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[57] ABSTRACT

An apparatus and method of enhancing nuclear fusion
reactions utilizes a plasma, made up of ions and elec-
trons, contained within a region, and enhances the den-
sity of the plasma using a collision-diffusion compres-
sional enhancement process. Ion acoustic waves gener-
ated within a central region of the system permit in-
creased reflection and scattering of ions and thereby
reduces their mean free path within the core region to
permit greatly increased ions density sufficient to en-
hance nuclear fusion reactions within the core.

51 Claims, 12 Drawing Sheets
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METHOD AND APPARATUS FOR CREATING
AND CONTROLLING NUCLEAR FUSION
REACTIONS

FIELD OF THE INVENTION

The invention pertains to a new physics process and
method, and to associated apparatus for the creation of
conditions under which nuclear fusion reactions can be
made to occur and can be controlled, among charged
particles capable of undergoing nuclear fusion. The
invention thus involves two separate but related fea-
tures: First is the conception of a new, unique and here-
tofore unrecognized set of physics processes that pro-
mote fusion reactions at high density among fusion fuel
ions that are following converging spherical flow pat-
terns, at operating conditions not previously thought to
be capable of achieving or allowing such reactions or
reaction densities, and; second, the conception of new
and unique means of creating electric field structures
for acceleration of such ions to achieve the necessary
converging spherical flow. The general physics princi-
ples and conditions that are the subject of this invention
can be applied with ANY means of accelerating fusion
fuel ions, while the embodiments and conceptions of
apparatus set forth in the preferred embodiments given
here will apply most specifically to the acceleration of
ions in a manner best and uniquely suited to exploit
these physics processes.

BACKGROUND OF THE INVENTION

The central problem of creating useful controllable
nuclear fusion reactions among ions is the necessity of
confining a sufficient density of ions over a large
enough volume of space, with high enough particle
erergy, to ensure that the reaction rate density between
the ions is high enough to be interesting for both power
generation and to overcome all radiative, collisional and
other losses that may be associated with or inherent in
the fact of the particles’ confinement at high energy.
Traditionally, two principal means have been examined
to attempt the achievement of these conditions. These
are “inertial” confinement and *“magnetic” confine-
ment.

The major means of attempting inertial confinement
has been the use of intense beams of laser light, focussed
on the surface material of spheres made of or containing
fusion fuels, with sufficient strength to vaporize, heat
and “blow off” surface material and thus to provide a
radial compressive force on the sphere surface. This
force then can act to accelerate the sphere surface in-
wards, compressing and heating the material contained
therein. If of sufficient strength this could, in principle,
cause particle densities and temperatures (energies) to
become high enough that fusion reactions may occur.
The principal difficulty in this approach has been the
attainment of stability during compression over a large
enough volume of material, in a short enough time, that
radiation and electron conduction losses do not domi-
nate and prevent the achievement of the requisite condi-
tions for fusion. This approach has not proven feasible
to date, and is not of further interest here.

Most of the world’s fusion research efforts have been
devoted to the magnetic confinement approach, in
which strong magnetic fields are used to constrain the
motion of fusion fuel ions (and electrons) along closed
field lines in toroidal field geometries, for example, or
along open field lines with large internal magnetic re-
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flection characteristics, as in double-ended “‘cusp” mir-
ror or solenoidal magnetic “bottle” confinement
schemes. In these approaches, the forces acting to “con-
tain” or “confine” the fusion fuel ions are always due to
the interaction of their motion with the externally-
imposed magnetic fields, and are thus principally at
right angles to the direction of the particle motion,
rather than oppositely-directed, as would be desireable
for action against the particle motion. These magnetic
approaches thus suffer from use of an indirect and there-
fore inefficient means of constraining ion loss motion
towards the confining walls of the system.

A more detailed discussion and summary of these and
other related approaches to magnetic and non-electric
inertial confinement of fusion fuel ions, and references
to other writings on this topic is given by R. W. Bus-
sard! in U.S. Pat. No. 4,826,646, incorporated herein by
reference, in connection with a description of an alter-
native electric inertial means of plasma confinement.
This writing also describes the principal loss mecha-
nisms confronting these *“conventional” concepts for
plasma confinement, and the general nature of the char-
acteristics and limitations of these approaches.

In the above patent it is shown that conventional
magnetic confinement approaches to fusion power gen-
eration are practically unable to take advantage of the
large energy gains (G =ratio of energy output to energy
input per fusion reaction) naturally found in the fusion
reactions between various reactive isotopes of the light
elements These gains can be as large as G = 1000-2000
for the fusion of deuterium (D or 2H) with tritium (T or
3H), the two heavy isotopes of hydrogen (p or 'H),
according to D+T—4He+%n (+17.6 MeV), or up to
G = 50-100 for fusion between hydrogen (p) and boron-
11 (!1B), p+!1B—3 4He (+8.6 MeV). In spite of this, it
is found that the large power requirements for confine-
ment and plasma heating in magnetic confinement ap-
proaches place practical engineering limits on the en-
ergy gain potentially achievable to 2<G<5.

Because of the difficulties inherent in the non-electric
inertial and magnetic means for confining ions, some
researchers turned to the use of more direct means of
providing energy and motion to fusion fuels, by use of
electric fields for their acceleration, and to spherically-
convergent geometries for their densification by such
motion. The simplest such system is that with pure
spherical goemetry, in which a negative potential
(—Ey) is maintained at the center of a spherical shell by
an electrode (cathode) mounted at the center. Positive
ions introduced into this system will “fall down” the
radial electric field toward the center, gaining energy
and speed with nearly 100% efficiency in the process.
In principle, this enables the achievement of large gain
(G) from fusion reactions due to collisions at the system
center.

If the ions are moving on purely radial paths, they
will stop only when the force of electrostatic repulsion
between them is sufficient to overcome the kinetic en-
ergy gained in their fall “down” the potential well. The
radius (reouf) at which this will occur is very small for
particles that have gained energy from potential wells
with energy depths and densities of interest for fusion
(e.g. for E,, =100 keV, re=1E-5 cm), and a conse-
quent large increase in density with decreasing radius
will result from the geomet ric radius-squared variation
of area in the converging ion flow.
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However, a neutral (or near-neutral) plasma can not
be confined by a static electric field of this type, because
of charge separation and the resulting production of
local dielectric fields that cancel the otherwise confin-
ing electrostatic field (Earnshaw’s Theorem). Thus, the
ion density that can be reached by this means is too
small for fusion reactions at useful power levels. This
difficulty can be overcome, and large ion densities
achieved in plasmas of electrons and ions that are NOT
locally neutral, by the use of inertial forces (particle
kinetic energy) to create the confining field in a mixture
of ions and electrons.

One of the earliest such concepts was studied by
Elmore, Tuck and Watson?, in 1959, who proposed to
overcome the Earnshaw’s Theorem limits (above) by
injection of energetic electrons radially inward to the
center of a spherical volume through a spherical shell
screen grid system, as indicated in FIG. 1a. The grid
100 is to be held at a high positive potential relative to
an electron-emitting outer surface shell 110 surrounding
the grid, so electrons are injected into the interior grid
space with the energy of the potential difference 120
between the grid and the outer shell. Electrons thus
injected will converge to a central region 130 where
their electrostatic potential at the sphere center is ap-
proximately equal to the grid injection energy. FIG. 15
shows the potential distribution in such a device.

This large negative potential is then used to “trap”
ions “dropped” into the well at the position of the elec-
tron injection grid 200, for ions so trapped will oscillate
back and forth across the well at radius 200 (Rg) until
central collisions result in fusion reactions, whose prod-
ucts 220 are sufficiently energetic to escape the well
boundary, and deliver energy outside the well system.
Non-reactive central collisions (i.e. scattering colli-
sions) will not cause significant particle losses because
they take place at the device center, where the only
effect is to redirect the momentum vector of the collid-
ing particles to new radial directions (assuming that the
system is arranged so that central collisions have coinci-
dent center-of-mass and center-of-lab frames).

The system they studied was unpromising, however,
because no means were provided to inhibit the loss of
electrons from the sphere outer surface, and because the
model for radial energy distribution of the electrons was
such (Maxwellian) that very inefficient well formation
was inherent in the system concept. These two defects
led to greatly excessive electron power losses, such that
net power production by fusion was a practical impossi-
bility in this system. In addition both Elmore, Tuck and
Watson?, and Furth? showed that the confinement
would be unstable at ion densities of interest for fusion
power; thus ion confinement by electron injection in
purely inertial-electrostatic wells, with the energy dis-
tributions assumed in these studies, is not a useful ap-
proach to the attainment of fusion power.

The limitations of electron injection were overcome
by Farnsworth* and Hirsch5, working with Farns-
worth, who used ion injection rather than electron in-
jection for the establishment of initial conditions for the
formation of ion-trapping potential wells. The several-
thousand-fold mass difference between these two spe-
cies of charged particles allowed the attainment of
much more stable field/ion-distribution structures than
predicted for initial well formation by electron injection
alone.

As shown in FIG. 2q, Hirsch and Farnsworth pro-
posed to use the (radial) injection of (heavy) ions at well
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4

depth energies (hundreds of keV) to form a spherically-
symmetric virtual anode region 300 within the injection
volume, which would then attract electrons from an
electron-emitting grid screen 310 located outside this
volume, to fall radially through the ionic virtual anode
and form a spherically-symmetric interior virtual cath-
ode 320 which then, in turn, would accelerate the ions
further to convergence at the system center 330.

In actual fact, however, their experiments utilized ion
injection from six symmetrically-arranged ion “guns”
400 located in a cubical array around the surface of a
sphere 410 which contained a screen grid 420 for elec-
tron emission (as described by Hirsch in two patents on
the subject®), as shown in FIGS. 2b and 2c. These exper-
iments achieved continuous fusion reaction rates of
about 1E10 reactions/second, where EX designates 10
raised to the power X. The models used by Hirsch’
could not explain these high reaction rates (see e.g.
Dolan et al7), and it was suspected that intersecting and
colliding beam phenomena associated with the use of
the tightly-focussed, opposing ion guns led to dominant
phenomena different from those of the concentric,
nested virtual electrode structures hypothesized by
Hirsch/Famnsworth#5 in their original descriptions of
the concept.

Theoretical models of electron and ion circulation
and of associated potential well shape were examined
by Black8, who showed that the hypothesized virtual
electrode structures would not occur in ion/electron
flows which had any finite angular (i.e. transverse)
momentum in their motion across the potential well. A
later study by Baxter and Stuart® of the Hirsch/Farns-
worth experiments emphasized the role played by mul-
tiple (ca.7-10) transits of ions across the well due to the
reflection of ions by grid structures from opposing ion
guns used in the experiments, but still remained incon-
clusive as to an explanation for the anomalously large
observed fusion neutron production rates.

