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self-consistently determines the ion plasma density and dynamics in the
diode., The main difference is in unstable wave growth. In the Luce diode
the instability is predominant. In other localized plasma source collec-
tive ion accelerators the main acceleration takes place due to a hydro-
dynamic plasma free expansion. However, both Luce diodes and other plasma
source accelerators can display both mechanisms to some extent,

& A.AA‘;L,._.L"-

Two-dimensional electromagnetic particle-in-cell simulations
which are based on the Cornell University Luce diode experiments have been
carried out. The simulations include an exact model of the electron beam
generator's diode and the drift space where the collective ion acceleration
takes place. Ions with peak energies eight times the electron beam kinetic
energy are observed. Ion acceleration is clearly due to trapping in a
train of traveling waves. The source of the waves is two-fold. First
occurring spatially, as well as, temporally is an ion-electron two-stream
instability. This is not a classical Buneman instability because of the
high temperature of the electron beam. The relativistic warm beam insta-
bility results in a significantly lower wave phase velocity. This is
important for two reasons. It allows for the trapping of low velocity ions
exiting the diode. It also results in a significantly longer growth dis-
tance before trapping of electrons in the instability generated plasma wave
leads to nonlinear saturation, The second wave growth mechanism is a
result of the saturation of the first. As the electron beam continues to
heat due to electron trapping, the electron and ion distributions become
unstable to an ion-acoustic instability leading to large amplitude wave
generation and further ion acceleration. The presence of two electrostatic
waves of different frequencies allows for microwave production through an
inverse parametric instability. The instability growth rates, saturation
length and microwave production are consistent with experimental results.
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ABSTRACT

The most successful collective ion acceleration to date has been
observed when a relativistic electron beam has been discharged in the Luce
diode (dielectric anode) geometry. In these experiments, the ratio of peak
proton energy to beam kinetic energy has been as high as 30. The ion
source is a plasma formed on the anode surface by electron impact ioniza-
tion of the dielectric material. The diode physics, which couples the
electron beam generation to the number of ions extracted from the plasma,
is an essential feature of the acceleration mechanism in the Luce configur-
ation. Simulations where the electron beam is injected through a preformed
dense plasma are significantly different from those where the electron beam
self-consistently determines the ion plasma density and dynamics in the
diode. The main difference is in unstable wave growth. In the Luce diode
the instability is predominant. In other localized plasma source collec-
tive ion accelerators the main acceleration takes place due to a hydro-
dynamic plasma free expansion. However, both Luce diodes and other plasma
source accelerators can display both mechanisms to some extent.

Two-dimensional electromagnetic particle-in-cell simulations
which are based on the Cornell University Luce diode experiments have been
carried out. The simulations include an exact model of the electron beam
generator's diode and the drift space where the collective ion acceleration
takes place. Ions with peak energies eight times the electron beam kinetic
energy are observed, Ion acceleration is clearly due to trapping in a
train of traveling waves. The source of the waves is two-fold. First
occurring spatially, as well as, temporally is an ion-electron two-stream
instability, This is not a classical Buneman instability because of the
high temperature of the electron beam. The relativistic warm beam insta-
bility results in a significantly lower wave phase velocity. This is
important for two reasons. It allows for the trapping of low velocity
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jons exiting the diode. It also results in a significantly longer growth

distance before trapping of electrons in the instability generated plasma
wave leads to nonlinear saturation. The second wave growth mechanism is a
result of the saturation of the first. As the electron beam continues to
heat due to electron trapping, the electron and ion distributions become
unstable to an ion acoustic instability leading to large amplitude wave
generation and further ion acceleration. The presence of two electrostatic
waves of different frequencies allows for microwave production through an
inverse parametric instability. The instability growth rates, saturation
length and microwave production are consistent with experimental results.
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SECTION 1
INTRODUCTION

Collective ion acceleration is a speculative but potentially very
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significant application of intense relativistic electron beams. One seeks

e
ry

to harness the megavolt-per-centimeter electric fields of such beams to
produce compact and economical accelerators with substantial currents of

“n]
.‘1
-4

4

Yight or heavy ions and energies up to several hundred MeV per nucleon.
Collectively accelerated high-current ion beams have application in the
field of neutron production for simulation and have numerous civilian uses
as well. Interest in collective acceleration is indicated by a large list
of experimental and theoretical studies (Ref. 1).

The most successful collective ion acceleration to date has been a

observed when a relativistic electron beam has been discharged in the Luce -jj

diode (dielectric anode) geometry (Ref. 2). In these experiments, the "2

ratio of peak proton energy to beam kinetic energy has been as high as 30 ]

(Ref. 3). The ion source is a plasma formed on the anode surface by elec- ﬁﬁﬁ

tron impact ionization of the dielectric material (Refs. 4-11). The diode {iﬂ

physics, which couples the electron beam generation to the number of ions j

extracted from the plasma, is an essential feature of the acceleration T

mechanism in the Luce configuration. Simulations where the electron beam ;

is injected through a preformed dense plasma are significantly different f

Lo from those where the electron beam self-consistently determines the ion -.1

plasma density and dynamics in the diode. The main difference is in T

unstable wave growth. In the Luce diode the instability is predominant. e

In other localized plasma source collective ion accelerators the main ’fi

Lo acceleration takes place due to a hydrodynamic plasma free expansion. 'i&

However, both Luce diodes and other plasma source accelerators can display "ff

both mechanisms to some extent. 75
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The authors have been conducting a joint computational research :j
program on the physics of the Luce diode over the last several years B
(Refs. 12-18). This work has culminated in a two-dimensional electromag-
netic model for the dielectric anode configuration, which includes self- o
consistently the diode physics of the problem. Our results tend to . @
verify conclusions of the experiments performed at Cornell University :}1
(Refs. 5-7). Based on our latest simulations our understanding of the -.ﬁ
theory of the Luce diode has been modified to some extent from an earlier ,i
hypothesis (Ref. 14). ‘

This report is organized as follows. In Section Il Luce diode
experiments in general and the results of the Cornell University program in
particular are reviewed. Because so much of the current effort is based on L,
simulation results, Section III is a review of the code CCUBE. This sec-
tion also deals with several modifications to the code which were critical
to successful completion of this research effort. Section IV outlines the
results of earlier simulations of collective ion acceleration from pre-
formed plasma. These results and the explanation for this mode of accel-
eration contrast sharply with the Luce diode simulations reported in
Section V. The theory of acceleration in the Luce diode, and comparison of
it to experimental and simulation results is made in Section VI. Finally,
Section VII reviews the Technical Requirements and Tasks.

9,

b

t .
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Appendix A contains reprints of Luce diode results reported under
this contract. Appendix B is a copy of an American Physical Society talk
given to explain collective ion acceleration due to the hydrodynamic expan-
sion of a plasma. A report on Luce diode experimental results, design
optimization considerations, and applications is reproduced in Appendix C.
Finally, a reprint of the 1984 American Physical Society preentation, which
shows the contrast in the different mechanisms (preformed plasma vs. Luce
diode type) of collective ion acceleration, is given in Appendix D.
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SECTION I1
REVIEW OF LUCE DIODE EXPERIMENTS

Although experiments and theory have been carried out over the
last ten years to explain collective ion acceleration in the Luce diode, it
remains both the most successful and least understood of all collective ion
acceleration schemes. In its simplest form the Luce diode consists of a
tapered cathode and a dielectric anode. This is depicted in Figure 1. The
center of the anode has a hole concentric with and of a size approximately
equal to the cathode shank diameter. The electron beam is generated by
explosive field emission. The electrons are emitted from the tapered
section of the cathode, which experiences the highest electric fields and
& is not magnetically insulated as is the cathode shank.

Since the dielectric¢c anode acts initially as an insulator, the
potential difference the electrons experience is due to the voltage rise
D between the cathode and outer conducting wall of the drift tube or a
conducting anode holder. Thus, in the absence of a strong, externally
imposed, axial magnetic field, the electrons move radially outward from the
cathode tip. These electrons bombard the dielectric. After a sufficient
F, amount of energy is deposited, a plasma is formed on the anode surface,

which acts to ground the anode to the drift tube wall. This process is

accomplished in the first several nanoseconds of the beam pulse. Ions from
the anode plasma are drawn toward the cathode to establish a bipolar flow
across the anode-cathode (A-K) gap. Once a sufficient number of ions are

—

present to provide neutralization, the electron and ion plasma begins to
propagate into the drift tube region where collective ion acceleration

takes place.
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Many variations on the Luce diode have been tried experimentally

with different degrees of success. These include dielectric channels
(Refs. 19, 20), reflex tetrodes (Ref. 21), and addition of "lenses" (Ref.
3) or a helical slow wave structure (Ref. 10) to the basic dielectric anode
design. There exist almost as many theories to explain the collective
acceleration as there are experiments. They range from vortex filaments
(Ref. 3) to cavity resonators (Ref. 9) to a deep stationary well/moving
potential well (Refs. 4, 10,11, 19-21). Until recently, this latter
explanation has been used most frequently to describe the acceleration pro-
cess. It is based on the same theory used to depict collective ion accel-
eration in a low density gas (Refs. 22-25).

Recent experiments (Refs. 6, 7) on the Luce diode at Cornell Uni-
versity, however, shed doubt on these schemes. We have chosen to model
these studies in our work, because they contain the most detailed diagnos-
tics available. Also, the experiments were conducted on the fundamental
dielectric anode design, so that the results are not ambiguously tied to
elaborate configurations. A short summary of the Cornell results is appro-
priate.

Polyethelene or another insulator (Lexan or Teflon) coated with
diffusion pump oil was found to be the best ion (proton) source. By
replacing various surfaces of the dielectric with conductors, the ions were
found to originate at the inside taper of the anode. The electrons were
emitted from the tapered section of the cathode (see Figure 1). Provided
the A-K gap spacing and, therefore, impedance were in a certain range,
bipolar flow in the diode and beam propagation into the drift space were
established in 6-10 nanoseconds. The flow, however, was not space-charge
limited as evidenced by the fact that the diode perveance (1/v3/2) was
proportional to d-1/2 jnstead of d~2 where d is the A-K gap spacing.

When d was related to diode impedance, good collective acceleration was
found only over a narrow range (Z = 8,5 Q - 11.5 Q). This indicates that
the acceleration mechanism is strongly tied to the diode physics.
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The most crucial results of the experiments were the following:

(1) Tnhe maximum ratio of ion energy to beam kinetic energy was
22.0. This is the highest acceleration factor witnessed in a basic Luce
diode.

(2) The highest energy ions did not occur until late in the beam
pulse (t > 55 nanoseconds) and were correlated in time with moderate fre-
quency microwaves (1.7 GHz - 2.8 GHz).

(3) The highest energy ions appeared in bunches corresponding to
a frequency of 200 - 300 MHz.

(4) The propagating beam front had a measured velocity of from
0.04 to 0.05 ¢, corresponding to an ion energy approximately twice the
electron beam kinetic energy.

(5) No electrons with an energy greater than 1.2 times the elec-
tron beam energy were observed early in the pulse.

(6) The net beam current increased monotonically in time and ax-
jal length over the beam pulse. The maximum was approximately equal to the
Alfven current of the beam.

(7) The maximum ion energies were measured within 13 cm of the
anode back plane indicating a short saturation length for the acceleration
mechanism.

