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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 1010 reactions per second, but at low 
power gains, no higher than Q = 10-4.  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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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: 

1. Introduction and IEC background 
2. Reaction rate scaling analysis 
3. Multiple grid IEC concept 
4. Synchronization phenomenon 
5. Conclusions 
 
The thesis is written in the same manner in which the research was conducted.  

First, the IEC concept was identified as a promising space fusion reactor technology.  The 

problems with the concept are identified and analyzed in depth.  Solutions to these 

problems are devised and then tested.  Examination of the tests verified most of the 

proposed solutions and uncovered a new phenomenon, namely the synchronization 

process.  This new phenomenon is analyzed and its impact on the IEC determined.  This 

new knowledge points the way to several new research directions, namely the application 

of this phenomenon in other plasma devices. 
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1.3  What is an IEC and how does it work? 

Anode/Vacuum Chamber 
 

Gas feed 

Tungsten Cathode Grid, ~ -50 kV

 

Figure 1.1, General IEC device configuration. 

The general set-up of an IEC is shown in Figure 1.1.  The ions are confined by 

electric fields supported by low mass, spherical grids.  Laboratory systems have grids 

welded from stainless steel and refractory metal wire and the system is enclosed in a 

vacuum chamber.  A space reactor would most likely have grids constructed of metal 

tubes which could support coolant and the system would be open to space vacuum.  Ions 

are created at the anode via a glow discharge, electron impact ionization, or ion guns.  

The ions then fall into the center of the device.  As they converge, fusion occurs between 

ions colliding with each other and with the background gas.  Most of the ions that do not 

fuse on the first pass move towards the anode and are reflected.  Ions then return to the 

core for another pass and this process repeats, yielding many opportunities to fuse.  

Fusion products stream away from the device core and are either collected by a solid wall 

thermal-based energy conversion system or a gridded electrostatic energy conversion 

system [3][4].  In general, the IEC is promising for the simplicity of the concept, its 

inherent low mass, the controllability of reactions, and the suitability to aneutronic fuels 

and direct energetic conversion [16].   
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1.4  History of IEC research 

The IEC concept was invented by Philo T. Farnsworth, the inventor of television. 

His first patent was filed in January 11, 1962, followed by several others [5][6][7].  

Supported by the ITT Corporation, Farnsworth and Hirsch constructed a device which 

used 6 inwardly directed ion guns mounted on a sphere, all injecting into a central cavity 

to produce 1010 neutrons per second in steady state operation using Deuterium gas.  

Despite this early success (their fusion output has yet to be exceeded), the gain of the 

device was quite low, a Q of ~3·10-4 [8][9]. 

On the theoretical side, the central region was predicted to form multiple potential 

wells, space-charge structures called ‘poissors’, basically a series of virtual cathodes and 

anodes which had the ability to trap particles.   The poissors were solutions to the 

spherical Poisson’s equation in absence of angular momentum, or non-radial motion.  

With increasingly more realistic models including varying degrees of angular momentum 

spread, the poissor solutions began to disappear.  The poissor issue is still somewhat open 

as some experiments have detected the presence of at least a double well structure [18].  

Overall, though, the key features of Hirsch’s and other group’s results agree well with a 

beam-background model for IEC fusion by Baxter and Stuart [10].  The neutron rate for 

almost all IEC experiments is observed to be proportional to the current and inversely 

proportional with background gas pressure. 

Beyond the theoretical endeavors, experiments languished until the late 80’s when 

George H. Miley at the Fusion Studies Laboratory at the University of Illinois at Urbana-

Champaign tested a variation of the device based on a glow discharge ion creation 

mechanism.  His group at Illinois developed simplified table-top devices that are 
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generally capable of producing 106 neutrons per second.  The Illinois group has 

performed a large amount of experimental and theoretical work, including 

conceptualization of spacecraft systems relying on favorable power scalings arising from 

the poissor phenomenon.  For near term prospects, they have tried to commercialize the 

devices as neutron generators through the European conglomerate EADS under the name 

‘FusionStar’, but the operating cost of the device is too high due a high electrical demand.  