In order to attain net power production (i.e. high
gain, G) from fusion reactions induced by collisions at
the center of such systems, Farnsworth, Hirsch and
Bussard all showed that the electron current circulating
across the system, and through the electron grid (virtual
cathode) region, must reach very large values, equiva-
lent to electron current recirculation ratios (G;) of
G;=~1ES5 to 1E6 (circulating vs. injected electron cur-
rent). The corollary ion flow recirculation ratio (G
required was also shown to be in the range of G;=1E3
to 1E4, for the production of net fusion power. It is
evident that these values can be attained only if elec-
trons and/or ions are not removed by collisions with
structure (e.g. grids) and/or walls of the system.

But in the Hirsch/Farnsworth approach, as in the
concept of Elmore, et al above, the existence of grid
structure of significant solidity in the path of the circu-
lating particle flows will always prevent the buildup of
these large circulating currents needed to obtain large
system power gain (G) values. Thus an inherent limita-
tion of the Hirsch/Farnsworth approach is due to the
ion gun structures required for ion injection, and of
associated electron-emitting grid structures to provide
the gross charge neutralization required to allow
buildup of large ion currents and of large densities of
both ions and electrons in recirculating electron and ion
flow, as needed for large system gain. The very compo-
nents required for supply of particles to the system thus
prevent the attainment of the high recirculating densi-
ties required for large power output.
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This defect was recognized by Hirsch!0, who tried to
find a2 way to reduce structure-collision losses of elec-
trons circulating through the system, by passing cur-
rents through the screen/grid wires or rods so as to
provide “magnetic insulation” around them sufficient to
prevent electrons from striking them as the electrons
passed back and forth through the screen grid region.
This did not appear to be promising, as proposed, for it
introduced more complexity into the system structure
and increased power requirements, without providing
enough insulation to solve the structure-collision-loss
problem. In addition, it introduced transverse momen-
tum to the particle current streams, which further re-
duced their ability to converge towards a point by ra-
dial motion. Other work using electron injection to
enhance magnetic confinement schemes was conducted
by several researchers!l, but is not relevant here.

In reference to FIGS. 3a and 3b, a solution to most of
these problems was given by Bussard!-12 who proposed
a concept for a magnetically-confined, electron-injec-
tion-driven, negative potential well, which confines
ions 520 injected at low energy by injectors 530 on the
field axes, principally by inertial-electrostatic fields set
up by high-energy electrons 540, supplied by electron
guns 510, and confines these electrons without struc-
ture-collisions by use of special polyhedral point-cusp
quasi-spherical magnetic fields 500 around the system
outer surface. FIG. 3a shows a cross-section of the
polyhedral system of FIG. 3b, taken on the plane X—X.
A detailed study of this concept!3 shows that such a
system can work, and that high gain values (and their
requisite large electron current recirculation ratios,
G;=1ES5-1E6) can be obtained if special polyhedral
surface magnetic fields of sufficient strength (e.g. 2-20
kGauss) are arranged around the system.

This concept and study was based on a general as-
sumption of spherical convergence in ion and electron
flow, with the ion motion at high convergence 610
dominated by ion transverse momentum content, and
the electron motion inside a certain radius (the virtual
cathode radius) dominated by the ion motion (the
heavier ions pull the lighter electrons along, to avoid
excessive positive charge buildup). Ion density increase
with radial convergent motion under these conditions
was taken to be varying approximately as 1/r2 to 1/13,
down to a (small) critical radius (r;) 620 at which ion
radial motion had ceased, and all ion motion was then
transverse and isotropic in a spherical surface sheet at
that radius. This radius was shown to be determined by
the average transverse momentum content of the ions at
the system surface, after reaching steady-state from
multiple traversals of the core, as compared with their
radial momentum content at maximum radial speed (at
well bottom). The ratio of critical radius to system
radius (R) is then given by <r1.> =(r/R)=(E</E)°5,
where E;and E, are mean transverse energy at the sur-
face, and radial energy near the bottom of the potential
well, respectively. System stability was assured by the
large recirculating power flow, and by the existence of
the externally-supplied polyhedral magnetic fields.

However, the limited density increase possible under
these convergence scaling laws and conditions leads to
requirements for large electron current recirculation
ratios (G;>1ES) which, in turn, require large quasi-
spherical polyhedral surface fields 500 for electron con-
finement. Generation of these fields requires relatively
large currents in the polyhedral windings 600 that de-
fine the magnet coil systems, and these lead to large
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ohmic power losses for use of normal conductors for
the magnet coils. For use of DT fuels the losses are
estimated as typically >20-30 Mwe for systems with
reasonable gain (G), while use of advanced fuels such as
p!!B may require magnet coil power of > 60-100 Mwe
for systems with minimally useful net gain.

SUMMARY OF THE INVENTION

Considering all of these difficulties and design limita-
tions it appears that useful confinement and enhanced
increase in density of ions can be achieved by an im-
provement on all prior concepts, by use of unique phys-
ics phenomena initiated and maintained by inertial
forces on the confined ions, these in turn supplied by
new and unique electrode means, or by other more
conventional means of accelerating charged particles.
The current invention accomplishes this by:

(1) Using a substantially spherical electrostatic field
geometry for acceleration of ions in radial motion, to
yield a spherically-convergent circulating flow system
for these ions, allowing their densification towards the
center of the sphere, with consequent attraction of elec-
trons both within and without the internal spherical
region, which electrons act to partially neutralize the
positive ionic charge and permit the attainment of high
densities of ions due to the presence of the electrons
thus attracted. This requires use of an electric field
geometry which is everywhere spherical with respect
to the system center towards which the ion densifica-
tion occurs, and which does NOT have associated mag-
netic fields that can produce non-radial motion by inter-
action of the flowing particles with such fields.

(2) Accelerating ions along radial lines towards the
center of such a spherical volume at a speed and with
such a flux density that conditions for initiation and
maintenance of ion acoustic waves are created at small
radius, with particle densities and energies such that the
ion acoustic wavelength is small compared to the radius
at which this initiation occurs, and with flow and veloc-
ity conditions such that the rate of change of ion acous-
tic wavelength with change in radial position of ions in
the converging flow is simply directly proportional to
the radial position, itself, thus ensuring resonance cou-
pling of ion flow with these waves in a radial direction
or mode within the sphere.

(3) Accelerating ions as described in (2), above, in a
system with ion flow and density conditions chosen so
that the ion acoustic wavelength is (nearly) an exact
integer divisor of the circumference of the sphere at the
core radial position at which the onset of ion acoustic
waves is made to occur, thus ensuring resonance cou-
pling of ion flow with these waves in an azimuthal-tan-
gential direction or mode around the sphere.

(4) Using the resonant coupling of ion motion with
ion acoustic waves thus formed in either radial and/or
azimuthal-tangential modes, by operation at the special
conditions required for their initiation as described
above, to cause ion/wave collisional interactions on the
scale of ion acoustic wavelengths within the small core
radius; these short-range collisions then acting to trap
and confine ions by collisional diffusion processes
within the core, resulting in the buildup of very large
ion densities within this core—very much larger (up to
thousands of times) than otherwise possible by conven-
tional simple Coulomb collisional interactions of ions
with other ions in flow across the small radius of the
resonant acoustic central spherical region.
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(5) Operating with sufficiently large spherically-con-
vergent ion current, accelerating voltage (ion energy)
and current density (particle flux) conditions such that
the ion acoustic initiation radius referred to above is
large enough that the number of ions contained therein
will yield significant fusion reaction rates and power
generation in excess of that required to accelerate the
ions, make up for losses, and otherwise drive the system.

(6) Providing electrons to the interior region of the
sphere, by collisions with neutral gas within the spheri-
cal region, or by electron injection into this region or by
emission from electron emitters placed spherically
around it or from point/needle/button emitters on such
spherical surface, so as to neutralize the buildup of posi-
tive charge density resulting from ion densification by
convergence towards the center, and thus to allow a
larger total number of ions to be focussed in the flow
without significant ion energy losses due to repulsion
from the creation of a strong positive virtual anode.

(7) Adding ions to the system by direct injection of 20

energetic ions and/or (indirectly) by addition of neutral
gas to the ion injection region, which is then ionized by
collisions with electrons or ions moving through the
system, to attain ion densities needed for useful nuclear
fusion reaction rates, and to make up for ions consumed
by such reaction processes.

(8) Using a concentric electrode array with minimum
losses due to collisions with circulating particles, by use
of wire frame electrodes arranged so as to form approxi-
mately equal areas on a spherical surface surrounding
the central region of confined circulating ions, or by use
of point “button” electrodes, arranged equispaced on a
spherical surface around the system center, both ar-
ranged so as to provide spherical electrostatic potential
surfaces around the center when energized by a source
of potential difference, and configured so as to avoid the
generation of any magnetic fields by currents through
them.

(9) Accelerating ions inward through such a potential
difference, by causing them to appear (or be created) in
the space between two concentric accelerating elec-
trode surfaces, from collisional ionization with elec-
trons accelerated in a direction away from the system
center, which space is also the region in which ions or
neutral particles may be added to the system, as in (7),
above.

(10) Using an external set of concentric electrodes, or
a single electrode inside of and concentric to an external
spherical shell wall bounding the system, located out-
side the ion accelerating electrodes, to provide an elec-
tric field of opposite sense to that required for inward
acceleration of the ions, to decelerate electrons other-
wise driven out of the system by the interior ion acceler-
ating field, and thus to prevent their loss; or to use any
other external means of preventing electron collisions
with system structure and/or walls or of electron es-
cape from the system of charged particles.

It is the object of this invention to overcome limita-
tions and deficiencies of previous concepts for electro-
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static confinement of ions by increasing the density of 60

ions in the central core, very greatly beyond that ex-
pected from the conventional spherical flow conver-
gence and densification that characterizes the several
prior concepts for electrostatic confinement of Elmore
et al, Farnsworth/Hirsch, and Bussard.

It is further the object of this invention to accomplish
this great increase in density by utilizing unique physics
effects created by operation of spherical converging ion
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flows in special ion acoustic resonant oscillation condi-
tions over a dense central core, under which ions are
trapped and the ion density is enhanced by internal
collisional-diffusion processes, to achieve densities of
such confined ions at values large enough to yield nu-
clear fusion reactions at useful rates. ,

It is further the object of this invention to utilize these
means for the confinement and densification in a colli-
sional-diffusion enhanced core of energetic ions of a
variety of types capable of undergoing fusion reactions,
at particle energies in the range of 2-5 keV up to
400-600 keV, and to use these dense core ions for the
generation of fusion power therein.

