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Improved Confinement in Inertial Electrostatic Confinement
for Fusion Space Power Reactors

T. J. McGuire∗ and R. J. Sedwick†
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Multiple improvements to the inertial-electrostatic-confinement (IEC) fusion concept are presented. Prior efforts
have consisted of considerable theoretical effort and numerous ground experiments resulting in the fusion of D-D,
D-T, and D-3He at rates on the order of 1010 reactions per second. Theory developed in the paper shows that
prior experiments, which observed a linear relationship between reaction rate and background pressure, were
“confinement” limited. With improved ion confinement, the reaction rate and the pressure should decouple at
high pressure where the beam-beam reactions are not yet dominant. Highly efficient beam-beam reaction rates
are found to dominate the total reaction rate as ion lifetime is increased. The ion lifetime is limited mainly by
collisions with background particles and by defocusing. The naturally low background pressure available in the
space environment effectively eliminates background pressure as a constraint on ion lifetime, leaving defocusing
as the main ion lifetime limiter. To improve ion confinement, multiple grids are introduced to produce focusing
channels for ions. The other main loss mechanism is electrons streaming from the core region to the anode. An
additional grid is placed within the cathode, providing a central trap for core electrons. Theory predicts that
improvements in confinement should be verifiable using existing relatively high-pressure ground systems and the
proposed experiment design is presented. The buildup of space charge in the focusing lenses is used to estimate
improvements in confinement from < 10 passes to the order of 1000 passes, boosting the performance of IEC reactors
by two orders of magnitude, yielding in the near term, a fast neutron source suitable for medical, security, research,
and industrial applications. Further increases of confinement will enable net power production in reactors ideally
suited for spacecraft power production as a result of low system mass in comparison to magnetic confinement
fusion.

Nomenclature
Ac = acceptance, ratio of beam radius to beam

opening radius
Ag = acceptance at a particular grid location
Ecat = energy to move a singly charged ion to the

cathode grid, eV
Efusion = energy released by a fusion reaction, eV
Er = space-charge electric field radial to a beam, mks
e = electron charge, 1.602 × 10−19C
F = focusing factor, ratio of core radius to beam radius

at cathode
ifusion = portion of input current that fuses, mks
iin-beam = input current per beam, mks
iin-tot = total input current, mks
KE0 = kinetic energy of a singly charged ion at the center

of the device, eV
N = number of beams, one beam corresponds

to a diameter of the sphere
n = number density, mks
nbeam = beam number density, mks
ncore = core number density, mks
ptorr = device background pressure, torr
Ra = outermost anode radius, mks
Rcat = cathode radius, mks
r = local radius of ion beam, mks
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rc = core radius, mks
rcat = beam radius at the cathode grid, mks
rcat-max = opening radius in the cathode grid, mks
rg = beam radius at a particular grid, mks
rg-max = opening radius at a particular grid, mks
Vgo = central potential increase of a beam caused

by space charge
v = velocity, mks
vcore = velocity of ions in the core, mks
vg = velocity at a particular grid location, mks
vrel = relative velocity of two fusing particles, mks
x = path length, mks
η = electrical conversion efficiency
λ = wavelength of an instability, mks
σa = atomic processes cross section, combination of

ionization and charge exchange, mks
σfus = fusion cross section, mks
� = transparency of grids, fraction of area

that is open
ωp = plasma frequency, mks
#p = average number of passes (diameters) an ion makes

through the device
% f = percentage of input ions that fuse
〈 〉c = average over core particle distribution, mks
〈 〉p = average over an ion path from anode to core, mks

Introduction

I NERTIAL-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.1−4 These
devices are relatively small, with chamber diameters less than a me-
ter, 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 fu-
sion power produced for tens of kilowatts input electrical power.
They are promising for the simplicity of the concept, the controlla-
bility of reactions, and the suitability to aneutronic fuels and direct
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Fig. 1 General IEC device configuration.

Fig. 2 Multiple grid layout and potential structure along a radial beam
path.

energetic conversion.5 As a spacecraft power and propulsion system,
the low mass of electrostatic grids is vastly superior to massive mag-
netic 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 nec-
essary. Also, a significant political advantage over radioisotope ther-
mal generators is the ability to launch a totally nonreactive system.

The general setup of an IEC is shown in Fig. 1. The ions are
confined by electric fields supported by low-mass, spherical grids.
Laboratory systems have grids welded from stainless 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 that 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, as shown in Fig. 2.

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.2,6 Proponents of this
concept are hopeful that these potential structures will allow for
favorable, highly nonlinear reaction rate dependencies on input cur-
rent and input power. However, these structures can be defocusing to
the ions, causing buildup of unwanted nonradial velocity. By deriv-
ing the reaction-rate scaling, this paper 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
that does not exist in gridded devices. The collection of grids and
high-voltage stalks creates asymmetries that do not allow ions to os-
cillate 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 Fig. 2.