Recent work includes the development of a Fokker-Planck code to explore core 

convergence and the development of radio-frequency ion sources to facilitate low 

pressure operation [13][18][25]. 

 

Figure 1.2  IEC Nuetron Generator, ‘Fusion Star’, EADS. 

 
The Illinois work was picked up by NASA Marshall Space Flight Center for a 

time and higher power pulse experiments were conducted in order to investigate the 

scaling laws at higher input powers.  The conceptual studies of eventual spacecraft 

reactors rely on a highly favorable non-linear power scaling with input current.  The 

effort is currently mothballed but was successful in showing operation at input current of 

17 Amps at 50 kV with 100 microsecond pulses at 10 Hertz, giving a peak input power of 
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850 kW [25].  Despite this success, not enough work was done to verify the non-linear 

power scaling.   

 At the University of Wisconsin Fusion Technology Institute, a vibrant 

experimental program is investigating the ability of IECs to burn advanced fuels such as 

D-He3 and He3-He3 in steady-state operation.  Their device is quite large and can run at 

very high voltages (>150 kV).  A key focus of the Wisconsin work is the demonstration 

of medical isotope production for positron emission tomography (PET) scans.  Studies on 

advanced ion sources including radio frequency and helicon sources are trying to explore 

the low-pressure operating regime [11][14][15][22]. 

 Related work has been conducted at the Los Alamos National Laboratory.  There, 

an externally driven plasma mode, the periodically oscillating plasma sphere (POPS), is 

being investigated as a way to increase the core density.  Other experiments include 

investigations into electron-based IEC systems and observations of instabilities in those 

systems [12]. 

Several universities outside of the United States including Kyoto University, 

Kansai University, Tokyo Institute of Technology, Kyushu University in Japan and The 

University of Sydney in Australia are working on the IEC as a neutron source[11].  In 

addition, numerous amateur hobbyists have built and tested devices that produce fusion, 

but at lower power and voltage levels then the laboratory efforts.  Several gridless IEC 

concepts have been proposed, including a Penning-trap experiment at Los Alamos 

National Laboratory [12] and a polyhedral magnetic cusp concept by Robert Bussard.  

Bussard’s concept is the subject of several papers and an experiment was funded by the 

Navy, but the results of those experiments have not yet been made public [16][17]. 
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For all this effort, progress has stalled in terms of Q, the ratio of fusion power 

generated to electrical power input.  While most experiments have been in the range of 

Q=10-7, no one has yet to exceed Hirsch’s Q of 3·10-4.  In addition, the neutron 

production rate of Hirsch has only recently been matched by other research groups.  This 

lack of improvement hinders the ability of the device to be used as a long-life, steady-

state (although inefficient) neutron source for radiological experiments.  Furthermore, 

commercialization of small IEC neutron generators has been unsuccessful largely due to 

the high operating cost of the devices, which require kWs of power in comparison to 

small accelerator-based neutron generator tubes which use less than a kW for higher 

neutron output rate. 

If the Q, and thus the electrical efficiency of these devices can be raised by a 

factor of 10-100 as I propose, the IEC will become superior in device lifetime and cost to 

small neutron tubes and superior in safety and output when compared with radiological 

neutron sources such as Californium-252.  Ultimately, if the device can be improved up 

to and surpassing breakeven, it should prove to be an attractive option for space 

propulsion and power. 
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Figure 1.3  Hirsch ITT experiment set-up, cutaway view 

 
 
1.5  Problems with the IEC concept 

Much of the excitement surrounding this idea has been related to the very 

favorable power productions scaling with input current predicted by early theoretical 

efforts.  Additionally, some early experiments showed rate scaling as strong as current to 

the third power, although this was at overall rates much lower than required by eventual 

operational reactors [25].  These scalings are based theoretically on the ability of multiple 

potential wells to trap plasma either so that it can fuse thermally or so that it can serve as 

a target for the recirculating ion beams.  As the density of these trapped ions increases, 

the system output likewise improves.  Unfortunately, these analyses were oversimplified 

and do not account for the main loss mechanisms in the system.  The extrapolation of the 

scaling law from a Q-range of 10-7 all the way up to break-even is incorrect when one 

considers the lifecycle and associated energy losses of ions in the system.  An initial 
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research task was to analyze the ion lifecycle in detail.  Numerous problems with the 

current systems were found to severely limit the fusion gain. 