The deep stationary potential well/moving potential well has
grave difficulty in explaining items 2 through 5. Indeed, in light of
these results any beam front mechanism is called into question. The
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Cornell researchers have speculated, based on the the microwave frequency
observed, that electrostatic waves generated by an ion-electron two-stream
instability are responsible for the highest energy ions. The linear theory
of the instability is in fair agreement with the experimental results. The
possibility that this instability is responsible for the ion acceleration
was first proposed by Godfrey and Thode (Ref. 26). A more encompassing
hypothesis has been drawn up to explain other details of the observed
acceleration (Ref. 14), This theory has been significantly modified. The
acceleration is viewed as occurring in three stages corresponding to
regions I, II, and III of Figure 1. The theory utilizes the latest non-
linear results pertaining to the ion acoustic (Ref. 27) and ion-electron
two-stream (Refs. 28, 29) instabilities., The theory is consistent with
both experimental and simulation results on instability frequencies, wave
phase velocities, microwave production and saturation mechanism and length.
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SECTION III
CODE DESCRIPTION AND MODIFICATIONS

Because this effort relied so heavily on simulation, it is
appropriate to give a brief outline of the code and how it was utilized.

The numerical calculations were performed principally with the
powerful, state-of-the-art computer code, CCUBE (Version Two). This is a
relativistic, electromagnetic, particle-in-cell plasma simulation code
designed specifically for electron and ion beam studies. It exists in two-
and three-dimensional forms. Both versions treat self-consistently the
time-dependent trajectories of tens of thousands of individual plasma
particles over thousands of plasma periods. At each time step current
associated with the electrons and ions are interpolated onto a
two-dimensional spatial mesh. The three-dimensional code, IVORY, further
decomposes the currents into Fourier modes in the third coordinate
direction, assumed periodic. These quantities in turn serve as source
terms in Maxwell's equations for determining the electromagnetic fields on
the mesh. Finally, the fields are interpolated back to the particle
positions (including Fourier recomposition, if appropriate) and the
particle momenta and positions advanced. This leap-frog procedure is
repeated many thousands of times and forms the heart of the code.

Fourier representation of field variation in the third dimension
was chosen for economy. This special approach requires significantly less
computer memory and running time than a spatial approach when a half-dozen
or less azimuthal modes must be represented accurately. Generally, this is
true of relativistic beam problems. When many more modes are required, a

finite difference representation is superior. Very few three-dimensional
PIC codes of any sort exist. We chose CCUBE as the most suitable for the
research performed here.
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Dimensionality aside, CCUBE differs from other plasma simulation
codes in three important respects. First, it employs a Galerkin
finite-difference algorithm for advancing particle quantities. This has

the effect of creating a Lagrangian interface between particles and fields,
thereby eliminating the virulent numerical Cherenkov instability and
ameliorating other troublesome numerical problems. Second, the algorithm
for advancing the electromagnetic fields incorporates backward biasing to
damp unwanted high frequency field fluctuations and to further suppress
possible numerical instabilities. The MRC-developed time-biased field
solver has the additional valuable attribute of significantly relaxing the
Courant time-step constraint, reducing computing time. Third, the code is
written for arbitrary orthogonal coordinates. Thus, one can convert, say

cylindrical to parabolic coordinates merely by redefining arrays of metric
elements. Nonuniform zoning of the spatial mesh is accomplished with equal
ease. Computations for the Luce diode research effort employed only
cylindrical (r-z) geometry in two dimensions.

A number of other features deserve mention. For compatability

with nonuniform zoning, variable particle weighting within particle type, jnf
with several particle species permitted, is implemented. The code supports :
periodic, wave transmitting, and inhomogeneous Dirichelet-Neumann field
boundary conditions. Particles can be absorbed, reflected, or injected
from surfaces not necessarily coinciding with edges of the mesh. Magnetic
fields, which are based on a separate code used to design field coils, can
be programmed into CCUBE. The physics for wave launching and Luce particle
field emission from surfaces, which was necessary for the self-consistent
diode simulations, is incorporated. CCUBE is tightly optimized for
efficient operation.

Diagnostics include microfiche plots of various slices through
particle phase space, particle distribution functions, contour plots and
one-dimensional cuts of fields and currents, and histories of particle and




field energies and other selected quantities. Color movies of particle and
field data can be generated concurrently. In addition to the more tradi-
tional simulation diagnostics just mentioned, CCUBE contains numerical

equivalents of such experimental diagnostics as Faraday cups, calorimeters, -

| '
W Jor

compensated diamagnetic loops, Rogowski coils, and local probes for field
and current measurements. Each diagnostic is time dependent and can be
Fourier analyzed. CCUBE has been utilized to study the fundamental proper-
ties of nonneutral beams, in slow wave structure research, in beam-plasma -
interaction studies, diode and transmission line design, free electron

,.
’ ('l ".-
L

e @

laser investigations, and microwave generation.

Lonkoa 2

In the course of the Luce diode research, MRC has developed a new
Poisson solver (POIS) for correcting RHOBG, the electrostatic error in V
E = p, or initializing electric fields. It is available as a 3-D version
in IVORY and as 2-D Historian updates for CCUBE on the CRAY computer.

)

The solver itself is a modified successive over-relaxation (SOR)
method called the “Chebyshev" method because of the polynomial coefficients
used to enhance convergence. An iterative solution for the electrostatic
potential "¢" is found at each grid mesh-point using an odd/even "checker-
board" sweep across the mesh. The number of iterations (KSWP) required for
convergence is in the range N/4 to N, where N is the maximum number of grid
points in either direction along the 2-D mesh (the actual value varies with
complexity of boundary conditions, geometry, and the accuracy of an initial
guess for ¢). Problems may be solved in any orthogonal coordinate system
where the metric is a function of the mesh variables X1 and X2 such that
hij = fi(X1) fj(XZ). For initializing the potential from a charge
distribution, a recommended value for KSWP is N, or even 2N. For correct-
ing RHOBG errors in problems with non-laminar charge flow it is best to
call POIS every time step. Further information on solution techniques can
be found in “Methods in Computational Physics", Vol. 9 (1970), Academic

Press.
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This solver can treat internal boundaries on the 2-D mesh. A
large conductor (e.g., cathode) exposed to a time varying E-field is
treated as though grounded. A free-floating conductor cannot be treated
readily by POIS except in the steady-state limit. However, since RHOBG
must be zero inside the conductor, the standard grounded boundary
conditions of the conductor surface may be used for POIS to correct
satisfactorily the electric field errors elsewhere on the grid.

Boundary conditions must also be set on the E-field that are con-
sistent with those on the potential. As a general rule, all E-field com-
ponents which lie physically on or within the boundary where ¢ is set to
zero (or a constant) must also be set to zero.

Tests have shown that the Poisson correction usually drops the
RHOBG error by 2-4 orders of magnitude, but at an increased running cost of
typically 30%. This correction, however, lowers electrostatic noise growth
to an extent that a very large number of iterations are possible before
cumulative errors begin to disrupt the problem physics, many times the num-
ber of cycles without POIS. This was of crucial concern for the
simulations described in Section V where the number of time steps required
to model 35 nanoseconds of real time was 42,000.

In addition to the Poisson corrector a spacial spectral analyzer
was included for the axial electric field and charge density diagnostics.
This enables one to immediately observe the wave number spectrum of the
electrostatic wave, as well as, the charge bunching taking place in the
plasma. It relies on performing a Fast Fourier Transform on these two
quantities as a function of x whenever a "snapshot" of the spatial
diagnostics is taken at a prescribed time. In conjunction with the
frequency spectrum derived from the time histories of different field
probes at various locations, we have a good picture of the evolution of
both w and k.

As noted above, simulations were carried out using CCUBE. The
code can solve self-consistently for the time dependent trajectories of
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tens of thousand of plasma particles over thousands of plasma periods. All
variables are expressed in dimensionless terms. Therefore, length is in
units of c/wp; time is measured in units of wp-l; and particle momentum

is given by vj = B4y (i =1, 2, 3), where wp is the initial electron
plasma frequency. Some simulations have wp set equal to a constant

wg. The value of wy was chosen to be 3x10'Y so that c/wg = 1 cm and

wg = 33 picoseconds.
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SECTION 1V i

SIMULATION OF COLLECTIVE ION ACCELERATION '
FROM A PREFORMED PLASMA

Computer simulations using the two-dimensional electromagnetic .
particle-in-cell plasma simulation code CCUBE have been conducted over the
last few years in an attempt to understand the acceleration method in the
Luce diode. These simulations fall into two categories. The first class
of simulations involved injecting an electron beam with a current above the
space-charge 1imit through a dense preformed plasma. Typical parameters
for the electron beam were 2.0 MeV and 76.5 kA. This yields a v/y = .9
where v is current normalized to mc3/e (17 kA) and vy is the beam relativ-
istic factor. Here, m is electron mass, e is electronic charge and c is

the speed of light. The beam kinetic energy can be represented as
(yo-l)mcz where vyo = 5. The cylindrical drift space was 200 c/wp

long and 50 c/wp in radius. The ratio of plasma density to beam density,
np/np, was 35. The plasma filled the drift tube radially and extended
out from the injection boundary for 10 c/wp. In order to give some phys-
icg; intgrpretation to these dimensions, assume the beam gensity was

10° cm”

. Then the plasma density would be 3.5x1013 ¢ R
¢/wp would equal 0.9 millimeters, and the box length would be 18 centi-

- meters. Also, the code unit for time is wp'l so that assuming this
density implies wp’l = 3 picoseconds. Because the beam radius was half
o the drift tube radius, the beam current exceeded the space-charge limiting

ftat. AT AEEEm S £ X A A AR MERA . oaad X & € SERA A s & e

r’ current by a factor of 3.5 for a 2.0 MeV beam. No axial magnetic field was

5 imposed.

% .
3 The salient features and conclusions of these runs are presented :
[‘ in Appendix B. A brief review is worthwhile here. :
; |
0 ;
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(1) At no time during the simulation does the virtual cathode
detach from the vacuum/plasma interface and start to move. Rather, the
downstream side of the potential well propagates along with the electron
beam. The potential well on the cylinder axis late in time is given in
Figure 2.

(2) At no time does the virtual cathode produce a “"deep" poten-
tial well equivalent to twice or three times the beam kinetic energy. Fig-
ure 3 presents a time history of the absolute value of the minimum poten-
tial in the cylinder. Even with an unrealistic beam rise time of 15 wp'l
the potential exceeds (yo-1)mcZ/e by only 30% for a transient period.

This same result is also true in the absence of ions (Ref. 30).

(3) The position of the beam front is defined by the leading
edge of the ions (see Figure 4). The ions provide partial charge neutrali-
zation to the beam, which in conjunction with the beam's self-magnetic
field permits propagation without an external axial magnetic field. The
beam front velocity from Figure 4 is 0.15 ¢ for this reduced mass ratio, or
a velocity of 0.04 ¢ for protons with the same momentum profile.

(4) The propagating electron beam is hot with a temperature of
several hundred keV, while the ions tend to be relatively cold. This can
be seen in the particle plots of Figure 5 and the electron and ion distrib-
ution functions shown in Figure 6. The electron temperature from Figure 6
is 470 keV. This heating is due to electron reflexing in the preformed
plasma and virtual cathode oscillation. The production of hot electrons is
even more pronounced in simulations where np/np is greater and there is
a larger beam-plasma interaction region (see Appendix B).