Grids (4 and 3) are introduced between the anode (#5) and cath-
ode (2) grids to provide electrostatic focusing of the ion beams.7

In addition, a decelerating grid is placed inside the cathode in or-
der to create an electron trap (1), preventing electrons from freely
streaming from the core to the anode. The ion density buildup 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.

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 caused by energetic neutrals produced
from charge-exchange (CX) collisions will be neglected here be-
cause 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. The remaining two reaction sources must be
integrated over the entire vacuum vessel and are given by

ṙ =
∫

V

nback nbeam(σfusv)beam/back + n2
beam

4
(σfusv)beam/beam dV (1)

The problem is then to define the densities throughout the device
volume. The background density is a linear function with 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

nback = 3.218 × 1022 · ptorr (2)

The background density is assumed to be uniform through-
out the chamber, which neglects the possibility of ‘Star’ mode
microchannels3 selectively reducing the pressure along the chan-
nels. 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 m,
which is much larger than characteristic beam and core dimensions
in IEC devices.8 Advanced systems with very high densities and
trapped particle populations might, however, modify the uniform
background gas distribution, but are not considered in detail here.

The beam density is given by evaluating the ion beam particle
flux:

nbeam = iin-beam#p

evA
= iin-beam#p

e
√

[2eEeV (x)/mi ] πr 2(x)
(3)

where the ion thermal energy is assumed to be negligible compared
to the kinetic energy acquired from the potential field. 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. A
break-even system would have ion beam thermalization, but cur-
rent 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 recir-
culating 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 “con-
fined”. Ions that are not traveling on these quasi-radial trajectories
caused by 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 con-
finement limits the ion lifetime. The ion lifetime can also be limited
by other processes such as charge exchange, ionization, and fusion.
This will be shown later to be essential in understanding the perfor-
mance of experiments to date.
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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.

ncore = Niin-beam#p

e
√

(2eEeV-core/mi )πr 2
c

(4)

Beam-Background Reactions
The beam-background interactions are assumed to involve sta-

tionary neutrals, which is valid given that the wall temperature lim-
its the temperature of the neutrals. With low input power, the wall
can easily be kept cool. Even at elevated wall and grid temperatures
(1000s of K) present in break-even reactors, the neutral velocities
are negligible compared to the charged particle velocities (keVs) 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 po-
tential. The same relative velocity 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
in Eq. (5):

ṙbeam-back = 2π N

∫ Ra

0

nbeamnbackσfus(x)v(x)r(x)2 dx (5)

The expressions for density can be substituted, yielding an expres-
sion 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 given by mul-
tiplying 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).

ṙbeam-back = (
iin-tot#p · 6.436 × 1022 · ptorr

)/
e

∫ Ra

0

σfus(x) dx (6)

The spatial dependence can be further simplified by assuming
that the cross section for fusion is negligible outside the cathode
grid as a result of 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 de-
vice. Under these assumptions, the beam-background reaction rate is
given by

ṙbeam-back = [(
iin-tot#p · 6.436 × 1022 · ptorr

)/
e
]
σfus(KE0)Rcat (7)

In Fig. 3, the fusion cross sections for a few of the reactions of
interest are given.9 Equation (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 of the
others.

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 counterstream-
ing beams, as shown in Fig. 4. The dense core can be modeled as
a region of overlap of many converging beams, each with a spe-
cific 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 us-
ing 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 m. For
a characteristic device diameter of 0.5 m, this equals one million
passes. Fusion mean free paths can be estimated with a density of
1020 m−3 and a peak cross section of 1 barn (10−28 m−2), yielding

Fig. 3 Target fusion cross sections as a function of incident particle
kinetic energy.9

Fig. 4 Model of two crossing ion beams and core size as a result of
beam compression.

108 m or 200 million passes through our characteristic device. Cur-
rent state-of-the-art confinement is well below these levels, in the
10-pass area, and this paper deals with the effect of increasing that
to 1000 to 10,000 passes. Because 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.

The other method of ion interaction would be space-charge struc-
tures. In a device with no neutralization, the incoming ions will tend
to produce significant regions of space charge, producing the alter-
nating virtual anodes and cathodes called “poissors” as predicted
by Farnsworth10 and observed in numerous experimental efforts.6

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 buildup 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 because no prior IEC experiments have found evidence
of significant beam-beam fusion reactions, so that most of the im-
portant relations for prior work reside in the beam-background term.
Given a sufficient number of constant density profile beams, the core
is well modeled as a uniform density region with spherical boundary
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Fig. 5 Diagram of collisions in a uniform core, for averaging over core
population.

of radius. The total fusion reaction rate in the core volume is given
by

ṙbeam-core = 4
3 πr 3

c · (n2
core

/
4
)〈σfusv〉c (8)

Substitute the core density Eq. (4) into Eq. (8) and simplify:

ṙbeam-core = i2
in-tot #p2

3πe2rcv2
c

〈σfusv〉c (9)

In the core, the fusion cross section must be averaged over an
isotropic velocity distribution because the relative velocity of ions
varies from head-on to glancing collisions. This value is given by
averaging over all of the target ions, which are spread uniformly
over a sphere in velocity space, as shown in Fig. 5.

