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SYSTEMS AND METHODS FOR FORMING AND MAINTAINING A HIGH PERFORMANCE FRC 

 

FIELD 

[001] The embodiments described herein relate generally to magnetic plasma confinement 

systems and, more particularly, to systems and methods that facilitate forming and 

maintaining Field Reversed Configurations with superior stability as well as particle, energy 

and flux confinement. 

BACKGROUND INFORMATION 

[002] The Field Reversed Configuration (FRC) belongs to the class of magnetic plasma 

confinement topologies known as compact toroids (CT).  It exhibits predominantly poloidal 

magnetic fields and possesses zero or small self-generated toroidal fields (see M. 

Tuszewski, Nucl. Fusion 28, 2033 (1988)).  The attractions of such a configuration are its 

simple geometry for ease of construction and maintenance, a natural unrestricted divertor 

for facilitating energy extraction and ash removal, and very high β (β is the ratio of the 

average plasma pressure to the average magnetic field pressure inside the FRC), i.e., high 

power density.  The high β nature is advantageous for economic operation and for the use 

of advanced, aneutronic fuels such as D-He3 and p-B11. 

[003] The traditional method of forming an FRC uses the field-reversed θ-pinch 

technology, producing hot, high-density plasmas (see A. L. Hoffman and J. T. Slough, Nucl. 

Fusion 33, 27 (1993)).  A variation on this is the translation-trapping method in which the 

plasma created in a theta-pinch “source” is more-or-less immediately ejected out one end 

into a confinement chamber.  The translating plasmoid is then trapped between two strong 

mirrors at the ends of the chamber (see, for instance, H. Himura, S. Okada, S. Sugimoto, 

and S. Goto, Phys. Plasmas 2, 191 (1995)).  Once in the confinement chamber, various 

heating and current drive methods may be applied such as beam injection (neutral or 
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neutralized), rotating magnetic fields, RF or ohmic heating, etc.  This separation of source 

and confinement functions offers key engineering advantages for potential future fusion 

reactors.  FRCs have proved to be extremely robust, resilient to dynamic formation, 

translation, and violent capture events.  Moreover, they show a tendency to assume a 

preferred plasma state (see e.g. H. Y. Guo, A. L. Hoffman, K. E. Miller, and L. C. 

Steinhauer, Phys. Rev. Lett. 92, 245001 (2004)).  Significant progress has been made in 

the last decade developing other FRC formation methods:  merging spheromaks with 

oppositely-directed helicities (see e.g. Y. Ono, M. Inomoto, Y. Ueda, T. Matsuyama, and T. 

Okazaki, Nucl. Fusion 39, 2001 (1999)) and by driving current with rotating magnetic fields 

(RMF) (see e.g. I. R. Jones, Phys. Plasmas 6, 1950 (1999)) which also provides additional 

stability. 

[004] Recently, the collision-merging technique, proposed long ago (see e.g. D. R. Wells, 

Phys. Fluids 9, 1010 (1966)) has been significantly developed further: two separate theta-

pinches at opposite ends of a confinement chamber simultaneously generate two 

plasmoids and accelerate the plasmoids toward each other at high speed; they then collide 

at the center of the confinement chamber and merge to form a compound FRC.  In the 

construction and successful operation of one of the largest FRC experiments to date, the 

conventional collision-merging method was shown to produce stable, long-lived, high-flux, 

high temperature FRCs (see e.g. M. Binderbauer, H.Y. Guo, M. Tuszewski et al., Phys. 

Rev. Lett. 105, 045003 (2010)). 

[005] FRCs consist of a torus of closed field lines inside a separatrix, and of an annular 

edge layer on the open field lines just outside the separatrix.  The edge layer coalesces into 

jets beyond the FRC length, providing a natural divertor.  The FRC topology coincides with 

that of a Field-Reversed-Mirror plasma.  However, a significant difference is that the FRC 

plasma has a β of about 10.  The inherent low internal magnetic field provides for a certain 

indigenous kinetic particle population, i.e. particles with large larmor radii, comparable to 
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the FRC minor radius.  It is these strong kinetic effects that appear to at least partially 

contribute to the gross stability of past and present FRCs, such as those produced in the 

collision-merging experiment. 