(5) The ion distribution in Figure 6 clearly shows collective
ion acceleration without the presence of a deep potential/moving potential
well. In this case where mj/mg = 500 the ratio of peak ion energy to
beam kinetic energy is 2.5. In cases where the axial extent of the plasma

is large and heating is more pronounced, factors of 4 - 5 are observed.
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Figure 2. Electrostatic potential on axis at time v = 1000 wp‘l. .
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Figure 6. Momentum distribution functions for electrons and ions. The
hot propagating electron beam results in a peak ion energy of
2.5 times the beam kinetic energy at : = 1000 Ap'l.
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No diode physics is included in these simulations. Because diode
physics apparently plays a strong role in collective ion acceleration in
the Luce geometry, these simulations do not address the appropriate prob-
lem. Indeed, they appear to be more analogous to other collective ion
acceleration experiments involving neutral gas puffs (Refs. 31-33).
Although the gas is localized near the anode, it provides an extended
source relative to the surface plasma available from dielectric anodes,
reflex tetrodes, and dielectric channels. In addition to the difference in
spatial extent, the plasma formation process is different. Electron and
ion avalanching in the gas decouple the beam from self-consistently deter-
mining the plasma density and number of ions drawn out of the diode into
the acceleration region. In this case np may be greater than ny as in
the simulations.

It is interesting to note the results of experiments conducted at
the University of California at Irvine on collective acceleration from neu-
tral gas puffs (Ref. 31). Only a narrow range in time delay between gas
injection and beam firing resulted in ion acceleration comparable to the
Luce diode. However, acceleration factors of 4 - 6 times the beam energy
were observed over a wide range in delay times. This would seem to indi-
cate that the spatial extent and np value of the plasma are critical, if
one is trying to emulate the Luce diode with a gas puff. Also noteworthy
is the fact that peak ion acceleration correlates with a strong microwave
signal. Finally, increasing the axial magnetic field beyond a critical
value decreases the ion acceleration. These last two observations are in
agreement with the dielectric anode experiments at Cornell (Refs. 6, 7).

If one considers collective acceleration in a dense plasma as

different from acceleration in a Luce diode, both experiments and simula-
tions are explained well by the theory of Ryutov and Stupakov (Ref. 34,
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35). They studied electron cloud formation and dynamics produced by beam - @
electrons reflexing through an anode foil. Based on a one-dimensional ;fJ
electrostatic analysis, which in part is equivalent to imposing an infinite )

axial magnetic field, they concluded that the cloud density could greatly
exceed the beam density. Heating of the electron cloud by the beam led to
a hydrodynamic plasma expansion, which transferred energy to the ions. By
assuming quasineutrality they derived equations which showed maximum ion
energies of 2 - 5 times the beam kinetic energy depending on the initial y
of the beam. In particular the energy of the ions saturates such that

€ 2(70-1) mc? y.> 1 (1a)

ion

2
€on 5(70-1) mc y »1 ., (1b)

Note also from the ion plot of Figure 5 that this is predominantly a beam
front mechanism. This feature has been reported as one of the main

characteristics of gas puff experiments (Refs. 32, 33). These analytical
results qualitatively agree in all respects with our simulations of
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collective ion acceleration in a preformed dense plasma.
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SECTION V
SIMULATION OF COLLECTIVE ION ACCELERATION q
IN THE LUCE DIODE '

Because of the code results simulating collective acceleration in
a preformed plasma and the Cornell experiments, it has become clear that
accurate inclusion of the diode physics or its consequences is an important
aspect of studying the Luce diode. As noted earlier the Cornell experi-
ments were chosen as the simulation model, because of the extensive diag-
nostic information and its simple design. Extensive modification of CCUBE
was necessary. Many numerical problems in the ion emission algorithm were
encountered. Finally, a simulation was produced which included an exact
replica of the Cornell diode and was sufficiently numerically stable to

vy .
R R -

PR DU

' ,
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accurately depict the problem physics. The results of this run are in [ )

striking contrast to the earlier simulations. 3

In the simulation a TEM wave is launched down the coaxial trans- "

mission 1ine and onto the cathode. When the electric field on a cathode )

cell exceeds a threshold value, electrons are emitted from the cell. Elec- 1

trons bombarding the anode trigger ion emission from anode cells in the -

tapered section of the dielectric. Ion emission takes place on an ion time -

- §

scale and electron emission occurs every time step. The value of wp in @

these simulations is taken to be 3x1010 sec™! so that ¢/wp = 1.0 cm -E

and wp=1 = 0.033 nanoseconds. -]

Compare the schematic of Figure 1 to the structure in Figure 7. ];

Figure 7 represents the electron beam momentum space and real space early 15

in the beam pulse. A hot-emitted electron beam and virtual cathode are f,

evident in the top particle plot. The electron beam downstream of the x

Y

virtual cathode is relatively cold at this time in contrast to the earlier [J

| simulations modeling injection through a dense plasma. The equivalent ion ;i
: -
: ]
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™ diagrams are given in Figure 8. Note that in this simulation a very short
pulse risetime and a mass ratio of mj/me = 459 are used to save
computer time.

o The cold electron and ion beams propagating in the drift tube

clearly suggest the possibility of an ion-electron two-stream instability.
At this early stage, however, the plasma is not spatially long enough for
real wave growth.

As the ions propagate they neutralize the electron space-charge.
This allows several things to occur. First, a larger net current can prop-

agate downstream. The net current profile is a strong indication of plasma ]

(, propagation. In the Cornell experiments (Refs. 6,7) it took some 40-50 ns .4
to establish a relatively constant net current out to 20 cm from the -]

anode. This is an important consideration, because of the spatial growth ﬁfi

lengths for the streaming instabilities. ;}j

»ii

o,

Second, more electrons exit the pinched beam diode. Initially,
the virtual cathode acts as a filter to transmit only those electrons which ot
have the highest axial momentum. This results in a cold beam. The "hot"
electrons with large transverse and small axial momenta are reflected back o
into the diode. The space-charge neutralization caused by the ions allows -
a larger portion of the electron beam, and therefore hotter electrons to )
cross the virtual cathode. The resultant beam which is "warm" as it exits B
the virtual cathode can be seen in Figure 9. Note, however, that the o
virtual cathode continues to function as a limiter to maintain quasi- 235
neutrality in the drift tube. f%&

’
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The co-streaming of the warm electron beam and relatively cold
ion beam is susceptible to a relativistic, warm electron-ion streaming
instability. This instability is the source of the wave acceleration of
ions seen in Figure 10, The peak ion energy is six times the beam kinetic
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Q@ energy. The streamers accelerating out of the main ion beam phase space
coincide with high density ion bunches. The wave producing the ion accel-
eration must have a slow phase velocity and sufficiently large amplitude to
trap ions and carry them along. These requirements are met based on the
o dispersion relation for plasma waves on a warm electron beam.

The Tow wave phase velocity has the two desired effects. Namely,
it allows for trapping of low velocity ions, and it retards instability
saturation by making it harder for the electrons to be trapped and deplete
the wave energy. The latter results in larger saturated wave amplitudes.
The wave cannot propagate with the electrons indefinitely with no dissipa-
tion. Figure 9 shows the electron beam becoming turbulent at approximately
12 centimeters from the anode back plane. The cause of the turbulence is ‘i;
due to electrons performing trapping oscillations in the waves. This is 1
the natural saturation mechanism for a two-stream instability. The trap-
ping results in electron beam heating which saturates the waves.

In order to compare the experimental and computer results, two
adjustments to the simulation are required. First, the fast beam risetime ]
and ion production lead to propagation out of the diode in less than 2 nan- ]
oseconds. The experimentally observed time is 6-10 nanoseconds. Second, A
the instability growth rate depends on the square root of the ion-to-elec- %1
tron mass ratio. Here, that ratio is only one-quarter of the actual pro- *':
ton-to-electron value. Therefore, the 11 nanoseconds of simulation time ]
correspond to from 26-30 nanoseconds of the experiment. This indicates —.’
that the simulation has not progressed far enough to obtain the maximum ion k
acceleration witnessed in the experiments. More importantly, for whatever ‘
reason these simulations do not reproduce the low frequency ion bunching f,w
associated with the highest energy ions or its microwave signature.

_®

Expressing this another way, we have not witnessed in these simulations the fﬂ

g

expected ion acoustic instability. -

S

One of the major drawbacks of running the Luce diode simulations .’1

was our inability to produce an impedance low enough to match the experi- ]
mental range of 8.5 Q@ - 11,5 Q. We also experienced numerical instability
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problems when attempting to run the simulation for the large number of time
steps required. By this point, however, it was obvious that the main dis-
tinction between the simulations using a preformed plasma and those model-
sng the self-consistent diode physics was the diode/virtual cathode prop-
erties of producing and maintaining a quasi-neutral plasma in the drift
region for an unlimited time. In preformed plasma simulations the ions
could be depleted after a short period.

In order to run the simulations for long periods, we injected two
equal density, nj = no, equal energy (600 kV) beams modeling the left
hand boundary as a ground plane. The drift tube radius was kept at 3.65
cm and the beam radii were set to 6 mm -~ the same size as the hole in the
dielectric anode. In an attempt to directly compare the simulation results
with experiment, we chose the ratio of ion mass my to electron mass mg
to be 1836 - the protron/electron mass ratio. The injected electron beam
current was 35 kA, which is equal to the Alfven current for a 600 keV
beam. The initial temperature for both jons and electrons was zero. The
simulation was run for the equivalent of 35 nanoseconds. The usual 6-10
nanoseconds for ion propagation to start in the diode would have to be
added to the simulation time for comparison with experiment.

The results of this particular simulation are extraordinary. The
ratio of maximum ion to electron beam energy reached a factor of eight or
4.8 MeV, Moreover, the peak energy ions are produced periodically at a
frequency of 250 MHz, The main acceleration took place after the electron
beam pinch point and was related to instability-driven plasma waves whose
frequency, wavelength, phase velocity, and amplitude were 3.3 GHz, 0.4 cm,
0.044 ¢, and 2 MV/cm, respectively. These frequency numbers are in
excellent agreement with the Cornell experiment.

The results of this simulation will now be discussed in detail.
Figures 11, 12, and 13 are frames from a movie showing the real ion (r-z)
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space and the axial momentum (phase) of both ions and electrons as a
function of z at 200 (3.67 ns), 400 (13.33 ns), and 840 (28.0 ns) wy~!.
Recall that wg = 3x10'% sec-!. The ion phase space in Figure 11 clearly
shows the hydrodynamic driven acceleration at the head of the beam dis-
cussed in the previous section. The beam front is propagating at a
velocity of 0.053 ¢, while the majority of ions behind the front have a
velocity of roughly 0.03 ¢. there is no evidence of wave growth at wyt =
200. The ion real space clearly shows a strong pinch at z = 2.5 c¢m and the
virtual cathode is well established. The net current downstream is being
limited by it to approximately 15 kA, and it cleariy has affected the
electron beam temperature severely. Note that the ion pinch is formed
electrostatically in response to a strong electron beam magnetostatic pinch
at the same longitudinal location.

In Figure 12 at wgt = 400 a short wavelength instability is
starting to accelerate ions. Note that this only occurs on the downstream
side of the pinch where extremely high charge densities are present. This
will have a large effect on the growth rate and frequency of the
instability. The electron beam appears measurably hotter downstream, after
saturation of the instability due to electron trapping.

Finally, inspection of Figure 13 clearly shows a continued short
wavelength instability past the pinch point in the ion phase space. How-
ever, this is followed by a the 250 MHz, approximately 8 cm wavelength
instability noted earlier. This yields a phase velocity of about 0.07 c.
Ions, which have been accelerated by the first instability before it is
saturated, are further accelerated by the second instability in a two-stage
process. The strength of the latter is evident in its affect on the
electron beam phase space.

An examination of the time histories and Fourier transforms of
longitudinal electric field probes is educational, because it shows the
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growth rates of the instabilities and amplitudes of the accelerating
fields. The first probe (Fig. 14) is located on axis near the injection
plane (r = 0, z = 0). The very high frequency oscillation is due to the
motion of the virtual cathode. It is oscillating at a frequency of 39 GHz
with an amplitude of 1.5 MV/cm superimposed on a static 4.5 MV/cm field
normal to the injection boundary. Even though this is a large field, its
frequency is much too high for the ions to respond.

