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I. Abstract

This study investigates concepts behind inertial electrostatic confinement (IEC) fusion. Increasing
overall fusion output requires sufficient plasma temperature, confinement, and density. Operating
an IEC device using a new scheme called the periodically oscillating plasma sphere (POPS) may
solve many problems that limit other IEC systems to low gain. Here, the POPS concept is intro-
duced. Measurements pertaining to potential well formation and charge density are taken and

analyzed. These measurements confirm that conditions can be created for POPS to exist.

II. Introduction
IEC offers a highly efficient means of producing fusion power. [EC
produces fusion by confining plasma with either electrostatic fields
or a combination of electrostatic and magnetic fields. These elec-
trostatic fields form a potential well structure that can confine ions.
Figure 1 displays an IEC device in operation.'

IEC’s approach differs from the more mainstream fusion tech-
nique, magnetic confinement, which is limited by particle and
energy diffusion across a magnetic field.” Therefore, IEC devices

can be made much smaller (~ 1 centimeter to 1 meter). In mag-

netic confinement, the average plasma density and subsequently

Figure 1: Fusion in an IEC Device

fusion power:
P o< n? (1)
where P = fusion power and n = plasma density scale upward in real space.’ Increasing a magnetic

confinement device’s size results in higher fusion output power™* In contrast, one can show using

Poisson’s equation:
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V20 = gop @
where @ = potential (V) and p = charge density
(C/m’) that the net fusion power for an IEC
device scales as the inverse of the device radius.”
Decreasing an IEC device’s size also results in
higher fusion output power."* However, one
problem of making an IEC device small is vac-
uum breakdown between electrodes. It is very
difficult to achieve field strength approximately
50-100 kV/cm without causing arcing. The max-
imum field strength is governed by the Paschen
curve. Because IEC does not require large mag-
nets and has the convenient size of a basketball,
an IEC device achieves a high-power fusion den-
sity in a lightweight, compact device.

If one wishes to increase fusion output power,
one must increase the average plasma density.’
Typically, IEC devices have a low-average plasma
density, which results from the gradient scale
length for the electric field not being greatly dif-
ferent from the effective plasma Debye length” —
a measure of the plasma shielding length.’ Debye
length equals:

A = ((KT,)/(4mne?))" (3)
where A = Debye length, K = Boltzmann’s
Constant, T, = electron temperature, n = density,
and e = charge of electron. This paper will illus-
trate the theory behind a new method of operat-
ing IEC devices that may enhance IEC perform-
ance. Here, an oscillating plasma sphere that peri-
odically compresses the plasma to high densities
and temperatures replaces the usual ion beam
setup. This new method is POPS. The following
pages detail data pertaining to potential well
structure to verify that conditions can be created
for POPS to operate.

lll. Potential Wells

IEC uses strong electric fields to accelerate and
confine ions for fusion. It differs from pure elec-
trostatic confinement by overcoming Earnshaw’s
plasma confinement limit.° This limit states that a
single charge acted on by electric forces alone
cannot rest in stable equilibrium in a static elec-
tric field.® IEC accomplishes this by having neu-
trals interact and allowing the inertia of the ions
to be propelled into the center of the device.

IEC devices often consist of two hollow, con-
centric, semi-Gaussian electrodes. The inner-
most electrode is permeable to charged particle
flow, where the flow produces a steady saturated
electrostatic potential well capable of confining
oppositely charged particles.” Electrons injected
symmetrically into the hollow, concentric, semi-
Gaussian anode produce a negative potential well
at its center. This potential well confines posi-
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tively charged ions.’

The IEC device that was used in collecting
data for the experiments discussed here consists
of two grids, noted as the middle and outer grids
with respect to their position from the center of
the device. The purpose of these grids is to create
a spherical ion source internal to the device by
ionizing the background gas." The middle and
outer grids are anodes.

To increase electrons into the system, elec-
trons are extracted from six electron guns located
at the edge of the device’s grounded shell, which
acts as a cathode. Inside the grounded shell, an
extractor grid acts as an anode. This grid spreads
the electrons from the electron guns uniformly
over the inside of the grid, which from Poisson’s
equation forms a harmonic oscillator potential
inside the grid.” The electrons are farther dis-
persed as they move toward the outer and middle
grids. Likewise, these electrons ionize the back-
ground gas that was backfilled into the system.’