It is further the object of this invention to arrange the
electrodes for acceleration of ions into the spherical
core region so that these intercept a minimum fraction
of the jons which must pass through them in recirculat-
ing flow, and thus to keep ion/structure collision losses
as low as possible, so that the number of ion transits
across the system required for fusion reaction power
generation in excess of losses is very much less than in
previous concepts for electrostatic confinement.

Any mechanism that can be used to achieve a great
increase of central ion density in spherically-convergent
ion flows in electrostatic confinement concepts for fu-
sion power, will greatly reduce and may eliminate the
need for large particle recirculation ratios. The present
invention is such an improvement on all prior concepts,
by use of a new and unique set of physics mechanisms
governing interparticle collision phenomena within the
small dense central core region of spherical inertial
colliding flow systems, such that ion density therein
may be enhanced by several thousand-fold (or more)
above densities attainable in previous systems. This is
here called the Inertial Collisional Compression (ICC)
effect. Such increases, in turn, lead to increases in fusion
reaction rates of up to several million-fold (varies as
square of the density), with consequent reduction of the
need to contain the charge-neutralizing electrons for
many recirculating trips across the potential well in the
system. In consequence, devices that use this new prin-
ciple of inertial collisional compression (ICC) may be
able to be constructed of quite simple electrode grids,
without any of the complex or deleterious structures
required for previous concepts of inertial-electrostatic
confinement.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention may be understood in reference to the
preferred embodiments taken in conjunction with the
drawings wherein:

FIGS. 1q and 1b illustrate a known negative electro-
static well apparatus and its electric potential distribu-
tion respectively;

FIGS. 24, 2b and 2 illustrate a known Hirsch/Farns-
worth apparatus for ion injection;

FIGS. 32 and 3b illustrate a known Bussard apparatus
using polyhedral point-cusp quasi-spherical magnetic
fields to confine ions and electrons in accordance with
U.S. Pat. No. 4,826,646;

FIG. 4a shows the interaction of radial ion kinetic
energy with radial electric fields in an S-wave mode of
operation of ion acoustic waves in accordance with the
invention;

FIG. 4b shows the interaction of tangential ion ki-
netic energy with tangential electric fields in.a T-wave
mode of operation of ion acoustic waves in accordance
with the invention;
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FIGS. 5a and 5b illustrate quasi-hexagonal-conical
cellular repetitive structures supporting T-wave ion
acoustic wave operation in accordance with the inven-
tion;

FIG. 6a shows the particle (ion) density vs. radial
position of the ions in accordance with equation (11) of
the preferred embodiment of the invention;

FIG. 6b shows the density enhancement factor as
given by equation (21) in accordance with the preferred
embodiment of the invention;

FIG. 7 illustrates the general regimes for operation of
the ICC process;

FIG. 8 shows an example of the structure for the
inner and outer electrodes used for accelerating ions
and also illustrates an outer electron-reflective bound-
ing surface;

FIG. 9 show an electrode structure in accordance
with the invention using a minimal curvilinear tetrahe-
dral wire frame geometry with two nested grids;

FIG. 10 shows an electrode structure in accordance
with the invention using a nested set of three orthogonal
circles;

FIG. 11 shows an electrode structure in accordance
with the invention using a set of “tennis ball seam”
continuous curvilinear electrodes; and

FIG. 12 shows a cross sectional view of an electrode
structure in accordance with the invention using a con-
centric array of point conductor or buttons acting as
electrodes.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The current invention of apparatus is based on the use
of the ICC effect, which can be created or reached only
by operation at or above a certain set of conditions of
the primary ion flow system. The invention of the ICC
effect, itself, is derived from a new understanding of the
dynamics of ion flow and interaction in the flow regime
around the central core of a converging colliding-flow
system. Its principles will work as well for cylindrical
converging flow as for spherical flows, but attention
here is limited to the spherical case, as this will always
yield the largest degree of density increase and the most
favorable conditions for the attainment of fusion reac-
tions of interest for power generation. Finally, the ICC
effect can be attained in ANY system of spherical con-
verging flow of charged particles or of an ion/electron
mixture, in which the ions are injected or caused to
move radially inward at high energies (e.g. at energies
>1 keV) by some means, whether this is achieved by
the use of ion guns (as in the method of Hirsch/Farn-
sworth46), or by electric grids (as by inversion of the
electric fields from those of Elmore et al2), or by accel-
eration by virtual cathodes (as from well formation by
electron injection, as in the method of Bussard?).

The attainment of the desired ICC method of opera-
tion requires that conditions for ion acoustic oscillations
be achieved at small radius in the core, where the ion
density increases naturally due to geometric conver-
gence of the cross-cavity flow of ions through the
spherical system. In the normal flow of ions with non-
zero transverse (or angular) momentum in such a sys-
tem, conservation of total momentum and total energy
of the ions results in increasing deviation from purely
radial motion as the ions move to smaller radii. At some
finite radius, the ion radial velocity (v;) will reach zero,
and the ion will orbit around the center and proceed out
the other side of the system, if no resonant oscillatory
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effects (of the type of interest here) are present. The
only deviation from single particle motion will result
from Coulomb collisions with other ions similarly orbit-
ing past the core region. In order that these be sufficient
to create useful fusion reaction rates it has been shown!
that ion flow recirculation through the core must be the
order of 1E3 to 1E4 times the ion injection current, and
corresponding electron recirculation ratios must be in
the range of 1E5 to 1E6.

With the ICC method, these recirculation ratios may
be greatly reduced, typically to values of one-hun-
dredth to one-ten-thousandth of those required for use-
ful operation without the ICC effect. This is a result of
the unique compaction of ion density that occurs in the
central core of the system when the conditions for initi-
ation of the ICC effect are obtained.

For initiation of resonant coupling of ion flow motion
with radial ion acoustic waves (here called “S” waves),
and thus with other ions resonantly coupled with (or
trapped in) such waves, these conditions require that
the rate of change of mean free path for ion acoustic
wave/particle collisions be small over one wavelength
in the radial direction. For resonance with azimuthal-
tangential (transverse) motion (here called “T” waves)
it is necessary that the fractional rate of change of ion/-
wave collisional mean free path be equal to the frac-
tional rate of change of radial position of the ions
trapped within the collisiondiffusion core set up by
these wave structures.

The collision mean free path (Ap) will be the distance
traveled by an ion at maximum speed (v;) in the core
region over one cycle of oscillation at ion acoustic wave
frequency (i), thus Ap=(vi/fp). Pure ion/ion oscilla-
tions can occur in regions where the ion density exceeds
the electron density. Since this will frequently be the
case in the core boundary of such converging spherical
ion flows, oscillations of this type will appear at the
ion/ion acoustic wave frequency and ion particle speed
of

¥i=(Ew/m)°®5 and fii=(niz2eX/mm)°> m
In addition, hybrid ion/electron oscillations will occur
in the core and at the core boundary, where electron
radial speeds are comparable to ion speeds. These ion/e-
lectron oscillations, also called ion-acoustic waves, will
occur at a modified electron plasma frequency, fi of

f;‘e=("lzzez % 'n-me)°~5=f,-,(m,-/ me)O.S )

Defining a;=1 for ion/ion waves and a;=(me/m;)0-5
for ion/electron waves, allows both of these ion-acous-
tic oscillation frequencies to be written simply as fp;=-
fii/a;. Here E, is the energy of ions in the core region,
m, is electron mass, m;is the ion mass, n;is ion particle
density, and Z is the ionic charge in units of the elec-
tronic charge e, given by e=4.8E-10 cgs units (stat-
coulombs). Using these, the ion/wave collision mean
free path at the core surface can be written as

(a;) QEym/Z2%n )03 @

0.66E4(a;j) (EvwZ2nc)03

)\pic

where the ion density at the collisional core boundary
has been written as n., and the numeric form is for E,in
eV and n.in ions/cm3. Now, the conditions for coher-
ency of resonant oscillation (described above) are just
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(dApi/dr)c< <1 (42)
for S-wave radial resonant coupling, and
(dLNA/dLNr) =1 (4v)

for T-wave azimuthal-tangential coupling where LN
denotes the natural logarithm (log to the base
¢=2.71828), and the expressions are to be evaluated at
the boundary (r) of the acoustic wave core, within
which the particles are constrained in their motion by
collision diffusion processes between wave-trapped ions
with each other and with the resonantly-driven ion
acoustic waves. In addition, a fundamental requirement
for existence of any ion acoustic waves within the core
boundary is simply that the mean free path be less than
the boundary radius, thus (Ap)c<r., which gives equiv-
alent conditions to those of Eq. (3), above.

Applying these to the functional forms given above
for the mean free path gives the conditions for ion/-
wave coherency and oscillation-initiation in terms of
the ion energy, charge state, core boundary density, and
radius of the acoustic wave core boundary. The mini-
mal condition for acoustic S-wave initiation requires
that the ion density be

ne>QnEw/Z2rdXay) 5)
at the core boundary. Indeed, this condition determines
whether or not and where such a boundary will be (i.e.
at what r. it will be found, given other parameters).
With this it is possible to determine the minimum input
ion injection power (Pinj) required to produce the de-
sired ICC condition. The total power is just the injected
surface ion current density (j;,) taken over the injection
surface at radius (R), and the ion energy (E.).

For purposes of comparison, it is convenient to write
this in terms of an equivalent electrofi injection power,
based on an injection surface electron density (neo) with
current density (Jeo=nesVeo), Where v, is electron ve-
locity at energy Ey. The injection ion density at this
surface is less than the electron density by the factor Gj,
the electron recirculation ratio. Thus the injection
power can be written as Pjj=47TRYE,vVeMio/kiG)),
where the power is in watts for E, in eV, and
ks;=6.28E18 charges/sec per amp of current. In order
to use this in the S-wave criterion of Eq. (5), it is neces-
sary to write the surface ion density in terms of ion
density in the core region. This can be done by use of
the (1/1r2) geometric scaling of spherically convergent
flow, nj,,=nJr./R)2. With this the S-wave condition
leads to a minimum requirement on injection power for
resonant wave initiation as

PinjZ(aj) QmEyke/Z%2)* (4 Ew/Giks)
(2Ewke/meY0> (watts) ©)
for E, in eV. Here m is electron mass in gm, and keis a
conversion constant for energy (k.=1.6E-12 erg/eV),
and other parameters are as before. Reducing this nu-

merically gives
PinjZ 521 E-3aj}Ev*5/22G)) (watts) )
which is independent of the core radius, r.. Thus, S-
waves can be initiated at any core radius at which it is
possible to do so, if sufficient driving power is supplied

to the system.

Note that the electron recirculation ratio (Gy) is re-
lated to the ion recirculation ratio (G;) for ion-injection-
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driven systems simply by the square root of the ratio of
ion to electron mass; i.e. Gi=Gj(m./m;) =Gga;). Typi-
cally, ion current recirculation ratios will be less than
electron ratios by a factor of the order of 70-100.