The growth of the short wavelength instability is shown in Figure
15. This probe is located at r = 0, z = 4 cm - just past the pinch point.
The wave has saturated at 0.6 MV/cm by wgt = 300 (10 ns) into the
simulation. Its frequency is 4.0 GHz. It appears to have grown from noise
in roughly 4 ns. The probe in Figure 16 is located at r = 0, z = 5 cm.
The probe shows the E-field signal late in time (24-35 ns). It has clearly
saturated at an amplitude approaching 2 MV/cm., Its frequency, which is
extremely monochromatic is 3.3 GHz. Finally, the probe at r = 0,
z = 10 cm is depicted in Figure 17. It is less monochromatic, has a lower
frequency (1.4 GHz), and a lower amplitude (1 MV/cm) than the previous
one. The following points should be noted with regard to Figures 15-17.
First, the frequency of the stability decreases steadily away from the
pinch point. This is the natural result of beam expansion decreasing the
plasma frequency, which results in a decrease in the frequency of the most
unstable mode. Second, the amplitude of the wave saturates at 2 MV/cm by
approximately 2.5 cm or 6 wavelengths after the pinch point. It stays
relatively constant in amplitude for 3.5 cm before being damped drastically
by nonlinear trapping of electrons.

The nature of the long wavelength instability is also readily
described by longitudinal electric field probes. Figure 18 is a probe
Jocated at r = 0, z = 20 cm. The higher frequency wave is barely visible
in the Fourier transform. However, a 1.25 MV/cm, 250 MHz wave is evident.
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The slow growth rate of the instability is shown in Figure 19. The probe
is located at r = 0.6 cm, z = 20 cm for t = 0-12 ns. This is the radial
location of the initially injected beams' outer edge. Probes at the same
location but later in time (t = 12-35 ns) are shown in Figures 20 and 21,
The clean 250 MHz signature is also present here and is in phase with the
wave on axis showing its radial extent. However, the amplitude at this
radius saturates at 0.5 MV/cm or more than a factor of two lower than on
axis.

The growth of charge and current density on axis is shown in
Figures 22-24. Each plot has several axial slices at different radial
locations. Disregard all but the high amplitude one, which is the cut
across z at r = 0, These diagnostics were taken at approximately t = 12,
23.3, and 34.7 ns. The first large amplitude, positive charge density
spike denotes the location of the pinch point. It remains fairly
stationary at 2.5 cm. The wavelength of the higher frequency instability
is clear in all of the charge density graphs. For all practical purposes
it has disappeared by z = 10 ¢cm. The current density downstream of the
pinch grows as a function of time, just as observed experimentally.

A noteworthy feature in Figure 24 is the presence of a large

current density wave. This moves and corresponds exactly in space and time
with the long wavelength instability mode. Its presence is also obvious in

Figure 25, which is the charge and current density as a function of z
integrated radially at t = 34,7 ns, Particularly interesting is the large
negative radial current density associated with electrons being swept out
radially to the wall. This lack of radial confinement is probably also
responsible for the large loss of high energy ions at this location
witnessed experimentally (Refs. 5,6, and see Appendix C).
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Axial slices at different radii of a) axial current density
and b) charge density as a function of Z at t = 12.0 ns.
The large amplitude slice is a*t r = 0 indicating the beam
pinch point is near 2.5 cm.

47

e 0 ot e R A e e

[PPSR NN P O S

. ,
@
FRTPS \ TR




20.0 a) I T | :‘f
o
0.0 ’},
-20.0 ]
—_ -]
Y t W\./\/\WMW "o
& 40,0 - - -
~N -
-60.0 — w\‘ —_ :
‘o
-80.0 1 ] ! : ﬂ
0.0 5.0 10.0 15.0 20.0 ]
Z(c/wo) ]
.t
(o]
Q.
—
Q

-100 1 | 1
0.0 5.0 10.0 15.0 20.0
Z(c/wo)

Time = 700.0000
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The large amplitude slice is at r = 0 indicating the beam
pinch point is near 2.5 cm.
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Figure 24.
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Finally, Figures 26-31 present the electron and ion (axial

momentum, radial momentum, and kinetic energy) distribution functions at

t =12, 23.3 and 34.7 ns. First consider the electron distribution. The
initial value of 600 keV yields a (yo-1) for the electron beam of 1.17.

A vestige of this is evident in Figure 26c. Note that even at this early
time the axial momentum distribution resembles a drifting Maxwellian (Fig.
26a). By t = 23.3 ns the distribution function is no longer Maxwellian
(Fig. 27¢). Rather it must be described as a Bennett distribution. This
is not surprising, because the beam is being modified by an extremely
strong pinch. Examining Figure 28c reveals a high energy tail. This is a
direct result of the large amplitude, long wavelength instability. As the
wave exits the right hand boundary, this feature disappears and the
distribution again resembles that of Figure 27.

The ion distributions are also informative., Even at t = 12 ns
(Fig. 29) the beam is relatively cold compared to the electron beam.
Heating increases (Fig. 30) until the ion beam itself is best described as
a drifting Maxwellian. Although the beam temperatures are not spatially
resolved as they should be, nevertheless, the ratio of the electron

temperature Tg to the ion temperature T is sufficiently different at
these times to shed light on the nature of the two streaming instabilities.
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SECTION VI
THEORY OF ION ACCELERATION AND COMPARISON
TO EXPERIMENT AND SIMULATION

One of the main impediments to development of an accurate, com-
prehensive theory of collective ion acceleration is the large number of
varied experimental configurations which supposedly optimize the process.
These include grooves in the cathode tip (Ref. 3), electrostatic lenses
(Refs, 3, , and helical conductors (Ref. 10), among others. One must,
therefore, concentrate only on those aspects which are common to most
experiments. These include the use of a tapered cathode, an axial magnetic
field which is smaller than some critical value, the formation of a virtual
cathode, and energy scaling with v/y of the injected beam. The theory
described below elucidates the role and importance of these charac-

teristics.

The schematic presented in Figure 1 is an idealized version of an
electron beam, injected in the Luce diode geometry, late in its pulse. The
beam envelope is depicted by the solid black line, and the dashed lines are
meant to show typical high energy ion trajectories. Roughly 80% of these
jons are lost to the wall by the time the acceleration mechanism saturates
(Ref, 6). This mechanism has three distinct stages separated spatially, as
shown in the diagram. Each of these will now be discussed in detail.

Region I, which includes the diode, is the most critical. An
electromagnetic wave is launched down the cathode shank, which produces a
cold plasma. When the radius of the cathode is sufficiently small, as the
wave moves down the tapered section, explosive field emission takes place
due to electric field enhancement. If the conical portion of the dielec-
tric anode is covered by a conductor, the E-field 1ines will be perpen-
dicular to both the cathode and conductor (provided the angle 6 is the
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same). This will lead to electron impact of a large area of this conductor

@ with subsequent damage, plasma formation, and gap closure. Without the
conductor, however, the field lines are curved, and a parapotential
(Brillouin) flow model can be invoked to determgne the critical taper angle
Omin for optimal current flow. By varying © and d, the A-K spacing, for

L] the given machine relativistic factor, yqo, the electrons can be made to
impact only the innermost portion of the anode. This has been experi-
mentally proven to be the optimal configuration for ion acceleration (Ref.
6). It produces a sufficient number of ions to approximate beam charge

® neutralization while maximizing electron flow through the anode hole and
minimizing gap closure. Our simulations indicate that the optimal value of
d is determined by having the pinch point of the electron beam, whose loca-
tion is obvious in all of our simulations, coincide with the axial location

(o of the anode back plane. Because the pinch point is determined by the beam
voltage and current, this self-consistently sets a narrow range of
impedance for good acceleration as seen experimentally.

® In the absence of an axial magnetic field, the electron beam
pinches. One of the main characteristics of such a diode is the beam
temperature, It is given by

where Te, Bl and By are the beam electron temperature and the
o perpendicular and parallel electron velocities normalized to the speed of
light, respectively. Io and Ip are the injected beam and Alfven
currents, vq is the dimensionless injected current in units of mc3/e.
It should be noted that the temperature is due to the pinch which occurs in
L2 the diode at the anode back plane. The taper on the cathode creates an
E-field which is not perpendicular to the axis of the drift tube and
enhances the strength of the pinch.
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As noted earlier, maximizing vo/Yo increases ion accelera-

tion. The reason is that it maximizes the injected current as a fraction
of Alfven current, This has a two-fold effect. First, it increases the
momentum transfer of the electrons to ions (see Appendix C). Second, it
increases the temperature of the electron beam. If a large axial magnetic
field is placed on the diode, where the electron beam plasma fraquency is
on the order of the cyclotron frequency, the electrons will follow field
lines. Since the electrons will not self pinch on the cathode tip, a cold

beam will result.

As the hot beam enters the drift region, it forms a virtual
cathode, since vy > vg where vy is the dimensionless space-charge
limiting current, The virtual cathode is drawn in Figure 1 as a lens
shaped region. The virtual cathode plays a major role in the collective
ion acceleration of the Luce diode. It ensures quasi-neutrality of the
plasma. lons from the dielectric undergo space-charge limited emission and
acceleration into the virtual cathode. The ion flux is determined by the
potential well depth. If too many ions enter the well, the ion flux is
decreased. In this way, the virtual cathode maintains its integrity and
never collapses or detaches from the anode. Because the virtual cathode
remains in place during the entire beam pulse, the charge neutralization

fraction is given by

. \“
fo =tm <12 (4)
b 0

where nj and ny are the ion and electron beam number densities., The
virtual cathode with its extremely high frequency oscillation also tends to

heat up the electron beam.
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We have outlined the significance of the common aspects of Luce
diode designs. The energy scaling with v/y of the injected beam, tapered
cathode and lack of a strong axial magnetic field all contribute to creat-
ing a hot electron beam resulting from a pinched diode. The importance of
the virtual cathode is in maintaining a quasi-neutral plasma for an
extended period, as well as, also contributing to the beam temperature.

The plasma transmitted by the virtual cathode in Region I is
characterized by a hot electron beam and a cold ion beam as seen in Figure
11. Although this is not the condition for a classic Buneman instability,
it does lend itself to an ion-electron two-stream instability where
VD > VT, and vp > (m1/m)1/3 VTj. Here vp is the elec-
tron beam drift velocity, mj is the ion mass and v, and v1; are
the electron and ion thermal velocities, respectively. This can best be
seen in Figure 32 which depicts the stable and unstable regimes of
jon-electron streaming instabilities for a drifting Maxwellian
distribution. The critical axes are the ratios of vy, /vp and
Te/Ti with T{ being the ion beam temperature. The boundary between
stable and unstable is denoted by a critical value of vp/vr,.

In Region I because vp > VTe and Te >> Tj, the insta-
bility initially lies in the upper right corner of Figure 32. The insta-
bility growth rate is quite large here, although it is less than the
Buneman growth rate for the most unstable mode.

The crucial role of the warm electron beam to the ion
acceleration process in Region I has two aspects. The first is the
reduction in the phase velocity of the most unstable mode generated by the
instability. This is shown in Figure 33, which is derived from a numerical
model developed to incorporate the effect of beam temperature. This result
is based on 500 keV electron and ion beams and 1/4 proton mass ions, It
predicts phase velocities as low as 0.09 c for a vTe of greater than
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0.5 ¢c. Recall that the phase velocity observed in the simulation was
0.044 ¢ consistent with the full proton mass used in the CCUBE run, It is
clear that for a cold electron beam the observed ion trapping and
acceleration would not occur (vpp ~ 0.17 c) due to the high phase

velocity of the wave generated.

