density which is larger at the tops
of the ripples, and this, in turn, causes modulation of the magnetic pressure acting on the
plasma surface which results in the further development of the ripples. This instability may
also significantly limit the ion beam quality, but its detailed description is beyond the scope
of the present paper.
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