All of the experiments to date have operated at relatively high pressures, in the 

range of 0.1-50 milliTorr.  The high background gas pressure was required to produce the 

ion beams in significant density.  Not only was the density required for electron 

bombardment to produce enough ions, the background density serves as a plasma target 

for the accelerated ions.  In prior experiments, as the pressure was reduced to sub-

milliTorr ranges, the fusion reactions would decrease below the measurement sensitivity.  

The problem with running at high pressure is that the probability of undergoing a charge 

exchange or ionization reaction is much greater than the probability to fuse.  So while 

increasing the current will increase the neutron production, ultimately it will also increase 

the power losses since ions don’t stick around long enough to fuse.   

The key to achieving a breakeven device is to increase the fraction of ions that 

fuse, to the point where they overwhelm those ions that hit the cathode, which cause an 

energy loss.  Proposed solutions such as high powered pulse operation do nothing to 

address the real issue of increasing the relative fusion probability.  Let us examine briefly 

the other limiting effects on ion lifetime (directly related to its fusion probability). 

All devices to date have used a single cathode grid which accelerates the ions.  

While poissor formation is very dependent on the radial symmetry of the electric fields, 

the cathode grids create large field asphericity near the grid.  This effectively gives the 

radially flowing ions a transverse ‘kick’ every time they pass a cathode grid wire.  

Eventually this non-radial motion builds and causes the ion to go off its radial path and be 

lost to a cathode grid.  This trajectory-effect limits the ion to no more than a few passes 
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for ions that aren’t born very close to the center of a beam path where the transverse 

acceleration is small.  Even ions born exactly on the center of the beam channel between 

grid wires will go ‘off-radial’ in less than 10 passes and strike a grid wire.   

Furthermore, in existing systems, a high voltage stalk carries electricity to the 

inner cathode.  The stalk greatly disturbs the spherical electric fields and this work will 

show that it causes all the trajectories in single grid devices to be limited to only one pass. 

Another loss mechanism for the single grid devices is the unmitigated flow of 

electrons from the device core and cathode grid outwards to the anode or chamber wall.  

These electrons cause an electrical loss as great as the ions.  The electrons are created via 

ionization events in the device core and through emission of secondary electrons when 

ions impact the cathode grids. 

 
1.6  Proposed Solutions 

 The first step towards creating an efficient IEC is to lower the operating pressure 

so that ion lifetimes are no longer limited from atomic collisions.  Now as the ions are 

given the chance to survive for many oscillations in the system, the ion trajectories must 

be confined to beams instead of allowing them to hit the cathodes.   

The trajectories are to be made well-confined by introducing multiple acceleration 

grids, which behave similarly to an immersion lens in accelerators.  The electric fields 

near the cathode now have the effect of focusing the ions instead of defocusing them as 

with a single grid.  Perhaps more importantly for near term improvement, the multiple 

grids effectively shield the asymmetry in the electric field produced by the high voltage 

stalk which supplied the cathode, restoring a quasi-spherical field to the ion beam paths. 
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 As the ions are confined for longer times (thousands to millions of passes) and the 

efficiency of the device increases, the space charge of the recirculation ion beam will 

become a significant source of ion beam thermalization.  The space charge causes the 

beams to gradually expand with time.  It may be possible to compensate some of this 

expansion by adjusting the multiple grid voltages, as is done in accelerators.   

 If the innermost grid actually decelerates the ions before they reach the core, the 

grid exerts a focusing force on the ions and more importantly creates a barrier against 

streaming electrons created in the device core.  Instead of streaming to the anode and 

causing a sizable loss, the electrons are attracted to the much lower potential, causing 

much less losses.  If this internal grid is constructed out a good emitter material such as a 

Tungsten-Tantalum alloy, then it may be possible to create enough secondaries to 

neutralize the incoming beams (much like an ion engine) thereby reducing space charge 

defocusing in the core region where ions are drifting at high density.  This would also 

provide a way to inject electrons into the core region without relying on a high 

background pressure for ionization. 