IV. Periodically Oscillating

Plasma Sphere (POPS)

The POPS concept can be derived from a combi-
nation of one-dimensional fluid equations for
ions and Poisson’s equation.” As discussed earlier,
if the charge density is uniform, meaning the
electrons from electron guns are spread uni-
formly within the extractor grid, then a harmonic
oscillator potential forms:

(P = (Po(l - (r/rgrid)z) (4)
where ¢ = electrostatic potential and r¥* = the
radius of the extractor grid. The ion dynamics
from this harmonic oscillator potential can be
calculated from the following equations:

ony/ot + (1/r2)d/or(r’'n,v;) = 0 (5)
which is the conservation of mass, where n; = ion
density, t = time, and v, = ion radial velocity;

(myn;)0v,/ot + (mn;v,)0dv,/or = qin;Er -

oP;/or (6)
which is the fluid equation of motion, where gi =

charge of an ion, E, = radial electric field,and P; =
ion pressure;

P./(n;)** = constant (7)
which is the ideal gas law;

(1/r*)0/0r(r’E,) = 41(q;n; —en, —eny) (8)
which is the Poisson equation, where e = charge
of an electron, n, = thermal electron density, and

n, = background electron density generated by
the grid and electron guns;

E, =-0¢/0r. 9)
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A set of self-similar solutions exists for these
equations. However, the calculation of these self-
similar solutions is beyond the scope of this
paper. These solutions reduce the problem to the
following ordinary differential equation for the
plasma radius:

d’a/dt’ + (4mq/’n,/m;)a = (n,(a,/a(t))’ -

n.)a + (2P,/m;a,n,)(a,/a(t)).} (10)
If one ignores the right-hand side of equation
(10), it reduces to a simple harmonic oscillator
equation. When the potential on the extractor
grid is large compared with T,, which is the initial
temperature, equation (10) reduces to a simple
harmonic oscillator equation, except in the
region of a(t)/a, << 1:

d’a/dt’ + (4mqi’n,/m;)a = 0. (11)
Phase locking of all of the ions in the system is

achieved by driving the system near one of the
resonances.” The lowest resonance is:

o= Z(Dh = 2(41tqi2nb/mi)”2. (12)
A harmonic oscillator driven at resonance will
phase lock to the driver.” In this IEC system, the
oscillation in n,, can be provided by oscillating
the extractor grid potential.” From examining the
equations, one notes that because the ions phase
lock and motion pertaining to a simple harmonic
oscillator is independent of amplitude, all ions
with a phase-locked period of oscillation simul-
taneously arrive at the center as the plasma col-
lapses upon itself.

V. Experimental Setup

The experimental device consisted of a 12-inch-
radius stainless steel, spherical, vacuum shell that
was grounded. Mounted to six outside ports on
the spherical, grounded shell were six electron
guns. On the inside wall of the spherical,
grounded shell was the stainless steel extractor
grid. The extractor grid was made of fine molyb-
denum mesh and was mounted close to the wall
of the spherical, grounded shell near the six
ports, where electrons would be emitted from the
six electron guns. Inside the extractor grid was
the 4-inch radius stainless steel outer grid. The
outer grid was a spherical, semi-Gaussian anode
biased with respect to the grounded shell. The
outer grid had approximately 95 percent trans-
parency. Inside the outer grid was the 2.5-inch-
radius stainless steel middle grid. The middle
grid was a spherical, semi-Gaussian anode biased
with respect to the grounded shell. The middle
grid had approximately 90 percent transparency.
Separate voltage regulated power supplies main-
tained well-filtered stable anode potentials
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between each electron gun, extractor grid, outer
grid, and middle grid. The vacuum system con-
sisted of a turbo pump (150 liters/sec) in con-
junction with a liquid nitrogen cold trap. This
was backed up by a mechanical roughing pump.
This vacuum system provided a base pressure
less than 1x10° Torr.

The operating voltages and currents were as
follows. The electron guns were consistently
operated at 10V and ~ 5.8 A. Any attempt to take
the electron guns to a higher power resulted in
melting the electron guns. The extractor grid
over each electron gun was consistently biased at
100 V. The current found in each extractor grid
varied between which electron gun it covered.
These differences can be attributed to how each
electron gun was manufactured. Yet the current
differences had no affect on creating a uniform
electron distribution. The current differences
affect only the total current being supplied to the
plasma. The current found in each extractor grid
varied between ~ 60 mA and ~115 mA. Potential
well data was taken by varying the middle grids.
Therefore, the outer grid was consistently biased
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Figure 2: Vacuum Field Potential versus Radial Position
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at 100V, and the middle grid was biased at 0 - 400
V. Never was the extractor grid or any other grid
driven at an oscillating potential. These experi-
ments were set up only to verify if the proper
conditions for POPS could be created.

Data pertaining to the potential well struc-
tures was collected using a hot emissive probe.
The hot emissive probe consisted of a tungsten
filament spun into braided copper wire that was
shielded with nonconducting alumina tubing.
The hot emissive probe was consistently heated
with a heater current equal to 960 mA. At this
current the tungsten filament emitted electrons,
and the plasma potential could be measured
using the hot emissive probe. The tungsten fila-
ment loop extended approximately one-third of
an inch outside of the alumina tubing. The entire
probe consisting of the tungsten filament and the
alumina tubing was ~20 inches. For taking meas-
urements of the potential well profile, the hot
emissive probe could be moved to different radial
positions across the diameter of the IEC device.
From this, one could view how the potential pro-
file changed with radial position. Likewise, one
could construct plasma density using the data
collected on the potential well profiles and
Poisson’s equation.