The second aspect also relates to the lowered phase velocity of
the wave. Not only does the electric field required to trap ions of a
constant energy equivalent to the electron beam energy decrease, but also
the electric field required to trap electrons increases. Because the
heating of trapped electrons in a nonlinear wave-particle interaction is
the usual saturation mechanism for the streaming instability, the electric
field of the wave can grow larger before experiencing damping. This leads
to higher acceleration gradients, as well as, larger final ion energies.
For our simulation the maximum ion energy resulting from this stage of
acceleration is 2.4 MeV or four times the electron beam energy and
vimax = 0,072 c.

0f course, saturation does eventually occur as electrons are
trapped in the wave. Region I extends into the drift tube until vp~

VIe+ This occurs where wave growth due to the costreaming of the ion
and electron beams is balanced out by the damping of the wave due to the

high electron beam temperature. In Region II Tg >> T; still holds,
The velocity relationships now, however, are given by

KT ]‘R‘l’e“

= e = = C
= > Vg 2 (5)
vTe m D .J m‘i S

where Cg is the ion-acoustic speed. Referring to Figure 32 the
instability has migrated from the electron plasma wave region into the
hybrid range. The instability is not a classic ion-acoustic interaction
until VTa >> VDs which does not occur during our 20 cm simulation
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with the current beam parameters. Nevertheless, the hybrid appears to be
very much an ijon wave, A normal mode analysis shows that ion waves are
only weakly damped when Te >> T4 by the Maxwellian component of the
electron distribution., This allows an unstable mode to grow with a rather

small electron drift.

The linear dispersion relation for the standard ion acoustic

instability is given by

2 2 2
kp 2v we s
1+ —5 1-—5 | - 25 =0 ®
k Te Yk

where kge is the electron Debye wave number, wpi is the ion plasma
frequency, and wyg and k are the ion-acoustic frequency and wave number,
respectively, Initially, the fastest growing mode is given by 2k2,2

= kZDe. This tends to be a long wavelength., By imposing a strong
axial magnetic field, wave growth at substantial angles to the field lines

is precluded.
By choosing vp ~ vTe at the entrance to Region Il and
noting that the density in this region is down by a factor of three (see
Figure 24b), the ion-acoustic frequency would be 297 MHz for a
3 x 10'% cm? density beam interacting with protons. This is in good

agreement with experiments and simulations (Ref. 6).

The quasi-linear rate of the instability is (Ref. 29)
2 of
- = - m “ps
e Z:YS-—Z— E —PZ—/dvk—ﬁsé(*-k)
" v k 7a)
2upi Ty Stk 3 v

where

_ 2
feo 7 <2m$ % exp Telv - vy
&0 2o (7b)
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and the subscript o denotes the value at t = 0. Numerical solution (Ref.
29) of Equations 6 and 7 along with the quasi-linear equation for 3fa/0t
shows that a portion of the ion spectrum can be approximated by Tihot

~ Te in a time of 60 wpi-l- Because wpi'l is 0.44 ns for a

proton plasma of 3 x10*? cm™> density, this implies a 26.5 ns period.
During this process ion-acoustic solitons form and collapse spatially
leading to stochastic ion acceleration up to 3-4 times the beam kinetic
energy (Ref. 29). It is proffered as the reason the highest energy ions
are not seen until late in typical beam pulses (Ref. 6).

Because the peak energy ions are already moving at 0.07 ¢ as is
the jon wave, we could expect saturation of the wave to result in a three
to four times increase in their energy. This would imply a total energy
increase of 12-16 times the electron beam kinetic energy. Unfortunately,
because our net current and impedance in Region Il of the simulation are a
factor of 3 less than experimentally observed, our scale lengths are
longer, and acceleration has not saturated by Z = 20 cm. We only see a
factor of two increase in the peak ion energy by the end of the drift
region for a total energy increase of eight times the initial electron beam
kinetic energy in the two stage process.

It is interesting to note the time sequence of the ion accelera-
tion from simulation and theory and compare it to the experiment, First,
there is a 6-10 nanosecond time required to set up bipolar flow in the
diode prior to plasma motion into the drift tube is observed. This is not
modelled in the simulations with no diode. Next the simulations show that
it takes a total of 12 ns for the quasi-neutral plasma to propagate out far
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enough for the ion-electron streaming instability to grow and then for the
instability to saturate. Finally, it takes 28 ns from the start of the run
for large ion waves to grow and propagate to the right hand boundary of the
simulation. However, they are not saturated at that time. If we
substitute the quasi-linear result for saturation time of 60 “-lpi’

we obtain the 26.5 ns figure. Adding the timing of all three stages
together (bipolar flow, plasma propagation and plasma wave saturation, and
jon wave saturation), we obtain a total time to saturation of the ion
acceleration process and peak ion energy production of 44.5-48.5 nano-
seconds. This explains the late time observation of peak ion energies in
the Cornell University experiment.

Region III is denoted by ion wave saturation and loss of a large
fraction of the high energy ions to the wall due to lack of confinement.
As already discussed ion wave saturation is due to ion tail formation in a
quasi-linear process. Lack of ion confinement results when

Bi Be < Er (8)
where Bj is the ion velocity normalized to c, Bg is the azimuthal
magnetic field and Ep is the radial electric field. This can be written
to show that lack of confinement occurs when

By > g (9)

This places a severe constraint on the maximum ion acceleration and shows
that high energy ions are preferentially lost to the drift tube walls.
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Finally, the source of microwave radiation, which was witnessed
during Luce diode experiments (Refs. 6,7) and in gas puff experiments only

explained. The mechanism for microwave generation is based on three wave
Conservation of energy and momentum require that the electromagnetic fre-

quency and wavenumber be equal to the sum or difference of the two electro-
static waves' frequency and wavenumber., As the ion acoustic wave has a low

2.8 GHz are in excellent agreement with the frequencies of the plasma waves
noted in simulations. This process is pictured graphically in Figure 34.
large phase space over which they can attempt to meet the condition of con-

servation of momentum, the k vector of the output wave is fairly arbitrary

In summary, the most successful collective ion acceleration to

been as high as 30. The ion source is a plasma formed on the anode surface

physics, which couples the electron beam generation to the number of ions

mechanism in the Luce configuration. Simulations where the electron beam

1
r
L
when comparable acceleration was obtained (Ref. 31), can be readily
mixing (Refs. 36,37). Microwaves will be created when the plasma wave
g scatters off of ion acoustic turbulence in an inverse parametric decay.
® frequency, the microwave frequency is an excellent approximation to the
plasma wave frequency. The experimentally observed frequencies of 1.7 -
. Because the interacting electrostatic waves in three dimensions have a
° and the radiation pattern will tend to be broad.
date has been observed when a relativistic electron beam has been
discharged in the Luce diode (dielectric anode) geometry. In these
¢ experiments, the ratio of peak proton energy to beam kinetic energy has
by electron impact ionization of the dielectric material. The diode
* extracted from the plasma, is an essential feature of the acceleration
is injected through a preformed dense plasma are significantly different
from those where the electron beam self-consistently determines the ion
. plasma density and dynamics in the diode. The main difference is in
: unstable wave growth. In the Luce diode the instability is predominant,
i
®
° 68
L

l..
.
N\
e

I JEEARADA 1P

» £ ; -'l .'l‘_
g Yy

.A. PR P T

Lt .
s’ a sl




r“v""'. CR AN S ACAMIER S b A M S 4 A0 S A A A et B € G 4SS SRR 07 aie i aret o EaliEaie A cha~ghePe A b And AR Jh & Sen deg S S K A T
b

T WYY

D & e an o

X B YO

® INVERSE PARAMETRIC DECAY

o
€
"
€
+
€
|
€
K S

@
@l

P .
. Lo
PR SR

YT YRy
-
A 4
y
P\

'
e

—
k

TV Y Ny v ooy WYY
[ J

Figure 34. The plasma wave scatters off of the ion acoustic wave
to create the electromagnetic wave.

FRY WYL T Y vy
@

#: 69

- . L S PO - e .
" . . . PR . P
LY . . P AT T A PR,
P R P I T

. . . . . S - . -
S e ey L R .- o N . 5 - < S
P AT, s el el o alal 2t —raa Al AT e e (wtataul PN U AT S SO G A —t e ns




......

In other localized plasma source collective ion accelerators the main
acceleration takes place due to a hydrodynamic plasma free expansion.
However, both Luce diodes and other plasma source accelerators can display
both mechanisms to some extent.

Two-dimensional electromagnetic particle-in-cell simulations
which are based on the Cornell University Luce diode experiments have been
carried out. The simulations include an exact model of the electron beam
generator's diode and the drift space where the collective ion acceleration
takes place. Ilons with peak energies eight times the electron beam kinetic
energy are observed. Ion acceleration is clearly due to trapping in a
train of traveling waves. The source of the waves is two-fold. First
occurring spatially, as well as, temporally is an ion-electron two-stream
instability. This is not a classical Buneman instability because of the
high temperature of the electron beam. The relativistic warm beam insta-
bility results in a significantly lower wave phase velocity. This is
important for two reasons. It allows for the trapping of low velocity
ions exiting the diode. It also results in a significantly longer growth
distance before trapping of electrons in the instability generated plasma
wave leads to nonlinear saturation. The second wave growth mechanism is a
result of the saturation of the first, As the electron beam continues to
heat due to electron trapping, the electron and ion distributions become
unstable to an ion acoustic instability leading to large amplitude wave
generation and further ion acceleration. The presence of two electrostatic
waves of different frequencies allows for microwave production through an
inverse parametric instability, The instability growth rates, saturation
leny.ii and microwave production are consistent with experimental results.
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H SECTION VII
E ® TECHNICAL REQUIREMENTS AND TASKS 0
L .
i HOW THE STATEMENT OF WORK HAS BEEN SATISFIED 3
3 ~
!0 In this section we review the tasks encompassed by the statement i
? of work and detail how th se technical requirements have been satisfied. :
. We also include a list of publications and talks given on this subject and ;3
4 professional personnel associated with this research effort. ﬁ
pe :
E Statement of Work (0001AA) !
A Task a. Identify the source of electrostatic waves responsible 8
¢ for the high energy ion acceleration witnessed in Luce diode experiments. i
- 1
5 Two distinctly different electrostatic wave acceleration mechan- ﬁ
isms have been identified which work in tandem to create the extremely high E
peak ion energies observed in the Luce diode. The first is an ion-electron »
two stream instability. It is not a classical Buneman instability, because
it results from a warm electron beam and cold ion bean.. The presence of a -
broad electron velocity distribution function results in the generation of 3
a lower phase velocity plasma wave than otherwise expected. This has two %
consequences. First, low energy ions are readily trapped in the plasma ]
wave. Second, electron trapping is more difficult resulting in larger R
amplitude waves. lons are accelerated up to 4 times the initial electron ”
beam energy. For an electron-proton plasma with maximua densities on the E
order of 10!'3 cm™® the plasma wave has a frequency, wavelength, phase :
velocity and maximum electric field of 3.3 GHz, 0.4 cm, 0.044 c, and ﬁ
. 2 MV/cm, respectively. The wave saturates within 5 cm of the electron beam ?
g pinch point, and is damped significantly by the time it is 10 cm past the !
pinch point. By this time the protons have attained maximum velocities of :
0.072 c.
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The second wave acceleration process results from the saturation
of the first. An ion acoustic wave begins to grow when the electron beam
drift velocity becomes less than or comparable to the electron beam thermal
velocity. While the electron plasma wave is severely damped by this condi-
tion the ion acoustic wave is only weakly damped. Thus, the electron drift
energy, which is still large, strongly drives the ion wave growth., For the
same plasma noted above the ion wave parameters are 250 MHz, 8.5 cm, 0.07 ¢
and greater than 1 MV/cm. This is the source of the experimentally
observed low frequency bunching of the highest energy ions. Ions, which
have been accelerated in the electron plasma wave of the first stage, are
easily trapped and receive an additional acceleration from the ion wave.
The simulations only show an additional factor of two in peak ion energy.
This results from a net current density which is too low to observe the
entire acceleration process to ion wave saturation in the 20 cm modelled.
It is expected that acceleration of ions in the ion wave should produce a
factor of four increase in peak ion energy. The total two stage process
would create a 16 fold increase in ion energy in good agreement with the
Cornell University Luce diode experiment,

Task b, Establish the role of the virtual cathode in producing
low frequency ion bunching and the effect this bunching has on acceler-

ation.