 A very promising method of increasing the device efficiency is to decrease the ion 

losses by using a diverter setup.  Instead of an ion eventually making its way to the 

cathode grid, the other grids are sized so that if a normally streaming ion would be on its 

way to impact the cathode, it would run into an intermediate grid at higher potential, 

causing less electrical loss.  This would be accomplished by changing the relative size of 

grid wires and voltages between them.  Simulations presented in Chapter 3 show that ions 

can be made to impact the innermost grid of a multiple grid system, where this grid is 

much higher potential than the main cathode grid, thereby reducing the ion power losses. 
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 The difficulty of producting ions at lower background pressures will be somewhat 

countered by the increased confinement properties, since less ion input flux will be 

required.  If pressure is reduced greatly in the pursuit of near break-even operation, it 

may be necessary to transition to ion beams which are created by ion guns outside the 

chamber, where the ion beams are pumped down and injected into the system at low 

kinetic energies. 

The ultimate limiting factor in the IEC system is the ion space charge.  For the 

ions to survive for the millions of passes required for breakeven operation, the 

recirculating ion beam current will become very large and cause the ion beam to be very 

defocusing.  This can be alleviated by reducing the input current and allowing the beams 

to build in strength via recirculation.  Chapter 4 discusses in detail the collective behavior 

that emerges due to the long-lived ion beams and the increased level of space charge.  

The ion beams are observed to self-organize into a system of pulsing bunches that show 

good long-term confinement properties.  The space charge that drives these processes 

also appears to limit the density in the system.  This will have to be eliminated or 

exploited in order for the IEC to produce significant fusion power.   

We begin our quest to improve the IEC by analyzing the reaction rate scaling in 

detail in Chapter 2. 
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Chapter 2  Scaling Analysis 
 
2.1  Introduction 
 

Inertial Electrostatic Confinement Fusion (IEC) devices have produced fusion 

reactions in D-D, D-T, and D-He3 plasma at rates of up to 1010 reactions per second 

[1][9][13][14].  These devices are relatively small, with chamber diameters less than a 

meter, and the research expenses to date have been on a much smaller scale than 

magnetic or target fusion.  The electrical efficiency of IEC systems is still very low 

however, with only milliwatts of fusion power produced for tens of kilowatts input 

electrical power.   

 

Figure 2.1, Multiple grid layout and potential structure along a radial beam path. 

Theory and experiments have suggested that virtual cathodes and anodes can be 

created at the center of these systems, allowing plasma to be electrostatically trapped in 

these regions [9][18].  Proponents of this concept are hopeful that these potential 
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structures will allow favorable, highly non-linear reaction rate dependencies on input 

current and input power.  However, these structures can be defocusing to the ions, 

causing build-up of unwanted non-radial velocity.  By deriving the reaction rate scaling, 

this chapter will show the consequences of operating the device without the benefit or 

hindrance of these structures.  Further, theoretical predictions of virtual cathodes and 

anodes have invoked an idealized spherical symmetry in the device which does not exist 

in gridded devices.  The collection of grids and high voltage stalks create asymmetries 

which do not allow ions to oscillate in the device.  These asymmetries can be exploited, 

however, by using multiple grids to create electrostatic lenses that actually focus the ions 

instead of causing them to deflect away from radial trajectories.  Proposed improvements 

to the IEC are shown in Figure 2.1.  Grids (#4 and #3) are introduced between the anode 

(#5) and cathode (#2) grids to provide electrostatic focusing of the ion beams [19].  In 

addition, a decelerating grid is placed inside the cathode in order to create an electron trap 

(#1), preventing electrons from freely streaming from the core to the anode.  The ion 

density build-up at the device center is no longer an unrealistic, idealized collection of 

shell structures, but it is now the region of overlap from numerous recirculating ion 

beams.  These improvements act to increase the ion lifetime, which from the following 

derivations of reaction rates, is the key to making the device more efficient so as to 

produce net power. 