[006] Typical past FRC experiments have been dominated by convective losses with 

energy confinement largely determined by particle transport.  Particles diffuse primarily 

radially out of the separatrix volume, and are then lost axially in the edge layer.  

Accordingly, FRC confinement depends on the properties of both closed and open field line 

regions.  The particle diffusion time out of the separatrix scales as τ⊥ ~ a2/D⊥ (a ~ rs/4, 

where rs is the central separatrix radius), and D⊥ is a characteristic FRC diffusivity, such as 

D⊥ ~ 12.5 ρie, with ρie representing the ion gyroradius, evaluated at an externally applied 

magnetic field.  The edge layer particle confinement time τ∥ is essentially an axial transit 

time in past FRC experiments.  In steady-state, the balance between radial and axial 

particle losses yields a separatrix density gradient length δ ~ (D⊥τ∥)1/2.  The FRC particle 

confinement time scales as (τ⊥τ∥)1/2 for past FRCs that have substantial density at the 

separatrix (see e.g. M. TUSZEWSKI, “Field Reversed Configurations,” Nucl. Fusion 28, 

2033 (1988)). 

[007] Another drawback of prior FRC system designs was the need to use external 

multipoles to control rotational instabilities such as the fast growing n=2 interchange 

instabilities.  In this way the typical externally applied quadrupole fields provided the 

required magnetic restoring pressure to dampen the growth of these unstable modes.  

While this technique is adequate for stability control of the thermal bulk plasma, it poses a 

severe problem for more kinetic FRCs or advanced hybrid FRCs, where a highly kinetic 

large orbit particle population is combined with the usual thermal plasma.  In these systems, 

the distortions of the axisymmetric magnetic field due to such multipole fields leads to 

dramatic fast particle losses via collisionless stochastic diffusion, a consequence of the loss 



4 
  
 

of conservation of canonical angular momentum.  A novel solution to provide stability 

control without enhancing diffusion of any particles is, thus, important to take advantage of 

the higher performance potential of these never-before explored advanced FRC concepts. 

[008] In light of the foregoing, it is, therefore, desirable to improve the confinement and 

stability of FRCs in order to use steady state FRCs as a pathway to a whole variety of 

applications including compact neutron sources (for medical isotope production, nuclear 

waste remediation, materials research, neutron radiography and tomography), compact 

photon sources (for chemical production and processing), mass separation and enrichment 

systems, and reactor cores for fusion of light nuclei for the future generation of energy.   

SUMMARY 

[009] The present embodiments provided herein are directed to systems and methods that 

facilitate the formation and maintenance of new High Performance Field Reversed 

Configurations (FRCs).   In accordance with this new High Performance FRC paradigm, the 

present system combines a host of novel ideas and means to dramatically improve FRC 

confinement of particles, energy and flux as well as provide stability control without negative 

side-effects.   

[010] An FRC system provided herein includes a central confinement vessel surrounded 

by two diametrically opposed reversed-field-theta-pinch formation sections and, beyond the 

formation sections, two divertor chambers to control neutral density and impurity 

contamination.  A magnetic system includes a series of quasi-dc coils that are situated at 

axial positions along the components of the FRC system, quasi-dc mirror coils between 

either end of the confinement chamber and the adjacent formation sections, and mirror 

plugs comprising compact quasi-dc mirror coils between each of the formation sections and 

divertors that produce additional guide fields to focus the magnetic flux surfaces towards 

the divertor.  The formation sections include modular pulsed power formation systems that 



enable FRCs to be formed in-situ and then accelerated and injected (=static formation) or 

formed and accelerated simultaneously (=dynamic formation). 

[11] The FRC system includes neutral atom beam injectors and a pellet injector. In one 

embodiment, beam injectors are angled to inject neutral particles towards the mid-plane. 

Having the beam injectors angled towards the mid-plane and with axial beam positions 

close to the mid-plane improves beam-plasma coupling, even as the FRC plasma shrinks 

or otherwise axially contracts during the injection period. Gettering systems are also 

included as well as axial plasma guns. Biasing electrodes are also provided for electrical 

biasing of open flux surfaces. 

[12] In operation, FRC global plasma parameters including plasma thermal energy, total 

particle numbers, plasma radius and length, as well as magnetic flux, are substantially 

sustainable without decay while neutral beams are injected into the plasma and pellets 

provide appropriate particle refueling. 

