CHAPTER 1

INTRODUCTION

1.1 Exordium

A nonneutral plasmal'? is a many-body collection of charged particles in
which there is not overall charge neutrality. Such systems are character-
ized by intense self-electric fields, and in high-current configurations, by
intense self-magnetic fields.® Nonneutral plasmas, like electrically neutral
plasmas, exhibit a broad range of collective properties, such as plasma
waves, instabilities, and Debye shielding. Moreover, the intense self fields
in a nonneutral plasma can have a large influence on detailed plasma
behavior and stability properties.

Since Theory of Nonneutral Plasmas' was first published in 1974, in-
terest in the physics of nonneutral plasmas has grown substantially in
such diverse areas as: investigations of basic equilibrium, stability and
transport properties;? high-current electron induction accelerators®® and
alternating-gradient accelerators;®7 phase transitions®? in strongly cou-
pled, two- and three-dimensional nonneutral plasmas; coherent electro-
magnetic wave generation by free electrons interacting with applied mag-
netic field structures;19-!3 astrophysical studies of large-scale isolated
nonneutral plasma regions in the magnetospheres of rotating, magne-
tized neutron stars;!* and the development of positron'® and antiproton'®
ion sources. In addition to developing a basic physics understanding of
many-body charged-particle systems in which there is not overall charge
neutrality, there are many practical applications of nonneutral plasmas.
These include: coherent elecromagnetic wave generation by intense elec-
tron beams, as in free electron lasers,'°~'2 magnetrons and cyclotron
masers;!? the development of advanced accelerator concepts,® including
high-current accelerators such as the modified betatron,'”~19 and periodic
focusing accelerators for heavy ions;?%?! the equilibrium and stability of
intense nonneutral electron and ion flow in high-voltage diodes,??~2* with
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applications that include particle beam fusion;2526 and the stability and
transport of intense charged particle beams?”’—2? propagating through a
background plasma or through the atmosphere, to mention a few exam-
ples.

The present volume on nonneutral plasmas has been prepared as a
graduate-level text which covers a broad range of topics related to the fun-
damental properties and applications of nonneutral plasmas. The subject
matter is treated systematically from first principles using a unified theo-
retical approach, and the emphasis is on the development of basic concepts
that illustrate the underlying physical processes, which are often similar
in different application areas. The statistical models used to describe the
properties of nonneutral plasma are based on the fluid-Maxwell equations,
the Vlasov-Maxwell equations, or the Klimontovich-Maxwell equations, as
appropriate. The book also summarizes the results from several classic
experiments illustrating fundamental processes in nonneutral plasmas.

1.2 Historical Background

The very early research on nonneutral plasma predated, by many decades,
common usage of the terms “plasma” or “nonneutral plasma” in the lexi-
con of modern-day physics. [The term “plasma” was introduced by Tonks
and Langmuir3® in 1929 to describe collective electron plasma oscillations
in an ionized gas, although widespread use of this descriptor did not occur
until the 1950s and 1960s.] Indeed, the classic papers by Child (1911),3!
Langmuir (1923),32 Lewellyn (1941),33 Brillouin (1945),3* McFarlane and
Hay (1950),% Pierce (1956),3¢ Kyhl and Webster (1956),3” and Buneman
(1957),38 represent some of the earliest efforts to investigate theoretically
and experimentally the equilibrium and stability properties of nonneu-
tral electron flow in planar diodes and in geometries with crossed electric
and magnetic fields. This research3'~3® and other early research3*~** on
nonneutral plasmas predated the major international development of the
theoretical foundations of modern plasma physics, which occurred to a
large extent during the 1960s. Moreover, advances in the understanding
of nonneutral plasmas during this early period appear to have proceeded
largely uninfluenced by the seminal works of Vlasov (1945),%° Landau
(1946)%6 and Bogoliubov (1946)*7 on collective interactions in many-body
charged particle systems. This is due, in part, to the fact that the empha-
sis during this early period was mainly on the practical use and control
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of space-charge waves on nonneutral electron beams in microwave genera-
tion devices (such as klystrons, traveling wave tubes and magnetrons) and
vacuum tube diodes. Excellent accounts of the early work on microwave
devices and vacuum tube diodes are given by Slater?® and Okress,*® and
Birdsall and Bridges.®°