As an example, for the mode a;=1, if G;=1E4 (so
that typically G;~100-130), Z2=2, and E, =1E4 eV, .
the injection power required would be only Piyj=2.6
kwe. At E,=1ES eV, this becomes Pj;j=82.2 kwe.
And, if Gj=1E3, G;=10-13, the power levels would be
only ten-fold higher. These power levels are all very
much smaller than those required to drive ion- or elec-
tron-driven spherically convergent flow systems with-
out the ICC process.

In reference to FIG. 4a, these S-waves involve ex-
change of energy between ion radial kinetic energy 700
(whether or not ion motion is purely radial or is par-
tially tangential) and radial wave electric fields 720 (E),
resulting from and associated with the ion acoustic
wave fields, with wavelength Ap;- 710. Such oscillations
720 are shown in FIG. 4a along the radial path of an ion
730 inside the critical core radius r. 740.

In reference to FIGS. 4b and 5a, the second type of
waves are azimuthal-tangential T-waves 750, with
wavelength Apic 760, set up by exchange of energy be-
tween ion tangential kinetic energy 770 and azimuthal-
tangential wave Eg fields 750. These waves appear as
quasi-hexagonal-conical cellular repetitive structures
800 of width Ay 810 on the surface 820 of the core
sphere at r., as shown in FIG. 52 (which also shows a
cross-section 830 of two such cells), because the ion
motion azimuthally is isotropic in angle in any given
surface shell. The cells are not rigid as suggested in the
figure, but are formed of ion density concentrations due
to the ion-acoustic oscillations. These waves are then
like an array of azimuthal honeycomb cells extending
over that radial depth of core over which the criterion
for their generation is satisfied. This criterion is that the
fractional change in coupling length (mean free path, or
wavelength is Ap;) is identically equal to the fractional
change in radial position with decreasing radius into the
core.

This condition preserves azimuthal coherency with
changing radial position and allows the establishment of
the shell-like honeycomb Eg field structures, in which
ions collide with electric fields due to acoustic waves
azimuthally, and scatter off each other. Here, as for
S-waves, if the density outside the ICC core scales as
the inverse square of radius, the initiation condition is
also independent of radius, as before. However, to cre-
ate these waves it is necessary to have an azimuthal
driver. The only driver available is that due to conser-
vation of transverse momentum in ion flow to and
through the potential well, as indicated in FIG. 4b. As
previously discussed, this limits the ion motion so that
ions can not approach the system center closer than a
momentum-limited radius (r,) given by the square root
of the ratio of mean transverse energy (E,) at the system
injection surface (R) to the maximum radial energy (E;)
at injection or at the deepest point of the potential well,
(1o/R)=(E+/E)°3. The ICC effect will be initiated at a
radius comparable to or larger than that of the trans-
verse-ion-momentum convergence limit <r,>=-
(ro/R).

Ions approaching the central core region will all
arrive with paths which lie between the two extremes of
pure radial motion (transverse momentum is zero), or of
pure azimuthal motion (with no radial component). Ions
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moving along radial paths can initiate radial (S) waves,
while those following the second limiting path can initi-
ate transverse or azimuthal (T) waves. Of course, ions
with a combination of both motions (radial and azi-
muthal, as indicated in FIG. 4a) are capable of initiating
either or both types of resonant acoustic waves in the
core region. In either case, if the conditions of this pro-
cess are met in accordance with the invention, the ions
will drive resonantly-coupled acoustic oscillations in
the core and will be trapped in the core by the acoustic
wave structures thus produced.

This process can be seen by imagining a core made of
surface-packed quasi-conical honeycomb ion density
structures 840 over the entire core surface at the acous-
tic wave initiation radius r. 850, as shown in cross-sec-
tion in FIG. 5. An ion 860 entering one of the honey-
comb “cells” will be scattered internally from the cell
“walls” (which are actually the ion density waves asso-
ciated with the acoustic wave resonant structure) and
will be internally reflected 870 to the opposite wall, or
may pass through a wavefront, being deflected into an
adjoining cell 880, in which it is again reflected or scat-
tered into still another cell region. The mean free path
of such scattering collisions/deflections is exactly the
ion acoustic wavelength at the local conditions of ion
density and energy. This is always very small compared
to the Coulomb scattering collision mean-free-path
(mfp) for ion/ion energy exchange and, in systems of
interest, small compared to the core dimension. In these
circumstances, it is evident that the motion of particles
inside the ICC core will be of a diffusive character, with
each particle undergoing many collisions before it can
traverse the core and exit again to the extra-core region,
and thence return to the radial circulating flow of the
overall device.

Since the particles are thus trapped by short (mfp)
collisions, their density will build up inside the core to
values very much larger than those that would be ex-
pected from simple Coulomb-collisional interactions
without acoustic wave resonant coupling (i.e. without
the ICC process and effect). Exact analysis of the mo-
tion and density distribution of such wave-trapped par-
ticles within the core is complex, as the deposition of
ions within the core, from the external flow system, is
approximately given by an ion source term of the form
S(r) = j(r)/A«r) where the uncollided deposition current
density is given crudely by

JO=jdro/TPEXP[—(ro—1)/AKr)] ®

Here jo=(nv).is the ion flux (radially) incident on the
acoustic wave ICC core surface at r =r,, A(r) is the
average scattering mfp of ions to radius r within the
core, and r is the ion-momentum-limited convergence
radius, as before. Use of this expression as a source term
in the normal wave equation is further complicated by
the fact that the scattering mfp is, itself, a function of
radial position, and should be written as an integral
expression over the range r,—r. It varies with the den-
sity variation of the ions across the ICC core, and will
act to trap particles increasingly as their density in-
creases within the core (due to the decrease in A(r) as
density increases with decreasing r).

A simpler model that gives an approximation to the
particle density distribution can be invoked by treating
the incoming particles as being deposited from the ex-
ternal ion flow into the critical core with a volumetric
source term distribution given more simply by
S(r)=(c/Apic) n(r)/nc]%3 within this core. This model
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ignores the increasing trapping effect mentioned above,
and will give results generally less favorable (i.e. less
density increase) than the real situation. However, it is
useful to illustrate the nature of behavior of the system
and to provide some lower bounds on the performance
potential of the ICC process. With this model the de-
scription of ion density follows from the conservation
equation

D, V.2 {n(r)V]+S(r)=0 ©)
where the diffusion coefficient is DAr)=Ap/3=(})[-
27Ew/Z2e2n(r)]0-5. Using S(r) as above, this reduces to
the simple wave equation

An(r)]+B2[n(r)] =0 (10)

Here the constant is defined in terms of density and
energy parameters in the system as B=(v3/)\pic), and
the density variation is found to be

n(r)=nSIN(Br)/(Br) (11)
where the density (n,) is that at the center of the ICC
core. This variation 900 is shown across the core region
in FIG. 6a. Matching boundary conditions at the edge
of the core with the ion density variation 910 outside the
core requires that the ion density, in this diffusion
model, go to zero at some hypothetical “extrapolation
distance” (8) 920 outside the core radius, r=r,, as
shown in FIG. 6a. This condition requires that the wave
equation constant, above, be also defined geometrically
as B=[NRgéd/(r.+6)], where Np is an integer equal to
the number of core surface acoustic wavelengths con-
tained in the core radius. The offset § can be shown to
be approximately 8= (7/6)Apic=0.52 mpi. Equating
these two expressions for B gives a simple relationship
between ICC core dimension, extrapolation distance
and ion density and energy as

8=(NR7/3)\pic—rc from which (12a)

re=[(Ngm/3)—0.8][Apic] (12b)

Since the onset conditions for S-waves are indepen-
dent of radius, this simply shows that any radius
T¢> Apic is capable of sustaining such waves. In actual
fact, however the Nr=1 condition is favored as the
fundamental mode of density variation across the core.
This will be attained at a radius as small as 1.=1.29 Apjc,
or for a density such that

ncZ2m(ay)*/(Zer 2 =7.2TENGH)Ew/(Zr)?) (13)
for n.in ions/cm3, E in eV and r.in cm. For example for
Ev=1E5 eV, Z2=2, and r.=10 cm, then
n.Z3.63E12/cm3 for ICC operation if a;j=1 (ion/ion)
or n.Z843E10/VA /cm? for ICC if (ion/electron)
acoustic oscillations with ions of mass number A domi-
nate the core.

The core convergence radius is determined by trans-
verse momentum considerations external to the core,
and is generally greater than the minimum r. cited
above. However, for this condition the critical density
for onset of ICC acoustic waves still is as given by Eq.
(13). If this density is attained at this radius, the ICC
effect will appear; and conversely. Once initiated, the
actual ion acoustic wavelengths found within the core
r<r. will decrease with increasing density as r-+0, so
that many such spherical waves will be found within the
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core envelope, under the Ng=1 fundamental mode.
Higher mathematical order core density wave modes
are possible, in principle, but practically only as small
amplitude superpositions on the fundamental mode.

Note that, if n(r) varies as 1/r™ in the region external
to the ICC core and internal to the surface at radius R
at which ions enter the system with energy E,, the
system surface ion density must be

M= 1.2TEN @) Ewr ™2/ Z2R ™ (14)
for initiation of ion acoustic waves and the ICC effect.
For a typical variation with m=2 in the previous exam-
ple case, for R=100 cm this yields n;,Z 3.63E8/cm3 for
a;=1, or Nia—>8.43E6/\/ A /cm3 otherwise. If n(r) var-
ies as m=3 these values are all lowered by a factor of
100.