〈σfusv〉 = 1

S A

∫
σv dA = 1

4πv2
core

∫ π

0

σ(vrel)vrel 2πv2
c sin θ dθ

vrel = 2vcore sin
(

θ

2

)

〈σfusv〉 = vcore

∫ π

0

σ

[
2vcore sin

(
θ

2

)]
sin

(
θ

2

)
sin θ dθ

= vcore

∫ π

0

σ

[
4KE0 sin2

(
θ

2

)]
sin

(
θ

2

)
sin θ dθ (10)

where the fusion cross section can be evaluated with either the core
velocity or energy. This treatment is only valid for single species
reactions such as D-D as shown in Fig. 6, but can be similarly derived
for species of different charge and mass.

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:

ṙbeam-spokes = 2N

∫ Ra

rc

∫
S

n2
beam

4
〈σfus(x)v(x)〉beam-beam dA dx

= 2π N

∫ Ra

rc

n2
beam

4
σfus[2v(x)] 2v(x)r(x)2 dx (11)

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 valid for the nonrelativistic
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

Fig. 6 Core-averaged product of cross section and relative velocity for
D-D reaction over a range of core ion kinetic energies.

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 nonradial 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 that varies with
distance from the center of the sphere x . Then substitute for the
beam density, Eq. (3), and simplify

ṙbeam-spokes = Ni2
in-beam #p2

πe2

∫ Ra

rc

σfus(x)

v(x)r(x)2
dx (12)

Notice that the region immediately outside of the cathode can con-
tribute to the fusion rate because ions are counterstreaming there at
high velocity, at essentially the same fusion conditions as immedi-
ately 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 Eq. (12) then becomes
the cathode radius.

The effect of beam compression can be captured by consider-
ing the beam radius to be a linear function of axial beam position
inside the cathode as shown in Fig. 3. Beam compression or expan-
sion could be produced by focusing properties of the 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

r(x) = rc + [(rcat − rc)/Rcat]x (13)

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.

F = rcat/rc (14)

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 elec-
tron source within the cathode grid. A trapping potential difference
exists on the cathode grids (grids 1 and 2 in Fig. 2): first to contain
streaming electrons and prevent them from being lost to the an-
ode wall or grid,1 and second to confine a near-thermal neutralizing
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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 interac-
tions 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 poten-
tial 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 signif-
icant temperature caused by ion heating could be made to produce
its own confining well, with more complex ion dynamics. The drift-
ing ion assumption thus allows the velocity and cross section to be
taken outside the integral as constants. By substituting Eq. (13) into
Eq. (12) and simplifying, the beam-beam fusion rate in the spokes
can be written as

ṙbeam-spokes = i2
in-tot#p2σfus(4KE0)

πe2 Nvcore

∫ Rc

rc

1{
rc + [(rcat − rc)/Rcat]x

}2
dx

ṙbeam-spokes = i2
in-tot #p2σfus(4KE0)

πe2 Nvcore

1

rc rcat

Rcat − rc

1 + (rcat − rc)/Rcat
(15)

Substitute in Eq. (14) for the focusing factor, Eq. (14):

ṙbeam-spokes = i2
in-tot#p2

πe2vcore

σfus(4KE0)

Nrcat

Rcat

rc

1 − rcat/Rcat F

1 + (rcat/Rcat)(1 − 1/F)

(16)

If many beams are used (N � 1), the number of beams and the
cathode radius can be related to the maximum beam radius at the
cathode by writing a ratio of surface areas. Also, let the acceptance
be the ratio between the beam radius and the beam opening radius.

rcat-max = Rcat

√
2�/N , rcat = Ac rcat-max (17)

where � is calculated to be ∼91.7% for a hexagonal packing of cir-
cles on a plane and the noncircle area taken to be the grid. Greater
transparencies are possible for noncircular beam openings, for ex-
ample, constructed of thin wires or tubes forming polygonal facets
on a sphere. By substituting these relations into Eq. (16), assem-
bling and simplifying the complete reaction caused by all of the rate
components, Eqs. (16), (10), and (7), the total rate is

ṙ = iin-tot #p · 6.436 × 1022 · ptorr

e
σfus(KE0)Rcat

+ i2
in-tot#p2

πe2vcore

1

Rcat Ac

√
2�

[ 〈σfusv〉
3vcore

F
√

N

+ σfus(4KE0)

Ac

√
2�

1 − (Ac/F)
√

2�/N

1 + Ac
√

2�/N (1 − 1/F)

]
(18)

The first term in Eq. (18) is the reaction rate caused by beam-
background interactions. The second term in the equation shows
the combined beam-beam reaction rate as a result of beam-core
and beam-spoke interactions, respectively. Notice that only the
core beam-beam rate term scales strongly with the focusing factor,
whereas the beam-background and spoke contributions are unaf-
fected by focusing. Also, the core has a fairly important square-
root dependence on the number of beams, but the spokes are only
weakly dependent on the number of beams. The input current and
confinement for the beam-beam term have a quadratic dependence.
This strong scaling has been the historical impetus for high current
pulsed experiments, as it is hoped that the fusion rate will increase
faster than the ion losses with favorable scaling laws. As for geom-
etry, the beam-background term scales linearly with the device size,
specifically the cathode radius. The beam-beam terms however can
be rewritten to show that the key geometrical scaling is an inverse
relation to core size. For a given focusing factor, the beam-beam

reaction rate is then inversely related to cathode radius. This would
suggest that if focusing cannot be easily controlled it would be easier
to produce highly reactive cores in smaller devices.