VI. Results

Figure 2 illustrates the vacuum field potential
versus radial position for varying middle grid
potentials. A vacuum field occurs when there are
no electrons being injected into the system via
the electron guns and there is no backfilling the
system with any gas. Therefore, the operating
pressure for this particular experiment was very
low (1x10* Torr). Only the outer grid is biased at
100 V; and the middle grid is biased at varying
potential indicated in the graph. For middle grid
potentials greater than or equal to the outer grid
potential, one notes a consistent filling of the
potential well that would exist at the center of the
device. This is the result of there being relatively
no negative space charge from the emitted elec-
trons existing at the center of the device.
Furthermore, for middle grid potentials less than
the outer grid potential, one notes a consistent
widening of the potential well that would exist at
the center of the device. One also notes that in
this case the potential decreases as one moves
from the radial position of the outer grid (radius
= 4 inches) toward the center of the device. This
is simply the result of going from 100 V on the
outer grid to a lesser potential on the middle grid.
Yet, when one gets to the radial position of the
middle grid and continues inward toward the
center of the device, one notes a consistent poten-
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tial across the center of the device. This is simply
the result arrived at earlier for the middle grid
potential greater than or equal to the outer grid
potential.

Figure 3 illustrates the plasma potential versus
radial position for different pressures. Here, each
grid (extractor grid, middle grid, and outer grid)
is biased at 100 V. This graph shows the potential
well structure’s dependence on pressure as one
moves a hot emissive probe radially across the
diameter of the IEC device. The pressure used for
these plots correspond to a low, medium, high,
and very high operating pressure. The pressure
used in each of these plots was 4x107 Torr, 1.2x
10° Torr, 5.3x10° Torr, and 18x10° Torr. At low
pressure (3x107 Torr), one sees a very smooth,
parabolic potential well, which is essential for
confining ions. This plot demonstrates that there
are sufficient electrons being injected into the
center of the device to create the potential well
structure. If one measures the depth of the poten-
tial well, which is defined as the change in plasma
potential from the relative minimum near the
center of the device to the relative maximum near
the middle grid wire (~ 2.5 inches from the cen-
ter of the device), one finds this depth equal to
approximately 35 V. If the pressure is increased to
1.2x10° Torr, the plasma potential starts becom-
ing less smooth. More importantly, the potential
well becomes more shallow. Here, the plasma
potential has decreased to approximately 30 V. If
the number of electrons being injected does not
increase while the pressure increases, then the
potential well will decrease because there are
more ions being created from electrons ionizing
an increased amount of background gas. With
increased pressure (5.3x10° Torr), the plasma
potential becomes very chaotic. The potential
profile in the graph lacks all of the smoothness
associated with the potential well profile occur-
ring at 4x107 Torr. Likewise, in this graph it is
very difficult to determine the potential well
depth. If one measures the potential well depth
from the relative minimum near the center to the
relative maximum on the left-hand side of the
plot, one finds a well depth of approximately 15 V.
However, on the right-hand side, it is difficult to
discern if a potential well has formed completely
due to the large number of ions in the system.
One must question the stability of this potential
well. Lastly, if one increases pressure to 18x10°
Torr, there is no potential well structure. This is
what one expects with all of the ions in the sys-
tem. All of the ions completely fill in the potential
well.

The POPS scheme requires a harmonic oscil-
lator potential and a uniform density of electrons
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Figure 4: Plasma Potential with Polynomial
Fitting

to be present in the system. In Figure 3, there was
a symmetrical, parabolic, and deep potential well
formed, which could satisfy the requirement of a
harmonic oscillator potential. To verify if this is a
uniform density of electrons existing throughout
the system, one would have to utilize the Poisson
equation, where one could construct the plasma
density from the data collected about the poten-
tial well profiles. Using a technique employed by
Nebel and Park at Los Alamos National
Laboratory, where even order polynomials are
used to fit the potential profile, one may subse-
quently arrive at the density profile. (See Figures
4 and 5.) Figure 4 is the potential profile taken at
4x107 Torr, which was plotted in Figure 3.
However, it is fitted with even order polynomials.
Figure 5 is the subsequent density profile calcu-
lated using the potential profile plotted in Figure
3, but fitted with even order polynomials. Figure
5 illustrates that the electron density is uniform
throughout the system. This is necessary for the
POPS scheme to be employed.

VII. Conclusion

This paper has described an IEC device and
indicated some of the current problems (espe-
cially low plasma density) involved with opera-
tion of such a device. A possible solution to the
low plasma density problem is a new means for
operating an IEC device, POPS. We have exam-
ined the ion dynamics equations needed for
modeling POPS, which allows for a periodical
collapse of all of the ions in the system to a point
at the center of the IEC device. This collapse is
achieved by placing all of the ions in the system
within a parabolic potential well that is driven at
a resonant ion frequency. Eventually, all of the
ions in the system phase lock to the driver
because all of the ions in the system have the
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