Initiation of T-waves follows a slightly different cri-
terion (as given in Eq. (4), above), that leads to the
result that the critical radius for onset of ion acoustic
T-waves depends upon the functional form of the ion
density variation in the region just outside the ICC core.
It is found that this critical radius is as follows
(15)

re=rp for uniform radial flow

2 r, for (1/7%) dependence for r > r.
re=2r for ion density variation to conform to
transverse momentum conservation in the
converging radial flow

Ie =

Thus T-waves will be created as the ion current den-
sity azimuthal flow reaches a critical value. This is set
both by the level of recirculating ion current flow out-
side the core and by the fractional transverse momen-
tum of ions converging to the core region. Using a
(typical) inverse-square geometric convergence the
azimuthal ion acoustic wavelength is found to be

(16)

 (@)ro/R)Apio)
@)ro/R) 2 Epke/ Z2e2nio)0S

Apb

where Apj is the acoustic wavelength calculated for
conditions at the internal cavity outer radius, R, where
the ion density is nj. Since the ion density at the surface
is related to the injection power and the ion recircula-
tion ratio (G;), and thus to the equivalent electron recir-
culation ratio, G, it is possible to write the T-wave
acoustic wavelength in terms of injection power, for E,,
in eV, P in watts, and all dimensions in cm, as
6po="1.22E-2 (E\25/PiniG)*3(ajjlcm) an

The number of surface cells must fit within the core
circumference, thus the condition to be satisfied is
N7(Apo)=2m(r;), where Nris the (integer) number of
cells around the core circumference. It is readily shown
that the total number (N,) of quasi-hexagonal cells that
can be fitted on the surface of the spherical core is given
by the formula N,=0.3675 N72; so that N7=16 gives a
total number of cells of Ny~ 72, for example. The small-
est practical tangential cell number for resonant funda-
mental modes is N7=8, with Ny,=24. (It is noted that
this simple formula for N, breaks down at N7=4; geo-
metric considerations for tetrahedral symmetry gives
N,=8 for such a resonant surface structure, but dis-
creteness argues against coherency.) Using this and the
simple integer condition above, the injection power can
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be related to the recirculation factor, the ion energy,
and the acoustic wavelength, as previously in Eq. (6)
for S-waves. The critical equation giving the power
injection criterion for onset of T-waves is then

Pinj=5.9E-3aylE\25/22G)) (watts) as
which is seen to be closely comparable to the criterion
for S-wave initiation, as given by Eq. (7). Thus, T-
wave-trapped ions can serve to supply the core, as dis-
cussed above in connection with the wave equation
description of the in-core ICC diffusion process.

Once started, such acoustic waves will readily propa-
gate into the core and will be maintained by resonant
coupling with the stream of inflowing ion momentum,
both azimuthal and radial. Incoming particles will be
trapped in acoustic wave structures, and will diffusively
move through the core, building up density until a level
is reached at which their outward diffusion-limited flow
exactly balances the inooming flux. Ions esoaping from
this inertial-collisional-compression (ICC) core will be
emitted isotropically into the extracore region. Thus
azimuthally-isotropic incoming ions will be replaced by
azimuthally-isotropic emitted ions, with no net change
in transverse momentum content of the ion population.
Ion energy within the core will remain sensibly the
same as that at entry, since little energy is stored in the
oscillating ion acoustic wave fields (as previously
shown).

The net flux into the core must be equal to that leav-
ing from the 1CC effect region at r =~ r,. This latter is just
DV {vin(r)]| » while the former is the average flow of
ions into radius r. from the flow system outside the ICC
core. Taking a cosinusoidal distribution of transverse
momentum at the core boundary gives an average radial
in-flow speed of (2/7)v;. With this, equating ion fluxes
from both sides of the core boundary surfaoe r. yields
the ratio of core maximum (central) density to surface
density as given approximately by

(no/nc)=(rc/De)=3rc/pic 19)
where the subscript c indicates parameters evaluated at
boundary conditions of the ICC core, at r=r, and Apic
is given by Eq. (3) for each choice of aj;.

The functional form for n(r), given by Egs. (3) and
(11), can be integrated over the core volume, from
which approximate (for vjic< <r() integrated average
<n,> and mean-square <n,2> values of core ion
density are found to be

<np>/n.=(3/m)ns/n)) (20)

and

<ng?>/nd=(3/2n2)ns/n)? @

The mean-square value is of interest in estimating
fusion reaction rate densities and core power, since the
fusion reaction density is given by

=K <ne>Xovi) @2)
where b;;=0.25 if the reacting particles are alike, and is
0.5 if they are of different species, with equal density in
the system. The fusion power is this rate density times
the energy released per fusion (Ej), over the core vol-
ume

Pr=(gEp4m/3)(ve) @3
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The increase in fusion rate due to the ICC process,
over that expected from conventional Coulomb colli-
sions and geometric convergence in spherical flow sys-
tems, is then just the density enhancement factor given
by Eq. (21), above. This is shown in FIG. 6b for typical
parameter ranges of interest. In this the variation across
the core is shown for successively larger values 930,
940, 950 of Apic.

The ICC process thus can yield greatly increased
output from any spherical flow system, by design for
operation at the appropriate density, current, and input
power and voltage conditions, as required to initiate the
ICC effect. The magnitude of this increase in potential
output is suggested by the data in Table 1, following.
This shows the range of ratios of integrated average
density and of mean-square density normalized to core
boundary density, n,, and to ICC core radius r., for an
ion collision energy of E,w=1ES eV, an average charge
of Z2=2, and for a;j=1 and with a;=(1/61) as for D
ions. The lower values given have been corrected
slightly for approximations used in obtaining Egs. (20,
21).

TABLE 1

10

15

20

18
factor near unity to account for fuel ions of differing
mass number, A},A; (for DD, F(A)=1, for D3He or
DT, F(A)=0.91, and for p!!B, F(A)=1.04).

As an example of the potential of the ICC process
consider a case using D and T (b;=0.5, F(A)=0.91) as
the fusion fuels ) in an (ion/electron) ion-acoustic mode
(ajl1/61) system with core at r=05 cm, Z2=2,
n.=1E14/cm3, E,=2E4 eV, a fusion cross-section
o7/=2.0E-24 cm?, E;=17.6 MeV, and an electron recir-
culation ratio of G;=300, equivalent to an ion recircu-
lating current ratio of only about G;=4.4. For these
conditions, Eq. (24) gives the base power gain as Go=(-
Pfs/Pjmn) =184. Such a device could be operated in a
pulsed mode to attain high peak power densities, if
continuous ICC operation requires excessive input
power.

As a second example, consider an ion-acoustic mode
case using fuels p and !1B (a;=1/143), with r,=1.8 cm,
Z2=5.5, core boundary ion density n4E13/cm3, ion
energy of E,,=3ES5 eV, 0/=0.2E-24 cm?, E;/~=8.7 MeV,
and G;=2E3 (ion current recirculation ratio G;=2-
0-26). For this case the base power gain is still as high
as G,=112. Note that the equivalent electron current

POTENTIAL INCREASE IN AVERAGE AND
MEAN-SQUARE DENSITY DUE TO ICC

Core Boundary Average Core Density Mean-Square Density
Density (<ng>/ng) (1/10), (1/cm) (>n2>/n?) (1/r2), (1/em?)
e (1/cm3) aij = 1 aij = (1/61) aij = 1 aij = (1/61)
1E9 — 1.0-1.9 — 2.2-4.5
1E10 — 3.5-5.0 — 22.3-44.6
1E11 —_ 8.7-16 — 223-446
1E12 1.3-2.0 23-45 0.6-1.2 2.2-4.5E3
1E13 3.0-5.0 73-147 6-12 2.2-4.5E4
1E14 7.4-15 230-460 60-120 2.2-4.5E5
1E15 20-40 730-1470 600-1200 2.2-4.5E6
1E16 62-120 2.3-4.6E3 0.6-1.2E4 2.2-4.5E7
1E17 195-400 0.7-1.5E4 0.6-1.2ES —

Note that the ion/ion mode (a;=1) yields no useful
increase for densities below about 1E12, and that the
formulae give unrealistic values for the highest densities
in the ion/electron mode (a;=1/61). It is also important
to note that the average density would be higher by the
square root of the ratio (1E5/E,), and the mean-square
density by the ratio, itself, if ion energy less than 1E5 eV
were used. Thus, if the ion energy sought were only
1E4 eV (10 keV), for example, the mean-square values,
and the comparative fusion rate densities would all be
larger by a factor of ten than the tabulated values. Also,
larger charge will yield larger densities in direct pro-
portion to the ratio Z/V/2, thus multiply-charged fuels
(e.g. 'B) will be ICC compressed more than will those
with single charges (e.g. D, T).

Finally, it is possible to show conditions for net
power generation in fusion systems operating under the
ICC concept. A lower bound criterion for net power
generation is given by comparison of minimum required
injection Pjmp of the system from Egs. (7,18) and fusion
power generation capability from Eqgs. (22,23). Combin-
ing these (using the S-wave criterion of Eq. (7)) gives a
(maximum) “base power gain potential” (G,) for the
system of

G, @4

i

(Pfus/ Pimn)

7.80E-12[r>Z*n o fEfGiR AN by Ev(ai)’]
for cgs units, as before, with Efin MeV and Ey in eV,
oyin cm?. Here the function F(A)=[(A1+A2)/A1A2] a
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recirculation ratio in each of these cases is less than that
of conventional spherically-converging flow schemes!-
4-10by a factor of the order of 100~ 1000, for the same
general level of potential power gain performance.
This can be rewritten in terms of the ion energy,
system momentum convergence limit and size, current
recirculation ratio, and injection (or ion accelerating
drive) power, for any given fuel combination, as

Go=3.45E23(G}Pin?/ <1c>R)*

(Z‘Ep}bijAl'JSF(A)/Eﬂ.S) (25)
where <r > =(r./R) and R is the major radius of the
inner cavity of the ICC machine. For fixed injection
power Py, G, varies inversely with radius R. However,
if the ion injection surface power density pin
=Pini/4wR2 is kept fixed, the system base gain varies
with the fifth power of the radius, R, as

Go=6.84E26(b X R3Gfpin/ <rc>)*
(Z°Epr A1 R A)/ E\,1.5) (26)
For this constraint condition and any specified parame-
ter values, there is then always a value of R at which the
base gain can be made unity or greater.
For the case of DT fuel at ion energy of E,=2E4 eV,
with Z2 taken to be 2, the system base gain becomes
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Q@7

GADT) 4.83E3U(GfP},/<re>R)

9.58E-28(R5G/*p},/ < re>)

If R=100 cm, Gj=2E3 (G;=28), Pis;32 2E6 watts, and
<1.>=1E-2, the base gain is then G,(DT)=61.8. Re-
ducing the radius to 25 cm and decreasing the equiva-
lent electron recirculating current ratio to Gj=1000,
holding the other parameters at their original values,
still yields a base gain of 15.5.

All of these levels of potential performance are
100-1000 times better, higher, or more readily attain-
able than for their counterparts in conventional spheri-
cal electrostatic well systems; a direct result of employ-
ing the novel ICC effect and process in their design and
description.

It is of some interest to note that the results of the
experiments of Hirsch, which yielded anomalously high
neutron production rates from a system using six op-
posed ion injection beams, might be a result of the phe-
nomena described above. The parameters that charac-
terized Hirsch’s experiments® (beam energy and cur-
rent, beam diameter, ion energy in the central core
region, and system core dimensions) were not all well
known, and neither Hirsch5, nor Black8, nor Baxter and
Stuart® were able to explain these results. However, a
liberal interpretation of Hirsch’s reported data can be
made that yields conditions in the central quasi-spheri-
cal core (formed at the intersection of the six ion beams)
that are slightly beyond those minimally required for
the onset of the ICC process effect.