Relative Importance of Beam-Background to Beam-Beam Reactions
The ratio of beam-background fusion reactions to beam-beam

fusion reactions can be calculated:

ṙbeam-back

ṙbeam-beam
= 6.436 × 1022 · ptorrπeR2

catvcore Ac

√
2�

/

{
iin-tot#p · F

[ 〈σfusv〉
σfus(KE0)

√
N

3vcore
+ σfus(4KE0)

σfus(KE0)

1

Ac

√
2�

× 1 − (Ac/F)
√

2�/N

1 + Ac
√

2�/N (1 − 1/F)

]}

(19)

For the favorable beam-beam reaction scaling to dominate the
reaction rate, this ratio must be less than one. This condition is met
by decreasing the operating pressure, making the device smaller,
increasing the input current, increasing the ion confinement, and
increasing the focusing F . The ratio is a weaker function of the
cathode potential and number of beams. Although this suggests that
high-power, pulsed experiments might be a viable way to explore
the beam-beam scaling, the ion confinement term will be shown
later in this paper to be inversely dependent on the input current
when the space charge of the beams becomes important. To examine
beam-beam interactions while avoiding this limiting mechanism, it
seems favorable instead to operate at lower pressures with better
confinement.

Distribution of Beam-Beam Fusion Rates
The distribution of beam-beam fusion reactions between fusion

in the core and the spokes can be found by looking at the ratio of
these two terms.

ṙbeam-core

ṙbeam-spokes
= 〈σ f v〉

vcσ f (4KE0)

√
N Ac

√
2�

3

× 1 + Ac
√

2�/N (1 − 1/F)

1 − (Ac/F)
√

2�/N
(20)

This ratio describes the relative reactivity of the core and how well
the device approximates a point source. When expressing the right-
hand side as a product of three fractions, the first and third fractions
in the preceding expression are of order one, and the most important
variable in the second fraction is the square root of the number of
beams. When the number of beams is low, as on many experiments
to date, the beam-beam fusion rate is spread out over the cathode
volume. However, this effect was not observed in prior experiments
to date because the background rate swamped any signal from the
beam-beam fusion rate. As N gets large, the beam-beam fusion
is more localized to the core, which should be generally desirable
for designing low-loss energy conversion systems where streaming
reaction products are least likely to impact grids before exiting the
semitransparent system.

Break-Even Operation
Working from the reaction-rate expressions, there appear to be

two main methods to increase the fusion rate: 1) a large system
geared towards beam-background operation and 2) a small, low-
pressure system geared towards beam-beam reactions. The system
gain, the ratio of fusion energy produced to input energy Q will be
the deciding factor between these two approaches. It will be shown
that the confinement time for this model is the key variable for
determining the system gain and that only the low-pressure system
will lead to a viable, high Q device.

The two main loss mechanisms for a gridded IEC are ions im-
pacting the cathode grids and electrons streaming to the anode grids.
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Ions impacting the cathode act to raise the potential of that grid, and
some energy must be expended to remove that ion’s charge and
maintain the potential on that grid. Also, the impacting ions can
cause the emission of secondary electrons, which are then lost to
the anode. Although the secondary emission of electrons has been
an important loss mechanism in IEC experiments to date, the elec-
tron trapping grids used in this concept are assumed to eliminate the
electron streaming loss. This effect was experimentally observed in
Hirsch’s work, in which a secondary cathode grid biased to a poten-
tial on the order of 1 kV effectively halted the streaming electron
current.1 Many different mechanisms deviate the ions from purely
radial paths and cause them to impact the cathode grid. These in-
clude tangential forces from the grids themselves, tangential forces
from the ion beam space charge, ionization and charge exchange
with the background neutrals, high-angle scattering collisions with
other ions, ion thermalization within the beams, and direct impact
of ions unfortunate enough to be produced on a path leading directly
to a grid. A simple expression for the gain can be written looking at
the frequencies and associated energy losses for these mechanisms
in comparison to the fusion reactions, assuming the electron loss
can be effectively halted by the trapping grids.

Q = Pelec/Pin = (ηEfusion/Ecat)[ṙfusion/(iin-tot/e − ifusion/e)] (21)

where the fraction of input current that fuses is related by

ifusion/e = 2ṙfusion = % f × iin-tot/e (22)

Solve for the percentage that fuse:

% f = 1/[(1/2Q)η(Efusion/Ecat) + 1] � (Ecat/Efusion)(2Q/η)

for Q ≤ 10

(23)

Table 1 shows the calculation of the fraction of ions that must fuse
to maintain Q = 1 and Q = 5 for various fusion fuels, given an
electrical conversion efficiency of 35%. The value of η = 0.35 is
assumed here in all cases, although this value could be as high as
0.85 for direct electrical conversion of aneutronic fuels.