[13] The systems, methods, features and advantages of the invention will be or will 

become apparent to one with skill in the art upon examination of the following figures and 

detailed description. It is intended that all such additional methods, features and 

advantages be included within this description, be within the scope of the invention, and be 

protected by the accompanying claims. It is also intended that the invention is not limited to 

require the details of the example embodiments. 

[013a] According to a first aspect, there is provided a system for generating and 

maintaining a magnetic field with a field reversed configuration (FRC) comprising a 

confinement chamber, first and second diametrically opposed FRC formation sections 

coupled to the confinement chamber, first and second divertors coupled to the first and 

second formation sections, first and second axial plasma guns operably coupled to the first 

and second divertors, the first and second formation sections and the confinement 

chamber, a plurality of neutral atom beam injectors coupled to the confinement chamber 
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and oriented to inject neutral atom beams toward a mid-plane of the confinement chamber 

at an angle of about 15° to 25° less than normal to a longitudinal axis of the confinement, 

and a magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors, the magnetic system including first and second 

mirror plugs position between the first and second formation sections and the first and 

second divertors, wherein upon formation by the system of an FRC within the confinement 

chamber of the system, the FRC being maintainable by the system in spaced relation to the 

wall of the confinement chamber and at or about a constant value without decay while 

neutral atom beams are injected from the plurality of neutral atom beam injectors into the 

FRC at an angle of about 15° to 25° less than normal to the longitudinal axis of the 

confinement chamber and towards the mid-plane of the confinement chamber. 

[013b] According to a second aspect, there is provided a system for generating and 

maintaining a magnetic field with a field reversed configuration (FRC) comprising: 

a confinement chamber; first and a second diametrically opposed FRC formation sections 

coupled to the confinement chamber; first and second divertors coupled to the first and 

second formation sections, first and second axial plasma guns operably coupled to the first 

and second divertors, the first and second formation sections and the confinement 

chamber, a plurality of neutral atom beam injectors coupled to the confinement chamber 

and oriented to inject neutral atom beams toward a mid-plane of the confinement chamber 

at an angle of about 15° to 25° less than normal to a longitudinal axis of the confinement, 

and a magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors, the magnetic system including a first set of 

mirror coils positioned between the ends of the confinement chamber and the first and 

second formation sections, first and second mirror plugs positioned between the first and 

second formation sections and the first and second divertors, and a plurality of quasi-dc 

coils axially spaced in positions along the confinement chamber, the first and second 
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formation sections, and the first and second divertors, wherein the mirror plug comprises a 

second set of mirror coils between each of the first and second formation sections and the 

first and second divertors, wherein upon formation by the system of an FRC within the 

confinement chamber of the system, the FRC being maintainable by the system in spaced 

relation to the wall of the confinement chamber and at or about a constant value without 

decay while neutral atom beams are injected from the plurality of neutral atom beam 

injectors into the FRC at an angle of about 15° to 25° less than normal to the longitudinal 

axis of the confinement chamber and towards the mid-plane of the confinement chamber. 

[013c] According to a third aspect, there is provided a system for generating and 

maintaining a magnetic field with a field reversed configuration (FRC) comprising a 

confinement chamber, first and second diametrically opposed FRC formation sections 

coupled to the confinement chamber, wherein the first and second diametrically opposed 

FRC formation sections comprise modularized formation systems for generating an FRC 

and translating it toward a midplane of the confinement chamber, first and second divertors 

coupled to the first and second formation sections, first and second axial plasma guns 

operably coupled to the first and second divertors, the first and second formation sections 

and the confinement chamber, a plurality of neutral atom beam injectors coupled to the 

confinement chamber and oriented to inject neutral atom beams toward a mid-plane of the 

confinement chamber at an angle of about 15° to 25° less than normal to a longitudinal axis 

of the confinement, and a magnetic system coupled to the confinement chamber, the first 

and second formation sections, and the first and second divertors, the magnetic system 

including first and second mirror plugs positioned between the first and second formation 

sections and the first and second divertors, wherein upon formation by the system of an 

FRC within the confinement chamber of the system, the FRC being maintainable by the 

system in spaced relation to the wall of the confinement chamber and at or about a 

constant value without decay while neutral atom beams are injected from the plurality of 
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neutral atom beam injectors into the FRC at an angle of about 15° to 25° less than normal 

to the longitudinal axis of the confinement chamber and towards the mid-plane of the 

confinement chamber. 