With the advent of modern plasma theory and improved instrumenta-
tion techniques, understanding the fundamental properties of nonneutral
plasmas received new impetus in the late 1960s and early 1970s. Ba-
sic theoretical®'~54 and experimental®—57 studies of one-component pure
electron plasmas showed that many of the equilibrium, stability and col-
lective oscillation properties® =53 of nonneutral plasmas, including Debye
shielding,3* are directly analogous to the collective properties of electri-
cally neutral plasmas, appropriately modified by equilibrium self-field ef-
fects due to the space charge. In addition, rapid advances in pulsed power
technology during this period, and the improved ability to produce and
accelerate high-current electron beams®®5° led to increased research on
nonneutral plasmas in such diverse areas as: the development of concepts
for collective-effect acceleration,®~%2 such as the electron ring accelera-
tor,83765 which utilizes the intense self fields of an electron cluster to trap
and accelerate ions; novel approaches for the acceleration and stripping of
heavy ions®¥—68 in nonneutral electron clouds in toroidal magnetic field
geometry; and the use of intense electron beams to generate high-power
microwaves,’®7% or to heat plasmas by collective two-stream instabili-
ties.”' A more complete bibliography of research in these areas prior to
1974 is given by Davidson.!

1.3 Technical Advances

In the short space of this introductory chapter, it is not intended to sum-
marize the many technical advances that have occurred in the physics of
nonneutral plasmas since Theory of Nonneutral Plasmas' was published
in 1974. Nonetheless, it is useful to outline briefly the substantial progress
in selected areas of research and to identify some of the key references.
Many of these topics will be treated in more detail in subsequent chapters.

Experimental studies of the basic equilibrium and stability properties
of nonneutral plasmas have ranged from investigations of plasma waves
in a pure electron plasma,’® to measurements of the laminar rotation ve-
locity of a pure electron plasma column,’ to studies of plasma waves in
a pure ion plasma column,’® to the identification of collective modes in a
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two-dimensional, nonneutral ion layer confined below a liquid-helium sur-
face,” 76 to studies of the linear and nonlinear evolution of the diocotron
instability in an annular electron column,”? to measurements of the colli-
sional relaxation of anisotropic temperature in a pure electron plasma,’®
to observations of the transport of magnetically confined pure electron
plasmas to global thermal equilibrium,”® to mention only a few examples.

Theoretical studies of the basic equilibrium, stability and transport
properties of nonneutral plasmas have ranged from analytical investiga-
tions of the influence of intense self fields on the filamentation instabil-
ity,% to development of a confinement theorem for a low-density nonneu-
tral plasma column,® to analytical and numerical investigations of the
magnetron instability,32-8% which is of considerable importance for in-
tense nonneutral electron flow in crossed-field microwave devices3%86 and
magnetically-insulated high-voltage diodes,?? to analytical and numerical-
simulation studies of space-charge-induced transverse instabilities in non-
neutral heavy ion beams,?7:88 to quasilinear studies of the nonlinear evolu-
tion of the diocotron instability for multimode excitation in a nonneutral
electron layer,%® to theoretical studies of collisional transport processes in
pure electron plasmas,?®! to determination of the influence of intense self
fields on the cyclotron maser instability in a relativistic, nonneutral elec-
tron beam,%? to basic theoretical studies of the equilibrium and collective
oscillation properties of a two-dimensional nonneutral ion layer confined
below a liquid-helium surface,?® again to mention only a few examples.

A particularly fascinating area of research on nonneutral plasmas relates
to phase transitions® to the liquid and crystal states when the coupling
parameter

2

= 1.1
r kBTa ( )

is sufficiently large, which requires extremely low-temperature conditions.
Here, T is the ratio of nearest-neighbor Coulomb energy (e?/a) to the ther-
mal energy (kpT) of a particle, a = (3/477)Y/3 is the Wigner-Seitz radius,
and 7 is the average particle density. Similar to a neutral plasma, when-
ever I' < 1 there are many particles in a Debye interaction sphere and
the correlations are weak. For sufficiently large ', however, the plasma
is strongly correlated. Research in this area ranges from experimental
studies of the liquid-to-crystal phase transition in a two-dimensional non-
neutral electron layer on a liquid-helium surface,® to the production and
laser cooling of a strongly-coupled nonneutral ion plasma confined in a
Penning trap with coupling parameter T ~ 20 — 200,49 to computer
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simulation of the phase transition of bounded nonneutral ion plasmas to
the liquid and crystal states both in Penning-trap confinement geome-
tries,%” and in heavy-ion storage rings.®® Research on phase transitions in
nonneutral plasmas has been further stimulated by continued advances

in the theoretical understanding of strongly-coupled one-component plas-
mas.99-102