The conditions for Q = 1 and Q = 5 are calculated because a
working system would need a gain considerably greater than one
to account for overall system inefficiencies. These fractions range
from 1 to 50%, indicating that the fusion timescale must be similar
to, if not less than the loss timescales. In other words, if half of
the input ions are to fuse, the timescale for fusion should be equal
to the timescale for the loss routes. The limiting number of passes
through the device can be found for each process in the system,
including fusion, high angle ion scattering, and atomic processes
such as charge exchange, ionization, and recombination. Simple
collision cross-section models give these timescales as

τ = 1/nσv, #p = 1

/
2

∫ Ra

0

ntargetsσ dx (24)

As a conservative approximation, the atomic processes can be
assumed to cause irreparable damage to a candidate ion, rendering
it unable to fuse by disrupting its energy and/or trajectory. In reality,
some nonfusion reactions will act to gradually reduce the energy
of an ion. The atomic processes then severely limit the lifetime of
an ion as a result of the huge difference in cross sections between
fusion and atomic processes and the high background pressure in

Table 1 Required ion fusion rates for various fuels, η = 0.35

Fuel Efusion, MeV Eion, keV %f, Q = 1 %f, Q = 5

D-T 17.6 50 0.0160 0.0751
D-D 3.65 100 0.1354 0.439
D-He3 18.3 100 0.0303 0.135

most of the experiments to date. The ratio of the fusion and atomic
timescales is then given by

τfusion/τa = (Ra/rc)(σa/σfusion)(nback/ncore) (25)

where the geometrical scaling occurs because the majority of fusion
reactions are occurring in the dense core rc and atomic processes
occur throughout the device volume Ra . For this ratio to be less than
one, core number density must outweigh the background density by
the combined factors of geometry and cross section. Even under
these conservative approximations, for the fusion to dominate the
core density should be ∼10 orders higher than the background.
All IEC experiments to date have used operating pressures greater
than 10−5 torr and have not operated near this state.1,3,11 This also
shows that increasing the beam-background reactions is not a viable
way to increase Q because it relies on a high background density
to achieve significant fusion output. To determine if beam-beam
operation is viable, the prominent mechanisms limiting confinement
are examined.

Pressure Limited Ion Confinement
Recognizing that the atomic processes will often be the limiting

factor for ion lifetime in experiments with relatively high back-
ground pressure, the number of passes can be expressed as a path-
averaged expression of the atomic cross sections and density in
terms of pressure:

#p = 1

/
2nback

∫ Ra

0

σa(x) dx

= 1/2nback Ra〈σa〉p = 1
/(

6.436 × 1022 Ra ptorr〈σa〉p

)
(26)

The atomic cross sections for deuterium will be nearly identical
to those of hydrogen, plotted in Fig. 7. At thermal energies the cross
section is about 5e−19 m2 and is dominated by charge exchange. As
fusion energies are achieved, ionization becomes more important,
and the cross section is reduced to about 1e−20 m2. The path average
of the cross section depends on the velocities caused by the specific
device potential profile. The potential profile will be assumed to be
constant (as shown in Fig. 2) inside the cathode and approximated
as 1/r between the anode and cathode.

Fig. 7 Charge exchange and ionization cross sections for Hydrogen,
H+H0 (Ref. 8).
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v =
√

2eE(x)

mi
E(x) = Ra Rc(Ecat − Ea)

(Ra − Rc)x
+ Ea Ra − Ecat Rc

Ra − Rc
(27)

The thermal velocity of the ions is assumed to be small, and the
kinetic energy of the ion at the anode Ea is assumed to be equal
to room-temperature thermal energy of 0.025 eV. The effect of ele-
vated wall or grid temperatures in eventual space reactors is small
and favorable, slightly reducing the atomic cross sections. Char-
acteristic device sizes of a cathode radius of 10 cm and an anode
radius of 50 cm are used. The total path-averaged cross section can
be numerically integrated to obtain 〈σa〉p ≈ 1 × 10−19 m2 for deu-
terium in a 50-kV well and 〈σa〉p ≈ 8 × 10−20 m2 for deuterium in a
100-kV well.

IEC experiments to date have operated with a deuterium-
deuterium reaction at fairly high pressures, ranging from 0.01 to
10 mTorr (Refs. 2 and 3) and anode radii of about 50 cm. From
Eq. (26), the atomic cross sections just discussed, and typical pa-
rameters of p = 1 mTorr, 50-kV well, and 10-cm radii, ions make
only 1.6 passes before being degraded by charge exchange and ion-
ization. If the only limitation to the number of passes were atomic
processes, one could write the reaction rate, Eq. (18), independently
of confinement time by substituting Eq. (26).

