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1. Introduction

Experiments on collective ion acceleration by means of
the formation of a virtual cathode have been carried out for
a number of years in the Soviet Union and in the United
States. Recently, there has been renewed interest in the
subject as a possible means of accelerating ions to very high
encrgies. By understanding the physics underlying the
acceleration process it may be possible to determine the fea-
sability of virtual cathode staging for very high energy ion
production.

For this reason, a theoretical and computational effort
is underway at Los Alamos in order to clarify the basic
issues of collective ion acceleration by means of virtual
cathodes. To support the theoretical effort, simulations
were done with the fully electromagnetic and relativistic
particle-in-cell code ISIS (in a one-dimensional mode) and
the electrostatic one-dimensional code BIGONE. In the
simulations, an electron beam of density 6 x 10! em™ is
injected into a one-dimensional box of length L . To supply
the necessary ions for collective acceleration, a plasma
source containing hoth ions and electrons was initialized
near the emitting boundary (Fig. 1). This is similar to the
experimental configuration of Destler’s group at Maryland ™.

Of prime interest in this study was to understand the
dynamies of virtual cathode formation and the dynamics of
the acceleration process for the ioms. In particular, the
question of whether the ions are accelerated by a moving
potential well® or hydrodynamic pressure due to ambipolar
expansion” is of primary interest. For this reason, the simu-
lations were done in onc-dimension in order to isolate the
basic physical processes underlying collective ion accelera-
tion from simple geometric effects. These simulations were
then compared to 2-1/2 dimensional ISIS runs.
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Fig. 1. Schematic drawing of a relativistic electron beam
injected into a drift region containing a localized source of
plasma. The collector plate, which is at a distance of L cm
away from the emitter, is not shown.
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Fig. 2. Virtual cathode position z,, as a function of initial
beamn energy 7. The solid curve shows 75/2 scaling.

2. Virtual Cathode Formation

Consider a relativistic electron beam injected into a box
of length L such that ¢(zr=0)=0 and p(z=L)=0 . A
time-dependent analysis of the problem up to the first elec-
tron turning point was presented by Poukey and Rostoker
for the one-dimensional problem, but with the boundary
conditions @{zr==0)==0 and E(z=oc0)=0 . Even so, their
results should describe the problem at hand if z,/L —0 ,
where z,, is the position of the virtual cathode.

To study the formation and dynamics of the formation
of a virtual eathode, simulations were done in order to verify
a simple onc-dimensional steady-state model, and to provide
a benchmark for understanding the general time-dependent
problem. In the simulations, electrons are injected into a
drift-tube consisting of two grounded end plates. Plots of
the electric potential, electric field, and virtual cathode posi-
tion were obtained for different values of the injection velo-
city.

To calculate the beam current needed for virtual
cathode formation, the space charge limiting current for
planar equipotential boundaries must be calculated. This
was done using thg Jones-Lemons™ generalization to the
Birdsall and Bridges” equation:

Jop = 2.71 (14"%-0.84711)%(£,./60) L2 (1)

where Jg is the space charge limiting current density in kA,
and (€,,/&) is the Jones-Lemons relativistic correction fac-
tor .

According to the time-dependent theory, a virtual
cathode should form at a distance opn the order of an elec-
tron beam skin depth c/wy from the emitter. The earliest
electrons should propagate across the box at the injection
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velocity vy, This effect could be easily seen in the simula-
ticas.  After the beam front ieaves the bLox, the gross
features of the phase space are constant, though the history
plots show definite virtual cathode oscillations The oscilla-
tions for low beam ’ro=\/(l»v§/cm show both higher fre-
quencies and amplitudes than the correspoading simulations
for large =~ . ‘

The position of the virtual cathode was also measured
as a funetion of the beam ~, for different values of the beam
injection veloeity. To minimize the effects of the oscillations
in the virtual cathode position, these runs were done for
large values of v . As Fig. 2 shows, the agreement between
the simulations and the Poukey-Rostoker theoretical scaling
( r,, proportional to 44 ) is quite good.

For Iate times in the simuiations, a "steady state” was
reached. iy this we mean all physical quantities averaged
over the virtual cathode oscillations were essentially
unchanged for all time. A simple, steady-state model was
then formulated which assumes a priori that a virtual
cathode forms at the point r .=r,. Assuming the beam
makes up three species (the injected particles, the reflected
particles, and the transmitted particles), Poisson’s equation,
the equation of continuity, and the conservation of energy
equation (1-7g) me” = e;> for each species can be used.
The solutivns cannot be integrated exactly in the general
case, but in the non-relativistic regime they can be obtained
exactly. The result for the potential @ {= ep/(4-1)me®) can
be written:

43
A = [1 -3z v/(l‘T/'Z)] -1 (2a)
for r <r,, and
— 43
(5 = [1 -3 (L-7) \/(T/‘.))] -1 (2b)

for r >r,. In [gs. (2) the dimensionless lengths are over-
struck by bars and are normalized to the hoam skin depth
é==ry/w,. The quantity T (which is a function of Z,, only) is
the transmission coefficient of the beam; that is, the ratio of
the transmitted current to the injected current. Comparis-
ons between the theoretical curve of Eqgs. (2) and a typical
potential plot from the one-dimensional simulations is
surprisingly good.