The virtual cathode oscillation frequency is not affected by the
presence of the ions. It is still on the order of the electron beam plasma
frequency. This is much too high for protons to respond to. As noted in
the previous task result, it is the ion acoustic wave which creates the low

frequency ion bunching,

Task ¢. Determine the wave saturation mechanism. The saturation
mechanisms for both waves are those naturally expected to occur.

The saturation of the ion-electron two stream instability occurs
due to electron trapping in the electron plasma wave. This results in a
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nonlinear particle-wave interaction which modifies the electron velocity
distribution until the electron thermal velocity is on the order of the
electron drift velocity. Once this happens the wave growth due to particle
streaming is exactly balanced by the wave damping due to particle heating.
As the particles heat further the wave is damped.

The saturation of the ion acoustic wave results from a quasi-
Tinear mechanism. As the ions are trapped and heat, an ion tail forms in
their velocity distribution. This results in wave damping. During this
process the ion tail is created by the repeated formation and collapse
spatially of ion acoustic solitons. Stochastic ion acceleration up to 3-4
times the initial ion energy can result.

Ay ) EBANATETTErS N WENTANERENEE. I T

Task d. Define the role of a large axial magnetic field in

PRI, WP

suppressing ion acceleration.

P

A large axial magnetic field prevents the electron beam from ]
pinching. This allows a relativelly cold electron beam to propagate. The %
consequence is an ion-electron two stream instability whose plasma wave has
too high a phase velocity to trap and accelerate ions.

Task e. Delineate key experimental parameters which optimize the g

coherence of the acceleration process and maximize ion energy.

ot

The ion acceleration process is dependent on the interaction of a
hot electron beam and cold ion beam. This is best accomplished by using a
pinched electron beam diode to maximize electron beam temperature. The
optimal characteristics for this are a tapered cathode, high v/y beam,

il oy

injected electron currents at the Alfven current limit (17 By kA), and j
formation of a virtual cathode. The latter is determined by the injected U
current, beam energy and ratio of drift tube wall radius to beam radius.
An axial magnetic field would impede the beam pinch.
1
3
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The instabilities which create the circumstances for ion
acceleration have maximum growth when the ion and electron densities are
equal. The major role of the virtual cathode is in maintaining
quasi-neutrality in the plasma for an extended period. The larger the
ratio of injected current to space-charge limited current the closer the
plasma approaches neutrality. The ion source should be localized upstream
of the virtual cathode and should be space-charge limited. The use of gas
puffs or other extended ion sources leads to i1]1 defined neutrality and
possible ijon depletion before maximum ion acceleration can occur. This
raises another important beam characteristic. It must have a long enough
pulse length for both instabilities to saturate,

A final consideration for the amount of ion acceleration comes
from simple momentum considerations advanced by R. Adler. Momentum
transfer to the ions is maximized when the beam current approaches the
Alfven 1imit, and the beam is injected into a large drift tube.

Because the stages of acceleration, which rely on saturation for
maximum ion acceleration, are stochastic, attaining a coherent
monoenergetic ion beam is unrealistic. However, the problem of peak energy
ions being lost radially may be alleviated by placing an axial magnetic
field downstream of the diode pinch point.
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THEORY OF COLLECTIVE IUN ACCELERATION IN THE LUCE DIODE

D. J. Sultivan
Mission Research Corporation
1720 Randolph Rd., SE
Albuquerque, New Mexico 87106

and

R. J. Faenl
Los Alamos National Laboratories
P.0. Box 1663
Abstract Los Alamos, New Mexico 87545
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The most successful collective ion acceleration-
to date has been observed when a relativistic elec-
tron beam has been discharged in the Luce diode

Anode Holder 7ol
]
2 ’

/ I
(dielectric anode) geometry. In these experiments, // ’gi:,Ll’
l’ r’ ,’ _o’
the ratio of peak ion energy to heam kinetic energy Cathoder dré\ "--'— e m
has been as high as 30. The ion source is a plasma _ TESRIRII
: : - \-_ . AY \ A A
formed on the anode surface by electron impact ioniz Dielectric Virtual Cathode \ \ \ \
ation of the dielectric material. The diode physics, + o+ 4 s

which couples the electron beam generation to the
number of ions extracted from the plasma, is an
essential feature of the acceleration mechanism in
the Luce diode.

Two dimensional electromagnetic particle-in-
cell simylations which are based on the Cornell
University Luce diode experiments have been carried
out. The simulations include an exact model of the
electron beam generator's diode and the drift space
where the collective 1on acceleration takes place.
Jon acceleration is clearly due to trapping in a
train of traveling waves. The source of the waves
appears to be an ion-electron two stream insta-
bility. The instability growth rate, saturation
length and coincident microwave production are con-

sistent with experimental results.
Introduction

Although experiments and theory have been car-
ried out over the last ten years to explain collec-
tive ion acceleration in the Luce diode, it remains
both the most successful and least understood of a1l
collective ion acceleration schemes [1-6], The
ratio of peak proton energy to beam kinetic energy
has been as high as 30 [2]. In its simplest f- ™ the
Luce drode consists of a tapered cathode and o
dielectric anode. Tmis is depicted in Fig. 1. The
center of the anode has a hole concertric with and of
2 s1ze approximately equal to the cathode shank diam-
eter. The electron beam is generated by explosive
field emission. The electrons are emitted fram the
tapered section of the cathode, which experiences the
highest electric firelds and is not magnetically 1in.
sulated as is the cathode shank,

Figure 1. ldealized configuration for a Luce diode.
The half angles 6 are equal. d is the A-K gap
spacing. L, is the saturation acceleration
length. The region enclosed by the solid line con-
tains a large fraction of the beam. The electrons
actually fill the entire drift region. Dashed
lines are typical high energy ion trajectories.

Since the dielectric anode acts initially as an
insulator, the potential difference the electrons
experience is due to the voltage rise between the
cathode and outer conducting wall of the drift tube.

Thus, in the absence of a strong, externally imposec,

axral magnetic field, the electrons move racially

These electrons bom-

After a sufficient amount of

outward from the cathode tip.
bard the dielectric.
energy s deposited, a plasma is formed on the anode
surface, which acts to ground the anode to the drift
tube wall, Tnis process is accomplished n the first
several nanoseconds of the beam pulse.
anode plasma are drawn toward the cathode to estab-
lish a bipolar flow across the anode-cathode (A-X)
9ap.
provide neutralization, the electron and ion plasme

lons from the

Once a sufficient number of ions are present to

begins to propagate into the drift tube region whe-e
collective ion acceleration takes place.

Many variations on the Luce diode have deer
tried experimentally with different degrees 0f suc-
cess. These include dielectric channe's [7] reflex
tetrodes [8] and addirtion of "lenses" [2] or a heli-
cal slow wave structure [5] to the basic drelectric
anode decign.
explain the collective acceleration as there are

There ex1st almost as mar, trenctes Lo
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experiments. They range from vortex filaments {2] to
cavity resonators [9] to a deep stationary well/mov-
ing potential well [3,5,7,8]). Until recently, this
latter explanation has been used most frequently to
describe the acceleration process. It is based on
the same theory used to depict collective ion accel-
eration in a low density gas [10].

Recent experiments [6] on the Luce diode at
Cornell University, however, shed doubt on these
schemes. We have chosen to model these studies in
our work, because they contain the most detailed dia-
gnostics available. Also, the experiments were con-
ducted on the fundamental dielectric anode design, so
that the results are not ambiguously tied to elabor-
ate configurations.

The most crucial results of the experiments were
the following:

The maximum ratic of ion energy to beam kinetic
energy was 22.0. This is the highest acceleration
factor witnessed in a basic Luce diode, The highest
energy ions did not occur until late in the beam
pulse (t > 55 nanoseconds) and were correlated in
time with moderate frequency microwaves (1.7 GHz -
2.8 GHz). The highest energy ions appeared in bun-
ches corresponcing to a frequency of 200 - 300 MHz.
The propaqatino beam front had @ measured velocity of
from 0.04 to 0.05% c, corresponding to an ion energy
approximately twice the electron beam kinetic
energy. No electrons with an energy greater than 1.2
times the electron beam energy were observed early in
the pulse. The net beam current increased monoton-
ically in time and axial length over the beam pulse.
Tne maximum was approximately equal to the Alfven
current of the beam. The maximum ion energies were
measured witnin 13 on of the anode back plane indica-
ting a short saturation length for the acceleration
mechanism,

The deep stationary potential well/moving poten-
tial well has grave difficulty in explaining several
of these observations. [ndeed, in light of these
results any beam front mechanism is called into ques-
tion. The Cornell researchers have Speculated, based
on the microwave freguency observed, that electrosta-
tic waves generated by an ion-electron two-stream in.
stability are responsible for the highest energy
fons. The linear theory of the instability is in
fair agreement with the experimental results. The
possibility that this instability is responsible for
the iton acceleration was first proposed by Godfrey
and Thode [1i].
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Theory

A more encompassing theory has been drawn up to
explain other details of the observed acceleration
[12,13]. The acceleration is viewed as occurring in
three stages corresponding to regions 1, II, and III
of Fig. 1. Because of the brevity of this note only
an outline will be presented here.

Region 1 fs the diode. In the ahsence of an
axial magnetic field, the electron beam is hot. Its
temperature normalized to the diode voltage is
approximately vo/yo where Yo is the dimensionless
diode current in units of mc?/e and v, s the beam
relativistic factor. In the diode region the charac-
teristic that the thermal velocity be greater than
the electron drift velocity is easily met. On the
other hand, the ion temperature has been measured
experimentally to be 2-5 eV. These conditions lead

to 8 classic ion acoustic instability. The linear
dispersion relation is:
k 2 2v 2 w 2
1 ] 1 pi
t—r -2}z 0O ()
k VTe w

where kn is the electron Debye wave number, oy is
the ion plasma frequency, and w and k are the ion-
acoustic freqency and wave number, respectively, Ini-
tially, the fastest growing mode is given by 2&02=
koz . Tne turbulence experienced by the electrons in
the diode due to emission and reflexing from the vir-

tual cathode can be approximated by

2
YTe . ( 0o Y01/3) (2)
v, 173 _ !
: (v 1)

For a 500 kV beam this ratio is -3. The ion-azo.s-

tic frequency, therefore, wou'd be 160 (510) M=z ‘or
a 1012 (10]3) cm'3 density beam interacting with pro-
tons. The instability growth rate can be obtarnes by
numerical solution of the quasilinear equations 1),

They show that a po~tion of the ion spectrum ce~ be
approximated by Ti,  ~Te in a time of ?g u;3;3‘;, *i
.76 (.28) ns for a proton plasma of 10°° (10°7) ="~
denstity, During this process ion-acoustic solitons

form and collapse spatially leading to stochastic ior
acceleration up to 3-4 times the beam kinelrc en=-Gy
[14].
results in a broad ion velocity spectrum,
above, this will occur on the time scale of ters of

ion plasma periods.