1.4 Outline

As indicated in Sec. 1.1, an important motivation for the present treatise
is to provide a unified theoretical treatment of a broad range of top-
ics related to the fundamental properties and applications of nonneutral
plasmas. In addition, the results of several classic experiments are summa-
rized which illustrate fundamental processes in nonneutral plasmas. The
subject matter is treated systematically from first principles, beginning in
Chapter 2 with a review of the statistical frameworks for describing col-
lective and discrete-particle interactions in nonneutral plasma based on
the macroscopic fluid-Maxwell equations, the Vlasov-Maxwell equations,
and the Klimontovich-Maxwell equations. Chapter 3 describes several
fundamental properties of the nonneutral plasma state, ranging from the
equilibrium rotation induced by space-charge effects, to thermal equilib-
rium properties of a nonneutral plasma column, to Debye shielding of
the electrostatic potential surrounding a test electron, to phase transi-
tions in strongly-coupled nonneutral plasma. In Chapter 4, the Vlasov-
Maxwell equations are used to investigate the basic equilibrium and sta-
bility properties of nonneutral plasma in circumstances where both the
configuration-space dependence and the momentum-space dependence of
the one-particle distribution function f;(x, p,t) play an important role in
determining the properties of the system. Such a kinetic description is
shown to be remarkably tractable in geometries as diverse as: a nonneu-
tral plasma column confined radially by an axial magnetic field Bgé,; a
spheroidal nonneutral plasma confined in Penning-trap geometry, where
axial confinement is produced by applied electrostatic potentials on neigh-
boring conductors; and a relativistic nonneutral electron ring confined by
the combined toroidal and mirror magnetic fields in a modified betatron.
In Chapter 5, the basic equilibrium and stability properties of nonneutral
plasma are investigated in circumstances where the plasma is sufficiently
cold that the evolution of the system can be described by a macroscopic
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model based on the cold-fluid-Maxwell equations. Such a model is partic-
ularly amenable to determining the detailed influence of boundary effects
on collective oscillations and instabilities. Specific examples treated in
this chapter include: electrostatic waves and instabilities in a nonneu-
tral plasma column; two-stream instabilities in relativistic beam-plasma
systems; the influence of self fields on the electromagnetic filamentation
instability; and the equilibrium and collective oscillation properties of
a two-dimensional nonneutral ion plasma confined below the surface of
liquid helium. Chapter 6 investigates basic properties of the ubiquitous
diocotron instability, which is driven by a shear in the flow velocity in
low-density nonneutral plasma. In addition to investigating linear sta-
bility properties, the nonlinear evolution of the diocotron instability is
analyzed for multimode excitation, and the stabilizing influence of elec-
tromagnetic and relativistic effects is examined.

The theoretical techniques and basic principles developed in Chapters 2
through 6 are used in Chapters 7 through 10 to investigate several impor-
tant applications of nonneutral plasmas. Chapter 7 deals with coherent
electromagnetic wave generation by the cyclotron maser instability and
the free electron laser instability, which can occur when a relativistic
electron beam interacts with a uniform magnetic field Bpé, or with a
transverse wiggler magnetic field B,,(x), respectively. These instabilities
exhibit a sensitive dependence on the detailed distribution of particles
in momentum space, and therefore, the (kinetic) treatment in Chapter 7
is based on the Vlasov-Maxwell equations. In Chapter 8, a macroscopic
cold-fluid model is used to investigate the equilibrium and stability prop-
erties of intense nonneutral flow in high power diodes. Particular em-
phasis is placed on: magnetically insulated electron flow; coherent elec-
tromagnetic wave generation by the magnetron instability; magnetically
insulated ion diodes (also known as applied-B ion diodes); and the ion
resonance and transit time instabilities. Chapter 9 deals with the prop-
agation and stability of intense charged particle beams in a solenoidal
focusing field Byé,. Here, the term “solenoidal” (or “solenoid”) is used
to indicate that the applied magnetic field Byé, is in the axial direction,
which is also the direction of beam propagation. The topics covered in
this chapter include: the limiting electron current in a cylindrical drift
cavity; laminar flow equilibria for an intense nonneutral electron beam;
stability of nonneutral electron flow in a one-dimensional drift space; the
transverse stability properties of an intense nonneutral ion beam; and the
resistive hose, sausage and hollowing instabilities for an intense electron
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beam propagating through a dense background plasma. Finally, in Chap-
ter 10, kinetic equilibrium and stability properties are investigated for
an intense nonneutral ion beam propagating in an alternating-gradient
focusing field (e.g., a periodic quadrupole field). The topics covered in
this chapter include: analysis of the orbit and envelope equations includ-
ing self-field effects; the average focusing force and phase advance for
a periodic quadrupole field; the stability of the Kapchinskij-Vladimirskij
equilibrium!?3 for a uniform-density beam; and investigations of the emit-
tance growth due to collective instabilities and space-charge homogeniza-
tion. As would be expected, for sufficiently high beam current, self-field
effects can have a large influence on detailed equilibrium and stability
properties.
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