The regimes of operation of the ICC process and the
probable regime of the Hirsch experiments are depicted
in FIG. 7. The ICC allowed region, labeled 1000, oc-
curs between the “V” defined by any one of a selected
vertical line corresponding to different critical radii r,,
and any one of the positive sloping straight lines 1, 2, .
.. 5. The allowed region thus extends to the right of the
vertical line, for a given vertical line choice r., (a more
positive X value), and to the upper portion, (corre-
sponding to more positive Y value), of the selected
positively sloped line, 1, 2, etc. The vertical lines corre-
sponding to a selected value of r. are plotted on the X
axis from constraint equation (5) above and represent
density per unit well depth. The parameter Y, in units of
power per cm’, is taken from combining constraint
equations (5) and (7), and is evaluated for exemplary
values of E, and Gjas seen in the bottom block portion
of FIG. 7. The lines 1, 2, etc are defined using selected
combinations of the ion energy at the core or well depth
Ey and the electron current recirculation ratio G;. In
some cases, there are more than one pair of values for
Ewand Gjin a given block, e.g., line 3, and in such cases
the graphic results do not differ significantly from one
pair to the next as represented by the small circles next
to the lines labeled 3 and 4.

Thus, a representative allowed regime for the ICC
process, could be that defined by the “V” between line
1 and r.=1cm. In accordance with equations (5) and

(7), the appropriate values of density and injection
power may be calculated to produce the ICC operation
for any point selected within the “V”. ine 1015, defining
region 1020 in the upper right protion of the graph, has
been drawn in FIG. 7 to represent a reasonable choice
of an operation regime not too close to the boundary
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regions where small pertubations may result in instabil-
ity.

FIG. 7 also indicates the range 1010 over which
Hirsch’s experiments might have operated. The slight
overlap shown over a restricted range of parameters is
far from the range of conditions desired for ICC effec-
tive operations, as shown at 1020 in FIG. 7.

Electrode Arrangements

It will be understood that any means of accelerating
ions radially inward in'a manner that minimizes trans-
verse motion may be employed to provide a densifica-
tion of ions towards the center of a spherical (or cylin-
drical) geometry, and that such acceleration at current
and voltage (particle energy) conditions described here
as required for the initiation of the collisional-diffusion
processes of the ICC effect, can result in the onset of
this effect.

However, the nature of this effect allows the inven-
tion of special apparatus for the achievement of the
process and conditions required for its attainment that
are uniquely simple and devoid of extensive complex
structure. These are all based on use of minimal wire
frame or sheet conductor or distributed point conductor
electrode grid systems, g1, g2, 1100 (FIG. 8) to provide
spherical (or cylindrical) radial electric field gradients
for acceleration of ions to the system center, g0, the
whole being surrounded by and contained within a
concentric outer electron-reflective bounding wall or
surface 1110, as shown in cross-section in FIG. 8. (It is
noted that FIG. 8 represents a cross sectional view for
either a spherical or cylindrical system). In this circum-
stance, a system of spherical colliding flow of ions (and
€lectrons) can be devised in which the ion-accelerating
fields are provided by simple grids of large transpar-
ency, and system power consumption is kept small by
avoiding the use of electric currents to create high mag-
netic fields.

FIG. 9 shows an example of one such electrode sys-
tem for ion acceleration, using a minimal curvilinear
tetrahedral wire frame geometry with two nested grids,
g1 1200 and g2 1210. FIG. 10 shows a nested set of three
orthogonal circles 1300, 1310 (a curvilinear octahedron
or “great circle” geometry), FIG. 11 indicates a set of
“tennis ball seam” continuous curvilinear electrodes,
1400, 1410, and FIG. 12 shows (in cross-section) a con-
centric array of point conductor “buttons”, 1500, 1510
acting as electrodes. Note in each figure that there are
two concentric spherical surfaces at radii rgl and rg2,
on which the inner g1 and outer g2 electrodes are lo-
cated, around a central point g0, and that the electrodes
in one surface match those in the other in angular posi-
tion. This is always so in order to minimize curvature in
the electrostatic field that is maintained between the
two electrodes, in order that the accelerating force on
ions in the interelectrode space be made as nearly per-
fectly radial as possible.

The closer the ions can be made to follow exact radial
motion, the less will be their transverse momentum
content and the smaller will be their minimum conver-
gence radius, r (related to the ICC core radius r.by Eqgs.
(15), which show that r, =r.=2r,). This is important in
achieving conditions for onset of the ICC effect, which
requires that the surface current density at r, exceed
certain levels (previously described and defined) in
order to initiate collisional phenomena that cause ion
density to increase within this radius. If the ions have
large transverse momentum content, the total current
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required for ICC onset will be excessively large, and the
system will not practically reach the appropriate condi-
tions. Thus, the choice of means to accelerate ions in-
ward is critical; pure radial acceleration is the preferred
mode.

One such means is to make use of the minimal wire
frame or button electrode structures discussed above, in
which spherical symmetry of the field is maintained by
the rapid azimuthal flow of electrons around the spheri-
cal surface, on surfaces of equipotential. Transverse
(angular) electron flow will occur naturally along equi-
potential surfaces containing these grid structures, as
observed in experiments of Litton and vanPassen!4 on
wire-frame hollow cathodes with highly non-uniform
electron injection means. Alternatively, inner and outer
(first and second) grids can be made of mesh screening
(e.g. in the fashion of “chicken wire” screening), if of
reasonable transparency.

Note, in this regard, that ion current recirculation
ratios required to provide net base gain above unity
with the ICC effect, are only on the order of 10-100.
Thus, screen grids with 1-10% solidity can be used for
this function. However, the loss of electrons circulating
in the system will also be governed by the solidity/-
transparency of these grids, and by losses due to colli-
sions with the external boundary surface of the system,
outside the ion-accelerating-grid region. Electron losses
constitute a power loss to the system, which may ex-
ceed that due to requirements of ion injection power to
initiate the ICC effect. There is thus an incentive to
construct high-transparency grid systems, in order to
minimize internal electron losses.

Electron losses external to the ion-accelerating-grids
may also be reduced by use of a third (outer) grid pro-
vided around the inner two, in order to decelerate elec-
trons escaping outward from the ion-accelerating re-
gion of the inner two grids. If this outer grid is biased at
negative potential relative to the next inner grid it will
prevent or reduce electron losses from the system due
to their collision with external wall/boundary struc-
tures. This is not necessary for initiation of the ICC
effect, but is useful for conservation of electrons (and
thus for preserving electron recirculating current).

The fractional solidity (fs) of the wire frame grids is
determined by the total area on the grid frame sphere at
radius R subtended by the total length (L) of wire struc-
ture, divided by the spherical area, itself; this is just
fy=Ld/4wR2, where d is the diameter of the wire, or
width of the grid frame sheet if metal sheet conductors
are used. The total length of conductor in each of the
three wire frame geometries of FIGS. 9, 10, and 11 is
found as L=3.84(7R), 6(mR) and V/2(#R) for the
curvilinear tetrahedron, octahedron, and “tennis ball
seam”, respectively, and their corresponding solidity
fractions are £,=0.96(d/R), 1.5(d/R) and 0.708(d/R).
Thus, if d=0.1 cm is the grid wire or sheet thickness,
and the inner grid surface radius is at R=100 cm, the
solidity fraction will be of the order of 1E-3, and the
allowed ion and electron current recirculation ratios
can be G;=(1/f;)= 1E3. Larger wires or closer spacing
will reduce the allowable recirculation ratios.

The transparency of rod or button electrode arrays is
generally greater than that attainable with continuous
wire frame or sheet electrode systems, for the same
degree of “stiffness” of the overall structure. For exam-
ple, the solidity fraction of an array of N buttons, each
of radius 1, is f;=Nrs2/47R2; for N=6 (at the vertices
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of an octahedron) and ry=0.2 cm, the solidity fraction
will be f;=3.2E-6 in a system with R=100 cm.

Within the two inner grids the electron current flow
should be at approximately the same speed (although
somewhat larger) as that of the ions, so that the usual
factor of (m;/m,)0-5=70-100 increase in electron cur-
rent above the ion current flow is not present. Qutside
the outermost grid (of the inner two comprising the ion
acceleration grid system), electron current reflux will
tend to the higher value ratio. It is here that wall and
grid collision losses (with an outer third grid or external
wall) can result in excessive power losses to the system,
as mentioned above. These can be inhibited in a variety
of ways, such as by the use of electron-reflective surface
magnetic fields, as proposed by Limpaecher!S, or by
polyhedral fields as proposed by Bussard!:!2, or by
“magnetic insulation” as proposed by Hirsch!, or by an
electrostatic potential bias of sufficient magnitude on
the wall surface, or by any other means well known in
the art. If necessary, by these means the external elec-
tron losses may be suppressed and electron recirculation
ratio may be kept high enough to allow net power to be
generated from such devices as limited only by the base
gain (Gy) limits of the ICC process, itself.

It is important to note that no net current flow paths
should be allowed on or in the two ion accelerating grid
structures, in order to ensure that there be no magnetic
fields around these wires. The reason for this is that the
motion of ions (and electrons) through the grid spacing
can be affected by any significant fields due to grid wire
currents, in such a way as to introduce curvature and
non-radial motion to the ion paths, and thus to reduce
their ability to converge to the smallest possible core
radius. This can be avoided by utilizing dual paraliel
grid conductors, electrically connected in counter-cur-
rent fashion, so that any grid wire current flows (from
particle collisions with the grid structure) will yield
cancelling magnetic fields from each grid conductor
pair.

With such an array of grid wires, the device can be
started by applying the ion accelerating voltage across
the inner two grid conductor systems. The innermost
grid must be biased negatively relative to the outer
accelerating grid, so that ions will be attracted towards
the system center. Conversely, electrons in the inter-
grid space will be accelerated away from the center,
and will collide with neutral atoms within this space,
thus ionizing them. The ions so produced will be accel-
erated through the innermost grid and will converge
towards the core region, while the electrons so pro-
duced will be accelerated outward through the outer
accelerating grid.

The energy of the ions created in this manner will
vary from near zero energy (those created by collisions
very near to the inner grid) to the maximum energy of
the full grid accelerating potential (those created by
collisions very near to the outer grid). The energy dis-
tribution from this inter-grid volume will be weighted
by the square of the ratio of the radius of birth position
to the inner grid radius, so that more ions will be found
at high energy, above the mean, than at low energy.

Even though the ions have differing energy and ra-
dial momentum, the spherical flow geometry ensures
that all collisions will occur very near to the system
geometric center, with the result that such two-body
ion/ion collisions between ions of differing energies can
not distort the ion energy distribution from that im-
parted in the initial inter-grid ionization and accelera-
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tion process. Neither slow nor fast ions can be collided
with in 2 manner to make their energy change in the
system frame of reference. The mean ion energy in the
system will be less than the inter-grid accelerating po-
tential energy, thus, if a mean ion energy of Eyis desired
in the core region of the system, the grid potential dif-
ference should be set higher than E,.