-

More importantly, the turbulent heating
As showr
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The presence of an ion-acoustic instability,
therefore, explains several features of the Cornell
experiments. It describes the bunching of ions at
several hundred Megahertz. The high energy fon tail
provides an ion spectrum suitable for trapping by
electrostatic waves of higher phase velocity than the
ion sound speed. Its long growth time tends tu cor-
relate with the production of high energy ions late
in the beam pulse. Finally, note that if a large
axial magnetic field is placed on the diode, the
electrons will follow field lines rather than pinch
leading to a cold beam. A cold beam would not excite
the ion-acoustic instability.

The virtual cathode, which is drawn in Fig. 1 as
a lens shape, forms the boundary between regions I
and I1. It performs several roles in addition to
reflesting electrons into the diode. The first is to
produce a quasineutral plasma, lons from the
dielectric undergo space-charge limited emission and
acceleration into the virtual cathode. The ion flux
is determined by the potential well depth. If too
many ions enter the well, the ion flux is decreased.
In this way, the virtual cathode maintains its
integrity and never collapses or detaches from the
atrode. The plasna exiting the diode is neutral to
witnin a factor of (1-»£/v°).

Second, an extremely hot beam in the foilless
diode region be:zomes cooler on the downstream side of
the virtual cathod2. The potential well 15 in effect
a filter wnich keeps hot electrons confined, since
only those electrons with the highest axia' momenta
are transmitted. Therefore, the plasma entering reg-
ion 11 consists of a warm ion beam and costreaming
wiarm electron beam, Although this is not the condi-
tion for the classic Buneman instability, it does
Terd itself to an electron-ion two-stream insta-
bility., The most unstahle mode for the Buneman
1nstability has a frequency of 290 (920) MHz for a
1212 (1n12) ¢m-3 density prasma interacting
with protons. A linear two-dimensional analysis of
the warm relativistic beam case shows that not only
does the 11stability take place but the phase
veiocity 1s lower than expected for the cold beam
cas>.

Also a nonlinear dispersion relation for the
ion-elestron two-stream exists (15,16, 1t is much too
detarleqd to consrder 1n this note, Suffice it to
po1nt out that harmonics of the Buneman instability
frequency are important in saturation of the insta-
birtity by electron trapping. This leads to @

frequency up shift in time. In addition, wpe S
tncreasing, since fon flow and charge neutralization
can lead to increased current up to or slightly
greater than the Alfven limit, Note that the pres-
ence of both ion bunches and plasma waves leads to
the possibility of a three-wave interaction (inverse
parametric decay) resulting in microwaves whose fre-
quency is the sum or difference of the two electro-
static wave frequencies. Not only does microwave
production correlate with the detection of bunched
high energy ions, but also increasing RF frequency as
a function of time has been noted experimentally

[6l.

The development of this instability, and its
frequency variation in conjunction with the large
spread in ion velocity developed in region I, produce
the accelerated high energy ion tail, Large ampli-
tude electrostatic waves select out, trap, and accel-
erate those ions which are close to its phase velo-
tity. This elongates the ion energy spectrum. The
process continues as frequency and, therefore, phase
velocity increase over time. The predicted result is
that ion energy grows monotonically in time. This is
precisely the result seen experimentally [6]. As the
phase velocity of the waves increases, fewer and
fewer ions have the initial velocity necessary to be
trapped and accelerated. This leads to the exponen-
tial ion energy sSpectrum.

Ion acceleration saturates over a distance La
=10 ¢m in most collective ion acceleration experi-
ments [6,9]. While the electrons experience a pinch
effect because of the current induced azimutha!l
magnetic field, Be‘ the ions are expelled by the
oppositely directed v, X Be force. The highes®
energy ions are preferentially driven to the grift
tube walls [6]). At the same time, the electrons are
heated by trapping until their temperature is Su‘“1-
cient to saturate the instability. This 15 show in
Fig. 1 as region 111, The saturation length due to
nonlinear electron trapping is expected to be severa’
wavelengths in agreement with the experimental obser-
vation,

Simylations

Because of earlier simulations anc tne Corre?
experiments, it has become clear that accurate in-
clusion of the diode physics is an important aspe:zt
of studying the Luce diode. In the simulatro~ pre-
sented here a 500 kv TEM wave is launched dow~ th¢
coaxral transmission line and onto the cathode. Wne~
the electric field on a cathode cell exceeds a
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threshold vatue, electrons are emitted from the
cell. Electrons bombarding the anode trigger jon
emission from anode cells in the tapered section of
the dielectric. Jlon emission takes place on an ion
time scale and electron emission occurs every time
step. The reference value of up in these simula-
tions fs taken to be 3x1010 sec-) so that c/wp

= 1.0 om and wp! = .033 nanoseconds. Note that

8 very short pulse risetime and a mass ratio of
mi/mo = 459 are used to Save computer time.

The instadbility of interest is clearly evident
in Fig. 2 of the ion momentum space 11.0 nanoseconds
into the simulation. It shows that the high energy
fon acceleration is occurring in a wave train. The
wavelength, frequency and phase velocity of the
instability are 3.7 cm, 1.1 GHz and .135 ¢, respect-
ively. Although the frequency spectrum of the plasma
{s turbulent, there is a definite frequency component
at 410 Mz, Correcting for the fictitious mass ratio
the frequencies for a proton plasma would be 690 MHz
and 210 MHz respectively. These are in agreement
with Yinear theory for the ion-electron two-stream
and the fon-acoustic instabilities. The latter is in
excellent agreement with experiment. The peak ion
energy is six times the beam kinetic energy. Peak
proton energies would be 23 times the beam energy for
the same maximum ion velocity (vTa‘ = 0.155 ¢). The
streamers accelerating out of the main ijon beam phase
space coincide with high density ion bunches. Fin-
ally, the trapping of electrons, which is the non-
Tinear saturation mechanism for the instability,
takes place 10 cm downstream of the anode in guod
agreement with the saturation length of ion accelera-
tion seen experimentally.
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Figure 2. lon momentun space at 11.0 nanoseconds.
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7Z 10 THEORY OF COLLECTIVE ION ACCELERATION IN THE

LUCE TTCOE.* D. J. Suilivan ana M. Arman, Mission

kesearcn Corporation, Albuquerque, New Mexico

§ 87106, and R. J. Faehl, Los Alamos National Labor-

{ atories, Los Alamos, New Mexico 87545.--Two dimen-

sional eleztromagnetic particle-in-cell simulations

wnich are baseg on the Cornell University Luce diode

experiments have been carried out. The ion source .4

is a plasma formed on the anode surface by electron »
:
Y

b
g inpact ionization of the dielectric material, The
1 dicde physics, which couples the electron beam gene-
ration to the number of ions extracted from the
plaema, is an essential feature of the acceleration
i mechaniem in the Luce dioge., The simulations in-
clude an exact model of the eleciron beam genera-
tor's dioce and the drift cpzce where the collective
icn acceleration tekes place. lon &cceleration is
clearly due to trapping in a train of traveling
waves, 1Tre source of tne waves acpears to be an
icn-electron two strezm instebilitv. The insta-
bility growth rate, saturztion lenzth anc coinCident
microwave prozuzticn are consistert with experi-
menta; resuits.

o ——
o

"0k Surpor.ed by the Air Fcrce Cifice of Scier-
tific Resezrch.
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786 Numerical Simulation and Comparison Between
Two Experimentallv Demorstrated Mcdes of Collective
Jon Acceleration,* R. J. FAEHL, W. K. FETEK, Los
Alamos Natiogal Laboratory, and D. J. SULLIVAN,
Mission Research Corporation.--Many scenarios have
been advanced to harness the power of intense
relativistic electron beams to accelerate ions.
Two have demonstrated best results to date, virtual
cathode acceleration and the Luce dioge. Both
share the characteristic that intense, hot expand-
ing electron beams are correlated with the ion
acceleration. Detailed numerical simulations have
shown qualitative differences however. The virtual
cathode wmechanism bears many similarities to an
ambipolar plesma expansion. The shock-like struc-
ture of the electron beam in tte viciaity of the
virseal cathode introduces a un:ique localized
feature into the ion flow. The Luce diode bebaves
like a true i1on diode, although with streng s:imi-
larities tc the pinch reflex diode. This produces
zn ion beam with energy comparable only to the
diode voltage. Under certain circumstances we have
cbserved the downstream flow to be unstable due to
a relativistically hot electron-ion streaming
instability. The characteristics of thke pinched
electron flow are responsible for loweriug the
upstable wave phase velocity to the peint where it
can interact resonantly with the 1ons.
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APPENDIX B
SPACE-CHARGE DRIVEN COLLECTIVE ION ACCELERATION
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LOCALIZED PLASMA SOURCE COLLECTIVE
ACCELERATOR: PHYSICS AND APPLICATIONS
R. Adler
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and MRC Internal Funds j
:
Preserted at: DOt Collective Acceleration Meeting i
19-20 February 1981 .
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LOCALIZED PLASMA SOURCE COLLECTIVE
ACCELERATORS: PHYSICS AND APPLICATIONS

RICHARD ADLER
MISSION RESEARCH CORPORATION

EXPERIMENTS WITH COMMON CHARACTERISTICS

l’

2.

3.

b,

DIELECTRIC ANODE:

FOIL SOURCE:

GAS PUFF:

PLASMA PUFF;
(FLASH-BOARD)
(LASER)

CORNELL
MARYLAND
LIVERMORE
BOEING
AFWL

CORNELL

NORTH CAROLINA STATE
GENERAL ATOMIC

MARYLAND

CORNELL
MARYLAND
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EXPERIMENTAL PARAMETERS
(LUCE DIODE)

(EXPERIMENT IN COLLABORATION WITH J. NATION, V. SERLIN)

E-BEAM

ION BEAM

NEUTRONS

DRIFT TUBE RADIUS

BEAM RADIUS
ACCELERATION
EFFICIENCY

LENGTH

VOLTAGE
CURRENT
PULSE DURATION

NUMBER
PEAK ENERGY
AVERAGE ENERGY

FOR PROTONS ON AN
LIF TARGET

3.6 M
b M
13 cm
2-47

C-4

.5-.7 MeV
40-60 KA
100 nsEC

3-8x101"
15 Mev

1 MeV

>109




COMMON PROPERTIES OF LOCALIZED PLASMA
SOURCE CONFIGURATIONS
1. EXPONENTIAL (APPROXIMATELY) ENERGY SPECTRUM
2. 10N SOURCE AS CLOSE AS POSSIBLE TO CATHODE
3, 10N ACCELERATION ONLY ABOVE THE SPACE CHARGE LIMIT
4. ACCELERATION SCALES WITH POWER

5. IN GENERAL, ACCELERATION IS BEST WITH LARGE DRIFT
TUBES (SEE POINT 3)

6. AVERAGE ION VELOCITY IS IN REASONABLE AGREEMENT WITH
MOMENTUM TRANSFER CONSIDERATIONS
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1. 10N PRODUCTION BEGINS NEAR THE BEGINNING OF THE CURRENT !

PULSE, RESULTING IN BEAM FRONT MOTION IN 6-10 NANOSECONDS.

™ ‘T‘"A—"."."."- MR
oddiiodin

METAL ) *
ANODE .
HOLDER
' 01 .
CH _~ ELECTRON FLOW ' X
ANODE
CATRODE ION PRODUCTION BEGINS, ION PRODUCTION
NEUTRALIZING ANODE REGION £:0+t-8 1 sec
p

(-¢ !