[013d] According to a fourth aspect, there is provided a system for generating and 

maintaining a magnetic field with a field reversed configuration (FRC) comprising a 

confinement chamber, first and second diametrically opposed FRC formation sections 

coupled to the confinement chamber, first and second divertors coupled to the first and 

second formation sections, a plurality of neutral atom beam injectors coupled to the 

confinement chamber and oriented to inject neutral atom beams toward a mid-plane of the 

confinement chamber at an angle of about 15° to 25° less than normal to a longitudinal axis 

of the confinement, a magnetic system coupled to the confinement chamber, the first and 

second formation sections, and the first and second divertors, and one or more biasing 

electrodes for electrically biasing open flux surfaces of a generated FRC, the one or more 

biasing electrodes being positioned within one or more of the confinement chamber, the 

first and second formation sections, and the first and second divertors, wherein upon 

formation by the system of an FRC within the confinement chamber of the system, the FRC 

being maintainable by the system in spaced relation to the wall of the confinement chamber 

and at or about a constant value without decay while neutral atom beams are injected from 

the plurality of neutral atom beam injectors into the FRC at an angle of about 15° to 25° less 

than normal to the longitudinal axis of the confinement chamber and towards the mid-plane 

of the confinement chamber. 

[013e] According to a fifth aspect, there is provided a system for generating and 

maintaining a magnetic field with a field reversed configuration (FRC) comprising a 

confinement chamber, first and second diametrically opposed FRC formation sections 

coupled to the confinement chamber, first and second divertors coupled to the first and 

second formation sections, first and second axial plasma guns operably coupled to the first 
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and second divertors, the first and second formation sections and the confinement 

chamber, a plurality of neutral atom beam injectors coupled to the confinement chamber 

and oriented to inject neutral atom beams toward a mid-plane of the confinement chamber 

at an angle of about 15° to 25° less than normal to a longitudinal axis of the confinement, 

and a magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors, wherein upon formation by the system of an 

FRC within the confinement chamber of the system, the FRC being maintainable by the 

system in spaced relation to the wall of the confinement chamber and at or about a 

constant value without decay while neutral atom beams are injected from the plurality of 

neutral atom beam injectors into the FRC at an angle of about 15° to 25° less than normal 

to the longitudinal axis of the confinement chamber and towards the mid-plane of the 

confinement chamber. 

[013f] According to a sixth aspect, there is provided a system for generating and 

maintaining a magnetic field with a field reversed configuration (FRC) comprising a 

confinement chamber, first and second diametrically opposed FRC formation sections 

coupled to the confinement chamber, first and second divertors coupled to the first and 

second formation sections, first and second axial plasma guns operably coupled to the first 

and second divertors, the first and second formation sections and the confinement 

chamber, a plurality of neutral atom beam injectors coupled to the confinement chamber 

and oriented to inject neutral atom beams toward a mid-plane of the confinement chamber 

at an angle of about 15° to 25° less than normal to a longitudinal axis of the confinement, a 

magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors, and one or more biasing electrodes for 

electrically biasing open flux surfaces of a generated FRC, wherein the one or more biasing 

electrodes include one or more of one or more point electrodes positioned within the 

containment chamber to contact open field lines, a set of annular electrodes between the 
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confinement chamber and the first and second formation sections to charge far-edge flux 

layers in an azimuthally symmetric fashion, a plurality of concentric stacked electrodes 

positioned in the first and second divertors to charge multiple concentric flux layers, and 

anodes of the plasma guns to intercept open flux, wherein upon formation by the system of 

an FRC within the confinement chamber of the system, the FRC being maintainable by the 

system in spaced relation to the wall of the confinement chamber and at or about a 

constant value without decay while neutral atom beams are injected from the plurality of 

neutral atom beam injectors into the FRC at an angle of about 15° to 25° less than normal 

to the longitudinal axis of the confinement chamber and towards the mid-plane of the 

confinement chamber. 