Electrons must be made available to the ions entering
the space within the innermost grid, in order to prevent
the buildup of an excessive virtual anode potential by
ion compaction at the system center. This can be done
by allowing electrons to be emitted from the inner grid,
in the fashion of Hirsch5.6, which then follow the ions in
their inward path; attracted by their space charge. Al-
ternatively, electrons recirculating in the region exter-
nal to the ion accelerating grids, and within the acceler-
ating grid space will likewise be attracted by the space
charge induced by ion motion, and can thus provide a
source for the central region.

By these means the ion kinetic collisional energy,
which is preserved within the ICC collision-diffusion
core—and forms the basis for the fusion reaction colli-
sions therein—can be kept to a reasonable (large) frac-
tion of the ion injection energy, thus maintaining effi-
cient use of the injection power required for ICC initia-
tion.

Fuel ions which undergo fusion will disappear from
the system, as their fusion products are too energetic to
be captured by the ion accelerating fields that drive the
ICC machine in the first place. These fusion products
will escape from the active core region and will travel
radially outwards until intercepted by structure or de-
celerated by externally-provided electric fields. Fuel
ion makeup can be accomplished by injection of neutral
atoms of the fuel, by use of neutral-particle beams or by
supersonic gas injection nozzles, so that they are di-
rected towards a region of the system where it is desired
that they be ionized by collisions with in-situ ions or
with electrons already oscillating in the system. This
method is simple, readily controllable, and allows ad-
justment of the ion density and energy distribution to
levels somewhat different from those which arise natu-
rally at and during startup of the device. For example,
placement of the injected fuel into the outer sections of
the ion accelerating grid space will cause the mean ion
energy to rise from its natural half-accelerating-poten-
tial value, because nearly all of the injected atoms will
be ionized near the outer accelerating grid, and thus will
gain maximum energy from the ion accelerating grid
potential system.

As was seen in the previous discussions, it is possible
to create base system gain values well in excess of
30-100 by use of the ICC effect with very modest ion
current recirculation ratios in systems of reasonable size
(R=100 cm). It was further shown that the minimum
power required for ICC process onset could be as low
as 20-800 kw. Thus small devices with large fusion
power output (e.g. 1 m radius, 100 kw in, 10 Mw out)
appear possible by this novel invention. And, as for
other electrostatic confinement concepts, the ICC ma-
chine can work as well with non-radiative fuels (fusion
fuels that do not produce neutrons) as with the easier-
to-burn neutron-producing fuels, so is well-suited to use
in normal radiation-free human environments.

In addition, since the fusion products from such non-
radiative fuels are all charged particles with very high
particle energies, they can all be slowed down by elec-
tric potentials provided by additional grid systems ex-
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ternal to the ion accelerating grids and. the core, and
thus create electrical energy in external circuits by di-
rect conversion within the ICC machine. Such direct
conversion can be made very efficient (above 70% of
the particle energy can appear directly as electricity),
thus such devices offer promise for use in a wide array
of civil, industrial, urban, airborne, and space-based
systems.

The ICC effect and process allows any spherically-
convergent ion and electron flow system to work at
performance levels vastly greater than heretofore imag-
ined. This fact allows the conception of new and novel
means for exploitation of this effect, which employ
minimal grid conductor structures in simple geometries,
capable of high power gain, with small power input and
large power output from fusion reactions between ions
supplied to the system.
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What is claimed is:

1. Apparatus of enhancing nuclear fusion reactions
comprising:

a) a plasma, made up of ions and electrons, contained

with a core region having a core radius;

b) means for directing said ions and electrons of said
plasma to converge toward said core region which
includes one of (1) a central axis of a cylindrical
system and (2) a center of a generally spherical
system;

c) means for recirculation said plasma in generally
radial motion outwards from said core region and
returning thereto by the action of the directing
means on the ions and electrons of the plasma, and;

d) means for enhancing the density of said plasma in
the core region so as to increase nuclear fusion
reactions by generating ion-acoustic electrostatic
waves therein, said ion-acoustic electrostatic
waves reducing the collisional mean free path of
said ions to dimensions set by the wavelength of the
said ion-acoustic electrostatic waves creater
therein, thus enhancing density by collision-diffu-
sion trapping of said ions to thereby enhance nu-
clear fusion reactions.

2. Apparatus as recited in claim 1 wherein said direct-

ing means comprises:

a first, inner electrode structure and a second outer
electrode structure spaced apart form one another;

said first and second electrode structures being per-
meable to ions and electrons and being generally
spherical and centered about said center of said
generally spherical system, and

means for providing a potential difference between
said first and second electrode structures so as to
accelerate positive ions located outside said first
electrode structure inwardly, through said first
electrode structure and toward said center.

3. Apparatus as recited in claim 2 wherein said first
and second electrode structures are enclosed in an elec-
tron reflective boundary wall.
4. Apparatus as recited in claim 2 wherein said first
and second electrode structures comprise sets of grid
wires.
§. Apparatus as recited in claim 2 wherein said first
and second electrode structures comprise sheet conduc-
tors.
6. Apparatus as recited in claim 2 wherein said first
and second electrode structures comprise point or but-
ton-like electrodes. :
7. Apparatus as recited in claim 1, wherein said di-
recting means comprises:
a first, inner electrode structure and a second outer
electrode structure spaced apart form one another;

said first and second electrode structures being per-
meable to ions and electrons and being generally
cylindrical about said central axis of said cylindri-
cal system;

means for providing a potential difference between
said first and second electrode structures so as to
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accelerate positive ions located outside said first
electrode structure inwardly, through said first
electrode structure and toward said central axis.

8. Apparatus as recited in claim 7 wherein said first
and second electrode structures are enclosed in an elec-
tron reflective boundary wall.

9. Apparatus as recited in claim 7 wherein said first
and second electrode structures comprise sets of grid
wires.

10. Apparatus as recited in claim 7 wherein said first
and second electrode structures comprise sheet conduc-
tors.

11. Apparatus as recited in claim 7 wherein said first
and second electrode structures comprise point or but-
ton-like electrodes.

12. Apparatus as recited in claim 1, wherein said
directing means comprises two concentric spherical
arrays of conducting electrodes having electrode ele-
ments thereon, said elements of each array positioned
with spherical angular coordinates so as to generally
correspond to those of one another and energized to
electric potentials so as to accelerate ions inwardly with
energies in the range of 5 keV to 150 keV for the colli-
sional-compression of ions of deuterium (D) with ions
of D and/or tritium (T) and/or helium-3 (3He), and to
35 keV to 700 keV for the collisional compression of
ions of hydrogen (protons, p) with ions of lithium-6,7
(SLi, 7Li), beryllium-9 (°Be), boron-11 (11B), or other
suitable combinations capable of undergoing nuclear
fusion reactions.

13. Apparatus as recited in claim 1 wherein said di-
recting means comprises wires or sheet strip conductors
oriented so that their small dimension (thickness) is
arranged to be circumferential and their large dimen-
sion (width) is arranged to be radial, said conductors
arranged in a spherical geometric pattern to lie in cen-
trally-fixed planes containing the edges of any regular
or irregular polyhedron.

14. Apparatus as recited in claim 1 wherein said di-
recting means comprises wires or sheet strip conductors
oriented so that their small dimension (thickness) is
arranged to be circumferential and their large dimen-
sion (width) is arranged to be radial, said conductors
arranged in a spherical geometric pattern to lie along
the path of any curvilinear winding that circumscribes a
sphere with approximately equal areas between adja-
cent elements of the geometric pattern.

15. Apparatus as recited in claim 14, wherein said
spherical geometric pattern is selected from the group
of a curvilinear cube, tetrahedron, octahedron, dodeca-
hedron, or “tennis ball seam” winding.

16. Apparatus as recited in claim 1 wherein said di-
recting means comprises conductors arranged in a
spherical geometric pattern to lie in centrally-fixed
planes containing the edges of any regular or irregular
polyhedron figure, said conductors in the form of a
“button”, point or rod electrodes placed at the vertices
of said polyhedral figures.

17. Apparatus as recited in claim 2, wherein said first
and second electrode structures include means for mini-
mizing magnetic fields due to current flow within said
electrode structures, thus avoiding magnetic influences
on ion/electron motion within said region, and thus
allowing the electric fields resulting from said potential
difference to effect and control the motion and colli-
sional-compression of ions within the spherical system.

18. Apparatus as recited in claim 17 wherein said
minimizing means includes means for passing current
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through said first electrode structure in pairs of oppos-
ing current paths so as to null effects of any magnetic
field resulting from current flowing in a single current
path, and further includes means in said second elec-
trode structure for passing current through said second
electrode structure in pairs of opposing current paths so
as to null effects of any magnetic field resulting from
current flowing in a single current path.

19. Apparatus as recited in claim 7, wherein said first
and second electrode structures include means for mini-
mizing magnetic fields due to current flow within said
electrode structures, thus avoiding magnetic influences
on ion/electron motion within said region, and thus
allowing the electric fields resulting from said potential
difference to effect and control the motion and colli-
sional-compression of ions within the cylindrical sys-
tem.

20. Apparatus as recited in claim 19 wherein said
minimizing means includes means for passing current
through said first electrode structure in pairs of oppos-
ing current paths so as to null effects of any magnetic
field resulting from current flowing in a single current
path, and further includes means in said second elec-
trode structure for passing current through said second
electrode structure in pairs of opposing current paths so
as to null effects of any magnetic field resulting from
current flowing in a single current path.

21. Apparatus as recited in claim 1 wherein said
means for directing comprises an inner grid array (g1)
whose radius (rgl) is in the range of 20 cm rg1 <200 cm,
and an outer concentric grid array (g2) larger than and
separated from the inner grid array by a radial spacing
(6r12) in a range limited by electrical arc breakdown
between the concentric grid arrays.

22. Apparatus as recited in claim 21 wherein the mini-
mum practical arc-breakdown-limited radial spacing (in
cm) is given by the formula 6r12=E,/20, where Eg is
the electric potential difference between the inner grid
array (g1) and its surrounding outer grid array (g2), in
thousands of volts (kilovolts, kV).

23. Apparatus as recited in claim 22 wherein said
potential difference Egis in the range of 5kV <Eg< 600
kv.

24. Apparatus as reoited in claim 23 wherein E;=400
kV corresponding to a grid spacing of 6r12 220 cm,
and wherein said potential difference is selected to be
greater than the desired mean ion energy E, of said ions
at said grid array (gl).

25. Apparatus as recited in claim 21 wherein said
directing means further includes an additional grid
array placed outside the inner and outer grid arrays, and
means for supplying an alternating electric potential to
said additional grid array outside the region of the inner
and outer grid arrays in order to control the motion of
electrons between said outer and additional grid arrays.