   

2.2  Reaction rates 
 

Using a gridded IEC, one can estimate the fusion reaction rate by looking at 

contributions of beam-background and beam-beam interactions. Contributions due to 



 30

energetic neutrals produced from charge exchange (CX) collisions will be neglected here 

since they are lost immediately to grids and walls.  The ions created by CX collisions are 

of too low energy to significantly contribute to the reaction rate and will be quickly 

kicked out by the non-radial fields..  The remaining two reaction sources must be 

integrated over the entire vacuum vessel and are given by: 

(2.1) 

The problem is then to define the densities throughout the device volume.  The 

background density is a linear function of pressure at a given gas temperature.  The bulk 

gas in an IEC can be assumed to be at room temperature given a low power input and 

effective cooling of the vacuum vessel to the room temperature.  From the ideal gas law 

and the pressure given in Torr, the background density can be expressed as: 

(2.2) 

The background density is assumed to be uniform throughout the chamber, which 

neglects the possibility of ‘Star’ mode microchannels selectively reducing the pressure 

along the channels.  This is shown by calculation of the characteristic mean free path for 

ionization of the background gas by the accelerated ions.   A peak ionization cross-

section of 2·10-20 m2 and a high estimate of plasma density of 1020 m-3 gives a mean free 

path of 0.5 meters, which is much larger than characteristic beam and core dimensions in 

IEC devices [20].  Advanced systems with very high densities and trapped particle 

populations may however, modify the uniform background gas distribution, but are not 

considered in detail here.   
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 The beam density is given by evaluating the ion beam particle flux: 
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where the ion thermal energy is assumed to be negligible compared to the kinetic energy 

(acquired from the potential field) everywhere except the ion turnaround point at the 

anode.  Also, ‘#p’ is the number of passes an ion makes across the device, a non-

dimensional measure of the ion lifetime.  Thus, at any radial location, the ion distribution 

looks like a spike at the velocity corresponding to the local potential.  This model is made 

to apply to a system in which ions are not yet confined to the point where thermalization 

of the ion energy is important.  Thermalization here means the transfer of the ion radial 

kinetic energy into the transverse direction.  Additionally, thermalization includes the 

upscattering and downscattering of energy in the radial direction.  A break-even system 

would have ion beam thermalization, but current experiments do not yet confine ions 

long enough for this to occur.  The ions are assumed to oscillate an average number of 

times through the system, and the beams are then populated by the recirculating ions such 

that the average number of passes multiplies the beam density. 

This treatment also assumes that only ions that are traveling along the beam paths 

and have not undergone a collision are still ‘confined’.  Ions that are not traveling on 

these quasi-radial trajectories due to collisions have a greatly reduced probability for 

fusion and are considered to be lost.  Treating the average number of passes as a metric 

for ion confinement is acceptable provided that ion confinement limits the ion lifetime.  

The ion lifetime can also be limited by other processes such as charge exchange, 



 32

ionization, and fusion.  This will be shown later to be essential in understanding the 

performance of experiments to date.  

 The core density can similarly be written as the general beam density evaluated at 

the core position, but now multiplied by the number of beams that overlap in the core 

region. 
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2.3  Beam-background reactions 

 The beam-background interactions are assumed to involve stationary neutrals, 

which is valid given that the wall temperature limits the temperature of the neutrals.  

With low input power, the wall can easily be kept cool.  Even at elevated wall and grid 

temperatures (1000’s of K) present in break-even reactors the neutral velocities are 

negligible compared to the charged particle velocities (keV’s) and can be taken as 

stationary.  Therefore, the relative velocity is given by the ion energy, which is a function 

of the position in the potential.  The space charge of the ions is neglected and the 

potential is that of the background fields.  The same relative velocity also defines the 

fusion cross-section.  The beam-background contribution is evaluated over the volume of 

one beam and multiplied by the number of beams, as shown below in Equation (2.5). 
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 The expressions for density can be substituted, yielding an expression where the 

dependence on the radius of the beams is eliminated and the spatial dependence is 

reduced to an integral of the cross-section over the path length.  The total input current is 
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given by multiplying the input current per beam by the number of beams.  Making these 

substitutions, the result is a linear dependence on input current and background pressure, 

for a given confinement time (number of passes).   