The steady-state solutions above impose a requirement
on the virtual cathode position as a function of the initial
beam density ng, the initial beam velocity vg, and the length
L of the gap spacing. In terms of dimensionless quantities,
this eqaation can be written:

L=7,+(9-75" (3)

[n Fig. 3 we plat the theoretical curve for Eq(3) with the
corresponding i iation data peints. The simulations were
made with values of L ranging from 0.1 to 2.0 em. Identical
values for the init il beam density ng and veloaity vy were
used in these runs. Because of the variation in virtual
cathode position due to the virtual cathode oscillations in
this nonrelativistic case { o= 1.0l }, the data points
correspond to a simple average of the maximum and
minimum amplitudes.
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An interesting corollary to Eq. (3) can easily be derived.
It
%
0L -8 >0 (4)

or I < (&9}, there will be no real solution for 7, in
terins of a given L. Hence, in the nonrelativistic regime, a
necessary condition for the formation of a virtual cathode to
form is that the drift tube length L must satisfy
L > 0.95 (vo/wy}, where vy and w, are the initial beam velo-
city and plasma frequency, respectively. This limit can be
seen graphically in Fig. 3.
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Fig. 3. Variation of virtual cathode postition z,/6 as an
implicit function of the gap .pacing L/6 from Eq. (3). The
data points are from one-dimensional simulations.

3. Collective Acceleraiion

When a plasma is introduced into the box, the beam
space charge can be neutralized by this plasma. The beam
then propagates a distance equal to ¢/w; bevond the plasma
boundary, until a virtual cathode forms. In the "moving
virtual cathode theory”, the resulting electron space charge
in the thin sheath beyond the plasma pulls the ions with it
in a bootstrap process. The motion of the potential well
with respect to time can be derived in a simple fashion {rom
Eq.(2), and will be discussed in a later study.

In the one-dimensional runs with an ion-to-electron
mass ratio m;/m,=1836, no virtual cathode motion was
seen. Typically, these runs had a rich source of ions in the
form of a localized plasma of density 50 times the injected
electron Leam density. When the electron-to-ion mass ratio
was reduced to 20, as in the work of Mako and Tajima™, the
virtual cathode was observed to move downstream from the
emitter plate. Whether or not this virtual cathode move-
ment is simply a result of the artificially low mass ratio of 20
or a real physical effect has not yet been determined.

In an accompanying pa‘pors, an alternative theory to
the moving virtual cathode model is proposed. Some caicu-
lations in relation 1o this model seem to suggest that the ion
currents necessary for the existence of a moving virtual
cathode are prohibitively large. Instead, the simulations
scem to suggest that the ions are influenced by electron
pressure in the drift region, and that they move in a dis-
tinctly self-similar fashion. An interesting prediction of this
model is the absence of any restriction on the magnitude of
the accelerated lon current.
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The one-dimensional simulations with equipotential
boundary conditions { =0 ) show that the measured max-
imum ion energy is a little over three times the initial beam
energy (Fig. 4). This agrees with the results of Ref. 6. in
the simulations using the Punkey and Rostoker boundary
conditions, the measured maximum ion energy increases up
to twenty times the initial beam energy. In the two-
dimensional simulations the maximum ion energy scaled as
(v/~g)* where v is Budker's parameter.

In conclusion, we have presented a simple calculation
for the clectric potential and electric field in a one
dimensional virtual cathode formed by the injection of a
relativistic electron beam into a drift tube region. The
theoretical predictions seem to agree in a time-averaged
sense with a simple steadv-state model. A nonrelativistic
condition necessary for the formation of a virtual cathode
has been derived for the drift tube length L in terms of the
initial beam veloeity and density. The peak ion energy in
the one-dimensional collective acceleration simulations was
found to be three to four times the initial beam energy, in
agreement with the results of previous authors. Further
work is needed to extend the simple analytic model to rela-
tivistic, and perhaps time-dependent, regimes. Finally, it is
planned to use the results of this study to design future
accelerators with signilicantly higher values of ion energy.
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Fig. 4. Ratio .f maximum ion energy to initial beam energy
as a function of ~,.
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