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Abstract

A high output power source is required for fast, manned exploration of the solar
system, especially the outer planets. Travel times measured in months, not years, will
require high power, lightweight nuclear systems. The mature nuclear concepts of solid-
core fission and fusion Tokamaks do not satisfy the lightweight criteria due to massive
radiators and magnets respectively. An attractive alternative is Inertial Electrostatic
Confinement fusion. This extremely lightweight option has been studied extensively and
to date has produced significant fusion rates of order 10"’ reactions per second, but at low
power gains, no higher than Q = 10™*. The major loss mechanisms for the state-of-the-art
IEC are identified via a detailed reaction rate scaling analysis. The use of a single
cathode grid causes short ion lifetimes and operation at high device pressure for simple
ion generation both fundamentally limit the efficiency of these devices. Several
improvements, including operation at much lower pressure with ion guns and the use of
multiple cathode grids, are verified with particle-in-cell modeling to greatly improve the
efficiency of IECs. These simulations show that the greatly increased confinement
allows for the development of significant collective behavior in the recirculating ions.
The plasma self-organizes from an initially uniform state into a synchronized, pulsing
collection of ion bunches. In simulations, these bunches are observed to be long-lived
with lifetimes on the order of at least a tenth of a second, exceeding 20,000 passes. This
represents a 3 order of magnitude improvement in confinement time and device
efficiency. The synchronization of a bunch is due to the ion-ion interaction and
kinematics of the well-confined IEC. The synchronization between beams is understood
to arise from macroscale ‘collisions’ of bunches coupled with the kinematics of the
device. Further, the collective effects limit the space charge buildup and higher densities
result in violent ejection from the system.

An IEC device which exploits the synchronization effect can achieve high
efficiencies and gain, with fusion as the fastest collision timescale. Despite the potential
of operation at break-even, the total power output is limited by the relatively low
achievable core densities. The immediate application for this work is inexpensive
neutron generators useful for medical, security, research, and industrial applications, but
use much less power than a state-of-the-art IEC. The results of this thesis suggest two
future research directions. First, neutralization of portions of the ion flow could allow
greater densities and increase power output to levels required for space travel. Second,
the idea of using kinematics coupled with ion-ion collisions to control thermalization may
be applied to other plasma confinement concepts.
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Nomenclature

(all units in mks unless otherwise noted)

lin-beam
Lin-tot

Lfusion

I'g—max
Tcat

I.C at-max

= acceptance, ratio of beam radius to beam opening radius

acceptance at a particular grid location

electron charge, 1.602-10™"° Coulombs

energy gained in moving a singly charged ion to the cathode grid
energy released by a fusion reaction

energy of incident particles

space-charge electric field radial to a beam

focusing factor, ratio of core radius to beam radius at cathode
input current per beam

total input current

= portion of input current that fuses

kinetic energy of a singly charged ion at the center of the device
average number of passes (diameters) an ion makes through the device
device background pressure [torr]

number density

core number density

beam number density

number of beams, one beam corresponds to a diameter of the sphere
electrical conversion efficiency

outermost anode radius

cathode radius

local radius of ion beam

core radius

beam radius at a particular grid

opening radius at a particular grid

beam radius at the cathode grid

opening radius in the cathode grid

velocity

velocity of incident particles

velocity at a particular grid location

velocity of ions in the core

relative velocity of two fusing particles

central potential increase of a beam due to space charge

path length

= radial distance from core center to first grid along beam axis
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= first grid radius measured orthogonally to beam axis

= fusion cross-section

= atomic processes cross-section, combination of ionization and charge
exchange

= transparency of grids, fraction of area that is open

= average over core particle distribution

= average over an ion path from anode to core

= percentage of input ions that fuse

= wavelength of an instability

= plasma frequency

= ratio of incident to target particle mass in calculation of core averages
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Chapter 1 Introduction

1.1 Motivation

The exploration and colonization of bodies outside the Earth-moon system will
require large power sources for both propulsion and electricity. In order to enable
moderately sized, fast missions to Mars and the asteroids, the high specific impulse of
electrical propulsion will be necessary, but existing power sources limit the thrust levels.
For manned missions and eventual colonization, massive spacecraft will require even
more power. Solid-core nuclear fission reactors will surely power the first wave of these
power-hungry missions, but they are quite massive and large improvements are necessary
in the mass specific output of power systems. There are a number of candidate
technologies, including gas-core fission reactors, Orion-derivative impulsive schemes,
and magnetically confined fusion reactors.

Inertial Electrostatic Confinement Fusion, IEC, operates by electrostatically
trapping fusion fuel ions in a spherical system of overlapping ion beams. As a spacecraft
power and propulsion system, the low mass of electrostatic grids is vastly superior to
massive magnetic coils required for Tokamaks or magnetic mirror confinement systems.
By utilizing aneutronic fuel cycles, the massive shielding required of neutron-producing
fission or fusion reactors is not necessary. IEC reactors with specific powers in the
range of 1 to 10 kW per kg would reduce the Earth-Mars transit time from 6-8 months

with chemical propulsion to 3 months [1]. A far-term system could reduce this to as little
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as 8 days [2]. The trip times to the outer planets would be reduced to months instead of
years. For slow-moving Earth-Mars cargo, the payload fraction of spacecraft would be
enhanced from 0.3 for chemical to 0.6-0.9 for fusion. The increase for a 3 year Earth-
Jupiter cargo mission is more impressive, increasing from less than 0.1 for chemical to
over 0.8 for fusion.

While the initial motivation of this thesis was space propulsion, unfortunately it is
still far from a viable concept. The sustaining motivation of this work is the interesting
physics that was discovered as the confinement in IECs was improved. Further, the
concept has near-term potential as an improved neutron source, even at the low power
limitations shown later in the work.

1.2 Thesis outline and overview

This thesis is divided into 5 major sections:
Introduction and IEC background
Reaction rate scaling analysis
Multiple grid IEC concept

Synchronization phenomenon
Conclusions

Nk W=

The thesis is writt