(2.6) 

 

  The spatial dependence can be further simplified by assuming that the cross-

section for fusion is negligible outside the cathode grid due to the 1
r
-  potential rise and 

quickly reduced energy of the ions.  If the incoming ion beams are neutralized as they 

enter the cathode, they will drift through the center region with constant velocity, 

assuming that the core electrons are cool enough as to not create a potential well.  Thus, 

the velocity and fusion cross-section will be constant within the cathode of the device.  

Under these assumptions, the beam-background reaction rate is given by: 
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 Below in Figure 2.2, the fusion cross-sections for a few of the reactions of interest 

are given [21].  Equation (2.7) is strictly valid for only a single species reaction such as 

D-D.  Corrections for multiple species can be found by summing the interactions of each 

species with all the others. 
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Figure 2.2, Target particle fusion cross-sections as a function of incident 

particle kinetic energy [21] 

 
2.4  Beam-beam reaction in the device core 
 

The beam-beam interaction can be divided into two parts, 1) in the dense core, 

and 2) in the ‘spokes’ formed by the counter-streaming beams, as shown in Figure 2.3.  

The dense core can be modeled as a region of ‘overlap’ of many converging beams, each 

with a specific radius.  Given the long mean free paths for fusion and ion-ion scattering 

cross-sections at fusion relevant energies (greater than 25 keV), the beams will only 

weakly couple via collisions.  A quick estimate of the ion-ion collision mean free path 

can be taken by using the standard expression for thermal ion-ion collision frequency.  

Using high estimates of deuterium ion density of 1020 m-3, energy and temperature equal 

to 25 keV and a Coulomb logarithm of 15 yields a mean-free path for ion-ion collisions 

of 5·105 meters.  For a characteristic device diameter of 0.5 meters, this equals 1 million 

passes.  Fusion mean free paths can be estimated with a density of 1020 m-3 and a peak 
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cross-section of 1 barn (10-28 m-2), yielding 108 meters or 200 million passes through our 

characteristic device.  Current state-of-the-art confinement is well below these levels, in 

the 10 pass area and this thesis deals with the effect of increasing that to 1000 - 10000 

passes.  Since this model looks to explain and extend the current state of the art, not 

exactly describe a break-even system, the ion-ion collisions can be taken to be a weak 

interaction mechanism. 

 

Figure 2.3, Model of 2 crossing ion beams and core size as a result of beam compression. 
 

The other method of ion interaction would be space charge structures.  In a device 

with no neutralization, the incoming ions will tend to produce significant regions of space 

charge, producing the alternating virtual anodes and cathodes called “poissors” as 

predicted by Farnsworth [5] and observed in experimental efforts [18].  In the current 

effort to reduce the defocusing effects of these space charge structures, an electron cloud 

is trapped within the cathode grid in order to neutralize the incoming ion beams.  This 

innovation should greatly reduce the build-up of space charge at the device core, and 

allow the core regions to be simply modeled as a region of beam overlap.  The overall 

applicability of this model to prior experiments is still good due to the fact that no prior 

IEC experiments have found evidence of significant beam-beam fusion reactions, so most 

of the important relations for prior work reside in the beam-background term.  Given a 
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sufficient number of constant density profile beams, the core is well modeled as a 

uniform density region with a spherical boundary, radius = ‘rc’.  The total fusion reaction 

rate in the core volume is given by: 
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Substitute the core density Equation (2.4) into Equation (2.8) and simplify: 
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In the core an isotropic velocity distribution exists where every ion has the same 

radial velocity evenly distributed across all angles.  The non-radial components of 

velocity are assumed to be zero for each ion in the core. The fusion cross-section must be 

averaged since the relative velocity of ions varies from head-on to glancing collisions.  

This value is given by averaging over all the target ions, which are spread uniformly over 

a sphere in velocity space, as shown in Figure 2.4. 