26. Apparatus as recited in claim 25 wherein said
additional grid array is disposed spherically symmetri-

cally around the inner and outer grid arrays, conforms-

to the shape and angular position of the outer grid array
and is energized oppositely to the voltage difference
between said inner and outer grid arrays so that elec-
trons accelerated in an outward direction between grids
gl and g2 will be decelerated and returned inward in
the region between g2 and g3.

27. Apparatus as recited in claim 1 wherein said
means for directing comprises an inner grid array (g1)
having a radius (rg1), and an outer concentric grid array
(g2) larger than and separated from the inner grid array
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by a radial spacing (8r12), and an additional grid array
placed outside the inner and outer grid arrays, and
means for supplying an alternating electric potential to
said additional grid array outside the region of the inner
and outer grid arrays in order to control the motion of
electrons between said outer and additional grid arrays.

28. Apparatus as recited in claim 27 wherein said
additional grid array is disposed spherically symmetri-
cally around the inner and outer grid arrays, conforms
to the shape and angular position of the outer grid array
and is energized oppositely to the voltage difference
between said inner and outer grid arrays so that elec-
trons accelerated in an outward direction between grids
gl and g2 will be decelerated and returned inward in
the region between g2 and g3.

29. Apparatus as recited in claim 27 wherein said
additional grid array is formed of a plurality of conduct-
ing wires arranged in a rectangular pattern to form
rectangular cells, as in a wire mesh screen, and wherein
each wire carries current in such a manner that each
rectangular cell is surrounded by a loop of current pro-
ducing a central magnetic field within the cell such that
each adjacent cell is of opposite magnetic polarity, said
central magnetic fields reflecting outgoing electrons at
the radial position of the additional grid array and re-
turning them on inwardly directed trajectories.

30. A method of enhancing nuclear fusion reactions
comprising the steps of:

a) forming a plasma, made up of ions and electrons,

with a core region;

b) directing ions and electrons of said plasma to con-
verge toward one of (1) a central axis of a cylindri-
cal system and (2) a center of a generally spherical
system,;

c) recirculation said plasma in generally radial motion
outwards from said core region and returning
thereto by the action of the directing means on the
ions and electrons of the plasma, and;

enhancing the density of said plasma in the core re-
gion so as to increase fusion reactions by generat-
ing ion-acoustic electrostatic waves therein, said
ion-acoustic electrostatic waves reducing the colli-
sonal means free path of said ions to dimensions set
by the wavelength of the said ion-acoustic electro-
static waves created therein, thus enhancing den-
sity by collision-diffusion trapping of said ions to
thereby enhance nuclear fusion reactions.

31. A method as recited in claim 30 wherein the step
of directing includes providing an inner grid array (g1)
having a radius (rgl), and an outer concentric grid array
(g2) larger than and separated from the inner grid array
by a radial spacing (6r12).

32. A method as recited in claim 31 including the step
of providing a potential difference between said inner
and outer grid arrays such that ions in the space be-
tween grid arrays gl and g2 will be accelerated with
nearly pure radial motion towards the system center at
encrgies E; that are in the range E;=Ejg, resulting in an
increase in ion density as the system center is ap-
proached more closely, where E; represents the ion
maximum energy at the center.

33. A method as recited in claim 32 further compris-
ing the step of decelerating said inward-moving ions,
inside grid array g1, by converting ion kinetic energy of
radial motion into electrostatic energy of repulsion due
to the buildup of positive ion density at the system cen-
ter, and into increasing kinetic energy of transverse
(angular) motion with decreasing radial distance from
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the center, whereby a virtual anode is formed around
the system center.

34. A method as recited in claim 33 further including
the step of attracting electrons from the grid array g1
and from the space within g1, toward the system center,
following said ions, said electrons tending to neutralize
the buildup of repulsive positive charge of said ions near
the system center, thus permitting the ions to continue
their radial inward motion, with continuing increase in
ion density.

35. A method as recited in claim 34 wherein the ratio
of ion current to electron current in the region of the
system center is controlled to fall in the range of 0.5 to
0.02.

36. A method as recited in claim 32 further including
the step of selecting the initial density of ions of said
plasma in the region between gl and g2 such that the
mean free path for electron/atom ionization collisions
in this region, under the influence of the potential differ-
ence is E;g is comparable to or less than the spacing
between said inner and outer grid arrays.

37. A method as recited in claim 33 further including
the step of ceasing radial inward motion of said ions at
a momentum-convergence-limited radius r,, given by
ro=(E./Ew)%3, where E;is the transverse energy of the
ion at the position of grid array gl and E,, is the mean
energy of the ions at the position of grid array (gl).

38. A method as recited in claim 36 further including
the step of ceasing radial inward motion of said ions at
a momentum-convergence-limited radius r,, given by
Io=(E/Ew)%3, where E,is the transverse energy of the
ion at the position of grid array g1, and E, is the energy
of the ions at the position of grid array (gl).

39. A method as recited in claim 38 further including
the step of applying a grid potential difference [E;]
Eg=Ey and increasing ion density towards and within
the central core near to and inside of r,, by adjusting ion
density within the region between the inner and outer
grid arrays to sufficiently large values that the total
current density in the core region within said inner grid
array exceeds a critical value for the given ion energy
such that the converging ion current will initiate and
resonantly maintain ion acoustic waves those wave-
length is small compared to the momentum-limited
convergence radius, r,, at a critical core radius r, com-
parable to 1,.

40. A method as recited in claim 31 further including
the step of generating ion acoustic waves within the
region interior to said critical core radius r. and tapping
incoming ions within said critical core region by reflect-
ing and scattering said ions from the boundaries of said
ion acoustic waves, whereby said ions move diffusively
through and within the said critical core region with
mean free paths between such reflections and scatter-
ings that are much smaller than the dimensions of said
critical core region.

41. A method as recited in claim 40 wherein the step
of generating ion acoustic waves includes injecting said
ions with an injection power greater than 10-100 kw,
with rgl between 50-100 cm, with ion current recircu-
lation ratios of 10-30, and with a potential difference
between said inner and outer grid arrays between
10-400 keV.

42. A method as recited in claim 41 wherein injection
power is in the range 100-500 kw with radius g1 at
40-80 cm, ion recirculation ratio of 10-20 and potential
difference energy of 15-30 keV for use with DT fuels.
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43. A method of enhancing nuclear fusion reactions
comprising the steps of:

(a) generating a spherically symmetric electrostatic
field in a spherical system having a center or a
cylindrically symmetric electrostatic field in a cy-
lindrical system having a central axis,

(b) producing a plasma of ions and electrons in said
spherically symmetric or cylindrically symmetric
electrostatic field for accelerating said ions in a
radial direction toward the center of said spherical
system or the central axis of said cylindrical sys-
tem,

(c) accelerating said ions along said radial paths with
a speed and flux density such as to produce ion
acoustic waves at a core radius r. wherein the
wavelength of said ion acoustic waves is less than
re and such that the ratio of change of the ion
acoustic wavelengths with change in radial posi-
tion of the ions is directly proportional to the ion
radial position.

44. The method as recited in claim 43 wherein said
accelerating step includes adjusting the ion density and
ion flow such that the ion acoustic wavelength is at least
approximately an integer divisor of the circumference
of the sphere having said core radius r..

45. The method as recited in claim 44 maintaining
said ion acoustic waves so as to cause collisional interac-
tions of said ions with said ion acoustic waves, said
collisional interactions occurring on the scale of said ion
acoustic wavelength and within said core radius r., and

increasing the density of said ions within said core by
injecting ions or a neutral gas within or near said
core and by confining said ions utilizing said colli-
sional interactions.

46. A method of enhancing nuclear fusion reactions
comprising the steps of:

(a) generating a spherically symmetric electrostatic
field in a spherical system having a center or a
cylindrically symmetric electrostatic field in a cy-
lindrical system having a central axis,

(b) producing a plasma of ions and electrons in said
spherically symmetric or cylindrically symmetric
electrostatic field for accelerating said ions in a
radial direction toward the center of said spherical
system or the central axis of said cylindrical sys-
tem,

(c) accelerating ions along said radial paths such that
their density within said core and their injection
power are related such as to fall within the region
1000 of FIG. 7.

47. The method as recited in claim 46 wherein said
accelerating step includes accelerating said ions such
that their density and injection power are related such
as to fall within the region 1000 of FIG. 7 excluding the
region 1010.

48. The method as recited in claim 46 wherein r.is in
the range of 0.1-2 cm, and E,, is in the range of 104-105
eV.

49. A method of enhancing nuclear fusion reactions
comprising the steps of:

(a) generating a spherically symmetric electrostatic
field in a spherical system having a center or a
cylindrically symmetric electrostatic field in a cy-
lindrical system having a central axis,

(b) producing a plasma of ions and electrons in said
spherically symmetric or cylindrically symmetric
electrostatic field for accelerating said ions in a
radial direction toward the center of said spherical
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system or the central axis of said cylindrical system
so as to circulate through a core region having a
core radius,
(c) accelerating ions along said radial paths such that

their density within said core region and their in-
jection power are related such as to satisfy the
following two relationships:
ne>QRnEw/Z2Erd)aj) M)
PinjZ5.21E-3(aXEW*3/22G)) (watts) V)
wherein:
n. is the ion density at the core radius;
E. is the energy of the ions at the core radius;

rc is the critical radius at which ion-acoustic waves
are generated;

a;jis 1 for ion/ion acoustic waves and (m¢/m;)%3 for
ion/electron acoustic waves wherein m;and mjare
the mass of the electron and ion respectively;

P;njis the ion injection power;

Gj is the electron recirculation ratio; and

Z is the ionic charge in units of electronic charge e.

§0. Apparatus as recited in claim 1, wherein said

enhancing means comprises means for injecting said
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ions into said core region so that ion injection power,
Pinj satisfies at least.one of the following relationships:

PinjZ5.2 lE'3(ﬂinj)(sz's/ZZGj) (watts) o)

PinjZ 5.9E-3(ain X Ew?5/22G)) (watts) @
wherein:
Ey is the energy of the ions at the core radius;
ajis 1 for ion/ion acoustic waves and m./m;)*5 for
ion/electron acoustic waves wherein m.and m;are
the mass of the electron and ion respectively;
P;n;is the ion injection power; and
Gjis the electron recirculation ratio.
51. Apparatus as recited in claim 50 wherein the den-
sity within the core radius satisfies the following rela-
tionship:

ne> (2w Ew/Z2erNay)

wherein:
n.is the ion density at the core radius;
1 is the critical radius at which ion-acoustic waves
are generated; and

Z is the ionic charge in units of electronic charge e.
x* * % % %