ṙ = iin-tot

e

σfus(KE0)

〈σa〉p

Rcat

Ra

+ i2
in-tot

πe2vcore

( 1

6.436 × 1022 Ra ptorr〈σa〉p

)2 F

Rcat Ac

√
2�

×
[

〈σfusv〉
3vcore

√
N + σfus(4KE0)

Ac

√
2�

1 − (Ac/F)
√

2�/N

1 + Ac
√

2�/N (1 − 1/F)

]

(28)

This equation for purely pressure-limited confinement predicts
that the beam-background term is independent of pressure and lin-
ear with current. Also, the beam-beam contribution is quadratic with
current and is inversely related to the square of pressure. Early results
from Hirsch showed the reaction rate to increase with lower pres-
sures, which suggested significant particle trapping in virtual anodes
and cathodes.1 However in the extensive follow-on IEC experiments
to date, where the beam-background term is known to dominate the
reactivity, the reaction rate is generally observed to decrease lin-
early with pressure,6,12 as is similarly described by Eq. (18). Based
on this model, these results suggest that the ion confinement in the
experiments have not been limited by the pressure as in Eq. (26)
but rather by some other process that do not allow #p to increase
with lower pressures. The limiting processes are most likely ion “de-
focusing events,” which are observed in raytracing resulting from
asymmetries in the electric field caused by high-voltage grids and
most importantly the stalk that supports the grid. Also, the reaction
rate is observed to peak with increasing pressure and then decrease,
corresponding to ions undergoing many atomic collisions before
even reaching the cathode grid at higher pressure operation.

The reaction rate and expected number of passes from Eqs. (28)
and (26) are shown in Figs. 8 and 9 for a proposed lab experiment
with only pressure limiting the confinement, which corresponds to
results of ion tracing in a three-dimensional model of the stan-
dard two-electrode system used in experiments to date. Listed in
Table 2, the device parameters are chosen to represent a steady-state
low-input power (500 W) device of similar dimensions to previous
experiments. Conservatively, the focusing factor is chosen to be
unity (no compression). Also, the acceptance is chosen to be one,
meaning the beams are expanded to fill the whole circular open-
ing in the cathode grid. For these parameters, the reaction rate is
predicted to vary with pressure as shown in Fig. 8. The correspond-
ing number of passes vs pressure is shown in Fig. 9, as calculated
from Eq. (26).

Notably, in contrast to experimental data, Fig. 8 shows the in-
dependence of reaction rate on pressure at high pressures, which

Table 2 Device parameters for proposed
experiment, deuterium fuel

Device parameter Value

iin-tot 10 mA
Cathode potential 50 kV
Ra 20 cm
Rcat 8 cm
N 12 beams
F 1
Acceptance, Ac 100%
Transparency,� 92%
vcore 2.19e6 m/s
σfus (50 keV) 4.5e − 31 m2

〈σa〉p 1e − 19 m2

σfus(200 keV) 3.5e − 30 m2

〈σfusvcore〉 5.5e − 23 m3/s

Fig. 8 Reaction rate for pressure-limited ion confinement vs device
pressure.

Fig. 9 Number of passes vs device pressure.
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Fig. 10 Reaction rate for defocusing-limited ion confinement vs device
pressure, limited to 10 passes.

correspond to the pressures used in most previous experiments. Con-
versely, as the pressure is lowered beyond 10−6 torr, the beam-beam
reactions sharply increase. This happens as the corresponding num-
ber of passes goes above 1000. However, as the confinement time
increases, the assumption that the ions have little energy spread be-
comes less acceptable, and a more complex ion distribution should
be considered.

Defocusing-Limited Ion Confinement
If for the same device the confinement is limited by ion focusing

to only 10 passes, as suggested by ion particle tracing of simple one-
grid cathode systems, the reaction rate varies with pressure as shown
in Fig. 10. The number of passes again varies with pressure as in
Fig. 9, but at lower pressures is pinned at 10. Note also the number
of passes required to enter the regime where ion-ion scattering and
fusion reactions will dominate, as calculated earlier.

Now at high pressure, the reaction rate is still independent of the
pressure. However, as the passes begin to be limited at ∼10−4 torr,
the rate drops off linearly with decreasing pressure. This linear rela-
tion matches experimental data, which suggests that the experiments
have had confinement limited not by pressure, but by ion trajectories
that are deflected by asymmetric and nonspherical grid potentials.
Also, even though the beam-beam rate still eventually dominates
the beam-background rate, the total rate is almost negligible and at
best levels off to be independent of pressure at very low pressures.
From Eq. (19), for a maximum of 10 passes the beam-beam terms
are found to dominate once the pressure falls below ∼10−8 torr.

Improved Defocusing-Limited Ion Confinement
If the defocusing limit can be increased several orders of mag-

nitude, the effect on the reaction-rate behavior should be easily
observable in a modest experiment of similar dimension to previous
efforts. Shown in Fig. 11 is the reaction rate with the defocusing
limit raised to 1000 passes.