 

Figure 2.4, Diagram of collisions in a uniform core, for averaging over core population. 
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 The relative velocity between the incident and target particles of equal kinetic 

energy is found by applying the law of cosines, with the mass ratio of the incident and 

target particles defined as ‘µ’. 
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 The calculations presented here follow from the NRL Formulary and the cross-

sections fitted by Duane coefficients provided there [21].  The cross-section is defined in 

terms of the kinetic energy of the incident particle hitting a stationary target field. 
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 (2.11) 

where the fusion cross section is a function of the proper energy in units of keV, and the 

case of identical particles yields a simpler expression.  The core averages for D-T, D-D 

(the tritium/proton branch), and D-He3 are shown in Figure 2.5.  The maximum ‘<�1v>’ 

for the D-T reaction was found to be 1.05·10-21 m3/sec at a core potential of 84 keV.  The 

maximum ‘<�1v>’ for the D-He3 reaction was found to be 2.90·10-22 m3/sec at a core 

potential of 313 keV.  The results agree very well with Rider’s Ph.D. Thesis figures and 

tables (who used a similar approach) [27], and the peak values agree well with numbers 

presented in Nevins’ paper [28], although at different core energies.    
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Figure 2.5, Core averaged product of cross-section and relative velocity for D-T, D-D, 

and D-He3 reactions over a range of core ion kinetic energies. 

 
2.5  Beam-beam reactions outside of the core 

The beam-beam contribution from the spokes is found by integrating over the 

volume of a given spoke:   
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where the beams are assumed to collide head-on with the relative velocity of a collision 

given by twice the single particle’s velocity at that position, x, along the path.  This is 
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valid for the non-relativistic acceleration of ions where a characteristic ion speed is 

~2·106 m/s for Deuterium at a kinetic energy of 50 keV.  In the regime of a low number 

of passes, the ion velocity can be assumed to be only a function of the potential field and 

thus the path.  Similarly, the cross-section can be evaluated at a given position with the 

relative velocity at that location.  Here again, these simplifications would break down for 

ions undergoing enough passes so as to experience a few ion-ion scattering events and 

thereby lose energy and possibly gain significant non-radial velocity components, 

causing the ions to be no longer ‘in’ the beam.  Also, the beam is assumed to possess a 

constant density profile and have a beam radius which varies with distance from the 

center of the sphere, x.  Then substitute for the beam density, Equation (2.3), and 

simplify: 
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Notice that the region immediately outside of the cathode can contribute to the 

fusion rate since ions are counter streaming there at high velocity, at essentially the same 

fusion conditions as immediately inside the cathode grid.  Despite this fact, the rate 

quickly drops off as the potential outside the cathode rises, and for clarity, this region of 

fusion production will be ignored here as a conservative estimate.  The upper limit of the 

integral in Equation (2.13) then becomes the cathode radius. 

The effect of beam compression can be captured by considering the beam radius 

to be a linear function of axial beam position inside the cathode as shown in Figure 2.3.  

Beam compression or expansion could be produced by focusing properties of the 
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electrodes and the space charge of the beam, with the beam shaped as in a linear 

accelerator.  The beam radius can then be written as: 
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Then let the beam radial focusing factor be the ratio of the beam radius at the 

cathode grid to the beam radius at the device center. 
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If the region within the cathode is assumed to be at constant potential, the ions 

will drift through this region.  This situation is assumed for ion beams that are adequately 

neutralized by an electron source within the cathode grid.  A trapping potential difference 

exists on the cathode grids (grids #1 and #2 in Figure 2.1) first to contain streaming 

electrons and prevent them from being lost to the anode wall or grid [1], and secondly to 

confine a near-thermal neutralizing population of electrons.  The neutralizing ability of 

these electrons is an ongoing area of research, with similarities to the neutralizers in 

Kaufman-type ion engines.  This model for beam-beam interactions would not be strictly 

valid for most prior IEC devices because potential structures are allowed to develop 

within the cathodes as a result of charge imbalance and electrons were freely lost to the 

anode.  As long as the trapped electron population remains near the grid temperature at 

standard densities (1015 to 1020 m-3), the potential produced by this cloud will not have a 

significant impact on the ion velocities within the cathode.  In advanced devices, 

especially those without grids, a trapped electron cloud that has gained significant 

temperature due to ion-heating could be made to produce its own confining well, with 

more complex ion dynamics. The drifting ion assumption thus allows the velocity and 