........
___________

. - -

................
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2. THE BEAM BEGINS TO PROPAGATE IN A QUASI-NEUTRAL MODE BY
ACCELERATING IONS. THE BEAM FRONT VELOCITY IS .03-.05 c,
AND THF LENGTH OF THE NEUTRALIZED COLUMN INCREASES WITH TIME.

02

METAL
ANODE
HOLDER
CH ELECTRON FLOW
ANOSE

ION ENERGY
CATHODE, <15 MeV
BEAM FRONT
VELOCITY
=‘°3 --o&

BEAM PROPAGATION
t=10-¢t =50 n sec




_______

2, AT ~50 NANOSECONDS, BEAM PROPAGATION SATURATES AT THE

FINAL CURRENT PROFILE WHICH IS UNIFORM OVER THE FIRST L
~25 CM OF DRIFT TUBE, ACCELERATION OF PROTONS TO >10 !
TIMES THE BEAM ENERGY BEGINS, COINCIDENT WITH MICROWAVES 3
AT 1.5-3 GHZ. ’
]
|
METAL ]
ANODE 1
HOLDER a
03
CH Inet>IA
ANODE "STEADY STATE
ION a
CATHODE > PEAK ION ACCELERATION .
ENERGY 50 n sec |
~12 MeV PULSE END ]
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Faraday Cup Output
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RELATIVE TIMING OF STACKED FOIL FARADAY CUP DATA, SIGNALS ARE

EXTRAPOLATED INTO THE ACCELERATING REGION FROY THE DETECTOR

POSITION (1 M), SENSITIVITIES INCREASE BY A FACTOR OF ORDER
Co TWO FOR EACH INCREASING ENERGY 'WINDOW',
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¢ NEUTRON DIAGNOSTICS USING A SMALL SCINTILLATOR
: A DISTANCE OF 8 M FROM THE TARGET
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Figure 6. a) Time-of-flight signal, b) Inte ct
and c) Differential spectrum (li.nem-:apsﬁ; m?' |
stacked Cu foil method (bar graph). ‘
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CORRELATION BETWEE!N THE SECOND RF PULSE AND 1ON PRODUCTION, o
j THE NEGATIVE SIGNAL IS THE DETECTED 2 GHZ MAGNETIC FIELD o
[ OF THE BEA™ MEASURED AT THE DRIFT TUBE WALL. THE POSITIVE -
SIGNAL 1S AN ABSORBER-COVERED FARADAY CUP DETECTING PROTONS ol
OF ENERGY > 4,7 MeV AT 2z =70 ¢M. A PASSIVE DELAY LINE o

(90 NSEC) PLUS PROTON TIME OF FLIGHT (15-20 NSEC) RESULT IN
THE TOTAL DELAY.
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THE EFFICIENCY LIMIT
(VALID FOR ALL COLLECTIVE ACCELERATORS)

FROM GENERALIZED MOMENTUM CONS.
(PARTICLE + FIELD STRESS TENSORS)

€. B
ion <

i (Yo + )1/2
—————— — ——— X
€electron - ¢ \Yp ~ 1

1

A
fraction IA = 17 eoyo kiloamps
of single
particle Y Injected relativistic
moment um ° factor
trarsferred
tc ions

"

ASSUYPTIONS: 1) CYLINDRICAL GEOMETRY

NOTE:

2) SEMI-INFINITE DRIFT TUBE

3) 5= <EE>/CED

1) EQUALITY ABOVE ONLY HOLDS IF EZ(2=O)=D

2) EQUALITY ABOVE ONLY HOLDS IF J(+001=)

3) n < 0 ONLY FOR SYSTEMS WITH NET ELECTRON
REFLECTION
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Experiment Reference Particle ('YW) Ie IL Theory pe Expt.
6 H* 1.42  29.2 0 0.072  0.054 =
W 1.9 38.6 0  0.083  0.063 o
H* 2.78  41.7 0 0.094  0.063 ;,é
H* 3.24  55.4 0 0.10 0.083 '4
9 W' 1.5 30.0 0 0.74 0.041 o
Ho? 1.5 30.0 0 0.052  0.028 i
7 (late in pulse) H* 0.55  50.0 35 0.043  0.04 | '1
(early in pulse) H* 0.4 20.0 0 0.038  0.045 3f3
=
.
Table 1. A comparison of theoretical and experimental values of 61.. - 4
-
]
The theoretical values are from Equation 21 and the peak experimental V arc ] .3
have been used. For References 6 and 9, the values were found by approximating ]
Farady cup signals as triangular, and integrating analytically. For short _
pulses (Refs. 6, 9, and early in the Ref. 7 pulse), the electron beam does nct .1
extend out of the accelerating region and so IL = 0. For the Reference 7 aats
late in the pulse, IL = 35 kA was measured. The theoretical values of 51. weTe R
computed on the basis of the peak values of V, I. ‘.“
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o ION CONFINEMENT:

= - -
fegs T2 0= I/

17(42/3 . 1)3/2

Isct = 1+ 72 tnb/a “° Y
CONFINEMENT CONDITION
g. B, < E
1 e r "
OR :
SCL
618 < 1 - f < I
> Tsco *
B, <
i r’:eI
HIGH ENERGY IONS ARE LOST RADIALLY AT HIGH CURRENTS.
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PHYSICS CONCLUSIONS

1. THE LUCE DIODE OPERATES IN A STEADY STATE MODE --
ACCELERATION IS NOT DUE TO A BEAM FRONT PROCESS.

2. GOOD CORRELATION 1S FOUND BETWEEN RF AT 1.5-3 GHz,
AND HIGH ENERGY I1ON PRODUCTION,

, 3. THE PEAK ION ENERGY INCREASES WITH TIME INTO THE
PULSE, EVEN FOR 50 < T < 100 NANOSECONDS,

4, THE ELECTRON-ION TWO-STREAM INSTABILITY 1S A VIABLE
CANDIDATE AS AN ACCELERATION MECHANISM,

5. 10N ACCELERATION EFFICIENCY IS IN AGREEMENT WITH
MOMENTUM CONSERVATION LIMITS AND SCALING.

6. THE ENERGY SPECTRUM IS A TRUNCATED EXPONENTIAL, ON
AVERAGE, FOR ALL AXIAL POSITIONS, AND AT ALL TIMES,
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s PRIMARY APPLICATION : ;
> COLLECTIVE ACCELERATOR NEUTRON SOURCE 3
B i
ﬁ USING THE PARAMETERS OF THE EXPERIMENT, AND ASSUMING: :
= :
; 1) Nj REDUCED BY 2 (FOR DEUTERONS) ;
[ |

2) f(E) = fyexp(-E/1 MeV) (LOWER OR THE SAME
E AVERAGE ENERGY AS FOR PROTONS) 1
¢ b E
s 3) BERRYLIUM TARGET OVER 277 SR. ’
A FAST NEUTRON OUTPUT OF 3x1010/PULSE RESULTS. ]
]
THE NUMBER ABOVE 1S AN UNDERESTIMATE BECAUSE DEUTERONS WILL 1
BE CONFINED*JE_TIMES FARTHER (AXIALLY) THAN THE EQUIVALENT f
PROTONS, :
®
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NONREACTOR NEUTRON SOURCES
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NEUTRON SOURCE APPLICATIONS

IN-SITU REACTOR SHIELDING MEASUREMENTS

A) EXPONENTIAL ION SPECTRUM
=> EXPONENTIAL NEUTRON SPECTRUM

B) 1F €, ~.5-1 MEV, A FISSION NEUTRON SPECTRUM CAN
BE ACCURATELY APPROXIMATED

C) THE SHORT NEUTRON PULSE ALLOWS USE OF TIME OF
FLIGHT MEASUREMENT TECHNIQUES

COAL SLURRY FLOW MEASUREMENTS (COAL GASIFICATION PLANTS
OR OTHER COAL PROCESSING PLANTS)

A) FAST NEUTRON, NEUTRON-INDUCED ¥ MEASUREMENTS GIVE
COAL FLOW COMPOSITION

B) PULSED NEUTRON SOURCES GIVE THE FLOW RATE IN THE
SYSTEM, EVEN FOR MULTIPHASED FLOWS

VERY FAST FLOW-RATE MEASUREMENTS

A) FLOW RATES IN THE FASTEST CHEMICAL ENGINES (10 KM/SEC)
MAY BE MONITORED WITH A FAST NEUTRON PULSE (<1 uSEC)

B) DETAILED SPATIAL FLOW ANALYSIS MAY ALSO BE POSSIBLE

C) MAY BE APPLIED TO STUDIES OF ROCKET ENGINES,
COMBUSTION, TURBINES, ETC.
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OTHER APPLICATIONS
®
1) 3HE CHARGED PARTICLE ACTIVATION ANALYSIS -- SURFACE
CONCENTRATIONS IN PPM-PPB RANGE., 1
.

2) THE VARIETY OF LOCALIZED SOURCES AVAILABLE ACCESSES

THE FULL RANGE OF ELEMENTS. THE EXTREMELY HIGH

PARTICLE FLUX WOULD ELIMINATE NOISE IN BEAM FOIL
® SPECTROSCOPY STUDIES. (THESE HAVE BEEN USED TO é.
DIAGNOSE TOKAMAC IMPURITIES, FOR EXAMPLE.) :
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ION AUTOACCELERATION
EFFICIENCY LIMIT=> PROTON AUTOACCELERATION MAY BE AN ORDER ?
OF MAGNITUDE MORE EFFICIENT THAN DIRECT COLLECTIVE ACCELER-
ATION (FOR LOW VOLTAGES).
[ ]
FOR NEUTRON PRODUCTION, AN EXPONENTAIL ENERGY SPECTRUM
(AVE. ENERGY = E ) IS MUCH MORE DESIRABLE THAN A DELTA
FUNCTION DISTRIBUTION,
»
USE ELECTRONS TO CHANGE THE ION DISTRIBUTION FUNCTIONS.
EXAMPLES; »
1) PIERCE INSTABILITY
2) ELECTRON-ION TWO STREAM-COINJECT FAST ELECTRONS, IONS, ,
Ng = Nys By > By -- THE ELECTRON-ION INSTABILITY ACTS
TO RANDOMIZE THE ION ENERGY, INCREASING NET NEUTRON
PRODUCT ION,
.
i )
Y
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1)

2)

3)

L)

5)

REQUIRED WORK FOR APPLICATIONS

STUDY LONGER PULSE ION PRODUCTION CHARACTERISTICS
TO DEFINE THE FINAL DISTRIBUTION FUNCTION (EXPERIMENT)

DEFINE EXTERNAL FACTORS AFFECTING THE DETAILED ION
DISTRIBUTION FUNCTION

ASSESS THE LONG PULSE APPLICABILITY OF GAS PUFF D2

PERFORM 1-D SIMULATIONS TO ISOLATE A USEFUL ION
AUTOACCELERATION MECHANISM

PERFORM A DETAILED STUDY OF APPLICATIONS,
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CONCLUSIONS

APPLICATIONS EXIST FOR LOCALIZED PLASMA SOURCE COLLECTIVE

ACCELERATORS AT THE PRESENT STAGE OF DEVELOPMENT.

THE EXISTING PHYSICS UNDERSTANDING IS ADEQUATE FOR THE
APPLICATIONS ENVISAGED. SOME QUESTIONS MUST STILL BE
ANSWERED,

ION AUTOACCELERATION IS AN ATTRACTIVE ALTERNATIVE, AND
MERITS FURTHER STUDY,
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APPENDIX D

NUMERICAL SIMULATION AND COMPARISON BETWEEN
TWO KNOWN MODES OF COLLECTIVE ION ACCELERATION
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