Once again, as the pressure is lowered the beam-beam terms be-
come more important. From Eq. (19), for a maximum of 1000 passes
the beam-beam terms are found to dominate once the pressure falls
below ∼10−6 torr. In contrast to the 10-pass limited case, here the
total reaction rate is relatively independent of pressure. If the cur-
rent or number of passes is increased further, the rate would actually
increase with decreasing pressure.

Fig. 11 Reaction rate for defocusing-limited ion confinement vs device
pressure, limited to 1000 passes.

Space-Charge Limitations of Focusing Grids
The drastic increases in ion confinement from focusing grids have

been predicted by ion particle tracing codes, but electrostatic lenses
have limits. As the confinement time is increased, the ions cre-
ate a larger and larger space charge in the beams as a result of
recirculation, which eventually swamps the focusing properties of
the electrostatic lenses. This limit can be estimated by equating the
potential depth of the focusing lens to the potential caused by the
recirculating ion beam. This represents the limit at which the lens
would provide a focusing force on the beam. Although the ion path
confinement is a complex function of the whole geometry, the limit
for a single lens can provide a useful first-order approximation for
electrostatic lenses.

Using a two-dimensional model for an infinite beam of charge,
the radial field is given by Gauss’ law

Er = e

ε0 r(x)

∫ r(x)

0

ni (r)r dr (29)

Assuming a constant beam density profile,

for r < rg(x), Er = enb r

2ε0

for r > rg(x), Er = enb r 2
g

2ε0 r(x)
(30)

The potential profile can then be calculated, defining the potential
to be zero at the grid radius, rg-max and integrating from the outside
in,

V (r) =
∫ V (r)

−Vg-max

dV =
∫ r(x)

−rg-max

−Er (r) dr (31)

Substituting the constant density beam electric field, Eq. (30) yields

for r < −rg(x), V (r) = − enbr 2
g

2ε0
ln

(
− r

rg-max

)

for 0 > r > −rg(x), V (r) = − enb

2ε0

×
[

r 2
g ln

( r

rg-max

)
+ r 2

2
− r 2

g

2

]
(32)
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The voltage increases as the natural log outside the beam and is
parabolic within the beam. This parabolic behavior matches well
with the lens potential, which exhibits a nearly parabolic profile.
Substituting in for the acceptance, the central voltage drop can be
evaluated,

Vgo = r 2
g-max A2

genb

2ε0
[1/2 − ln Ag] (33)

The bracketed term is most important when the grid acceptance
is small, but is still a weak function; for Ag = 1 × 10−8, the term
equals only ∼19. Substituting for the beam density, the number of
passes can be written in terms of the input current,

#p = 2πε0vg Vgo N

iin-tot[1/2 − ln Ag]
(34)

Using the experiment parameters in Table 2, a pinching grid that
would be at −40 kV and have a lens depth of Vg = 4 kV (mod-
eled numerically), the number of passes is limited to 1045. This is
a very rough estimate, given the complex arrangement of lens and
the drift regions between focusing and defocusing regions. The next
level of complexity is to model all of the lenses and the beam and
to perform a self-consistent calculation to find the beam profile in
such a system. This limiting mechanism forbids this simple electro-
static configuration of grids from supporting larger space charges.
Although this limit might or might not prove unbreakable, it still
represents a significant improvement in efficiency.

Implications for Pulsed High-Power Experiments
Recent experimental efforts have attempted to explore regimes of

higher gain not by increasing confinement time, but by drastically
increasing the input current using a pulsed discharge.13 Furthermore,
the existence of particle trapping in poissors in these pulsed exper-
iments is believed to enhance the fusion reactivity. Although this
analysis does not address the poissor question, the arguments about
space charge buildup apply [Eq. (34)], and the space charge will act
to severely defocus the ions, limiting the ion confinement to even less
than what previous, steady-state defocused IECs achieved. Because
of this “hidden” scaling of confinement time with input current,
the reaction rates will not follow a simple power law with current.
Here, the space charge is a problem because as the confinement
is improved the recirculating current will increase along with the
beam density. As this density becomes high enough for the beam’s
self-fields to internally counteract the externally imposed focusing
forces, the device must transition into a more advanced mode of op-
eration, where the space charge of the beams is somehow reduced
or counteracted.

Instabilities
Because an IEC system has very small current densities as a re-

sult of the recirculation of ions along the beams, electromagnetic
instabilities are avoided, leaving only electrostatic modes. The two-
stream instability is present for v/λ < ωp , and the growth rate is a
maximum at about v/λ near the limit.14 These values do not change
much in our region of interest whether considering ion-ion, ions
with cold electrons, or ions with hot electrons. This means that for a
given streaming velocity a minimum wavelength is required to have
an unstable mode, and the mode grows approximately at the plasma
frequency. For current lab devices with densities of 1015 m−3 and
deuterium streaming velocities of 2 × 106 m/s, the minimum wave-
length is 106 m, much bigger than the devices. For more advanced
systems, say, with densities of 1022 m−3, the minimum wavelength is
only 4 cm. Although it is foreseeable that instabilities will become a
problem for advanced devices, the electrostatic disturbances should
not affect the predictions made by this model. Also of concern is
the low-speed anode reflection region, which could possibly harbor
regions of instability because the velocity drops so low there. The
analysis of synchronizing, small-angle ion-ion collisions in the re-
flection region is an ongoing area of research in which instability
might play a role.

Caveats
The main limitation for using electrostatic lenses is the buildup

of space charge, which is required for a high gain system. Even
if the background gas can be eliminated as a limiting mechanism,
the space charge will still limit the focusing of the beams. The log-
ical extension of increasing space charge is the Child–Langmuir
limit, but the ion confinement will degrade severely before this
limit is reached. The space charge counteracts the applied poten-
tials, whether they are the main radial acceleration potentials or
the secondary tangential focusing potentials. Because the focusing
potentials are an order of magnitude smaller than the acceleration
potential, it follows that space charge would affect the focusing
potential before the main radial flow is affected greatly.

Another issue for a break-even system is the effect of ion ther-
malization as the confinement improves. The ion beams will heat
via small-angle collisions within the counterstreaming beams and
within the core region. This heating provides an additional loss
mechanism for ions as the residence time of an average ion in-
creases.

The ability to produce and maintain a neutralizing electron pop-
ulation in the device center is another open question. Without neu-
tralization, the converging ion beams will tend to decelerate and
defocus as a result of their space charge. If enough electrons can
be provided and allowed to travel with the beams in the core re-
gion, then the ions can be made to drift through the center and
possibly even be focused by the electrons. The key to maintaining
this electron population with low streaming losses is to create a
trap within the cathode grid. It is hypothesized that cold electrons
can be produced at the low-work-function emitting grid, populate
the core region, and be contained by the trapping potential. As the
electrons gain energy from the ions and heat up, they can form a
potential well, which could contain the thermalizing ions without
letting those ions be in contact with any grids. For this to happen,
though, the electron population must be in contact with the emitting
grid, for which grid heating places limitations on the density and
temperature of the hot electrons. A break-even reactor of reasonable
dimensions and useful power levels (at least kilowatts) must be able
to confine the higher densities resulting from the millions of passes
a successful fusing ion must undergo. The behavior of electrons in
this configuration should be a main topic of investigation and can
provide a way around the space charge focusing limitations of grids.

Other concerns for a break-even IEC device include high-angle
ion scattering in the core, grid heating and sputtering, and direct
energy conversion with aneutronic fuels. A high-angle scattered ion
from the core has a probability to directly impact a cathode grid,
causing an energy loss. This reaction dominates fusion at low en-
ergy (<50 keV) and will likely set a minimum voltage for successful
operation. Grid heating is a major concern and will set the dimen-
sions of an IEC. For smaller devices, active cooling might prove
too difficult, but radiatively cooled grids can handle much less heat
input. Also, the sputtering of grids represents a life limiter for IECs.
Because the sputter products are not in well-confined trajectories,
they should quickly leave the system. The insulators will tend to be
coated with these sputter products and are prone to arcing, but this
could be minimized by clever design given that the sputter source
locations are largely known. The possibility of using direct con-
version schemes with aneutronic fuels such as D-3He and p-11B
is promising because of the decreased system mass and increased
efficiency, but drawbacks include increased complexity and higher
operating voltages for these fuels.

Conclusions
The analysis of the importance of confinement on reaction rates

shows that prior devices and experiments operated in a regime with
limited ion confinement. This regime is characterized by a linear
decrease of reaction rate with decreasing pressure and most of the
fusion reactions occurring between the beams and the background
gas. By enhancing the focusing properties of the grids, the ion con-
finement can be allowed to increase as pressure is reduced, and the
reaction rate will be independent of pressure. Furthermore, keep-
ing device parameters constant, the enhanced confinement scheme
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should increase the confinement and reactivity by two orders of
magnitude by increasing the confinement time at a given pressure,
the most marked improvement at lower pressures.

The predicted increases in confinement and reactivity can be mea-
sured experimentally with a simple, low-cost apparatus. Experimen-
tal verification of these results will in the near term produce a much
more potent, efficient inertial-electrostatic-confinement (IEC) im-
mediately marketable as an improved portable neutron source. Ap-
plications for an inexpensive and efficient neutron source are many,
including radioisotope production for medical diagnostics and ther-
apies, industrial bulk process quality control, landmine detection,
well-logging, security screening, and neutron activation analysis.4

Improving the IEC device from the 1–10 ion passes regime up to
the space charge limited regime of 1000–10,000 passes will allow
the study of collective behavior in the devices. More complex col-
lective behavior and charge-neutralizing schemes will be necessary
to break the space charge-defocusing limitations of IEC devices.
Only by further increasing the ion confinement can break-even op-
eration be realized. Not only would a high-power, break-even IEC
have enormous potential as a terrestrial power source, it would be a
very lightweight method to harness nuclear power for fast, intrasolar
system travel.
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