[013g] According to a seventh aspect, there is provided a system for generating and 

maintaining a magnetic field with a field reversed configuration (FRC) comprising a 

confinement chamber, first and second diametrically opposed FRC formation sections 

coupled to the confinement chamber, first and second divertors coupled to the first and 

second formation sections, first and second axial plasma guns operably coupled to the first 

and second divertors, the first and second formation sections and the confinement 

chamber, a plurality of neutral atom beam injectors coupled to the confinement chamber 

and oriented to inject neutral atom beams toward a mid-plane of the confinement chamber 

at an angle of about 15° to 25° less than normal to a longitudinal axis of the confinement, 

and a magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors, wherein the magnetic system includes a 

plurality of quasi-dc coils axially spaced in positions along the confinement chamber, the 

first and second formation sections, and the first and second divertors, a first set of mirror 

coils positioned between the ends of the confinement chamber and the first and second 

formation sections, and first and second mirror plugs, wherein comprises a second set of 

mirror coils between each of the first and second formation sections and the first and 
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second divertors, wherein upon formation by the system of an FRC within the confinement 

chamber of the system, the FRC being maintainable by the system in spaced relation to the 

wall of the confinement chamber and at or about a constant value without decay while 

neutral atom beams are injected from the plurality of neutral atom beam injectors into the 

FRC at an angle of about 15° to 25° less than normal to the longitudinal axis of the 

confinement chamber and towards the mid-plane of the confinement chamber. 

[013h] According to an eighth aspect, there is provided a system for generating and 

maintaining a magnetic field with a field reversed configuration (FRC) comprising a 

confinement chamber, first and second diametrically opposed FRC formation sections 

coupled to the confinement chamber, first and second divertors coupled to the first and 

second formation sections, first and second axial plasma guns operably coupled to the first 

and second divertors, the first and second formation sections and the confinement 

chamber, a plurality of neutral atom beam injectors coupled to the confinement chamber 

and oriented to inject neutral atom beams toward a mid-plane of the confinement chamber 

at an angle of about 15° to 25° less than normal to a longitudinal axis of the confinement, 

wherein the plurality of neutral atom beam injectors are oriented with an injection path 

tangential to the FRC with a target trapping zone within a separatrix of the FRC , and a 

magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors, wherein upon formation by the system of an 

FRC within the confinement chamber of the system, the FRC being maintainable by the 

system in spaced relation to the wall of the confinement chamber and at or about a 

constant value without decay while neutral atom beams are injected from the plurality of 

neutral atom beam injectors into the FRC at an angle of about 15° to 25° less than normal 

to the longitudinal axis of the confinement chamber and towards the mid-plane of the 

confinement chamber. 
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[013i] According to a ninth aspect, there is provided a system for generating and 

maintaining a magnetic field with a field reversed configuration (FRC) comprising a 

confinement chamber, first and second diametrically opposed FRC formation sections 

coupled to the confinement chamber, first and second divertors coupled to the first and 

second formation sections, first and second axial plasma guns operably coupled to the first 

and second divertors, the first and second formation sections and the confinement 

chamber, a plurality of neutral atom beam injectors coupled to the confinement chamber 

and oriented to inject neutral atom beams toward a mid-plane of the confinement chamber 

at an angle of about 15° to 25° less than normal to a longitudinal axis of the confinement, a 

magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors, and an ion pellet injector coupled to the 

confinement chamber, wherein upon formation by the system of an FRC within the 

confinement chamber of the system, the FRC being maintainable by the system in spaced 

relation to the wall of the confinement chamber and at or about a constant value without 

decay while neutral atom beams are injected from the plurality of neutral atom beam 

injectors into the FRC at an angle of about 15° to 25° less than normal to the longitudinal 

axis of the confinement chamber and towards the mid-plane of the confinement chamber. 

[013j] According to a tenth aspect, there is provided a system for generating and 

maintaining a magnetic field with a field reversed configuration (FRC) comprising a 

confinement chamber, first and second diametrically opposed FRC formation sections 

coupled to the confinement chamber, first and second divertors coupled to the first and 

second formation sections, a plurality of neutral atom beam injectors coupled to the 

confinement chamber and oriented to inject neutral atom beams toward a mid-plane of the 

confinement chamber at an angle of about 15° to 25° less than normal to a longitudinal axis 

of the confinement, a magnetic system coupled to the confinement chamber, the first and 

second formation sections, and the first and second divertors, a gettering system 
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configured to coat the plasma facing surfaces of the confine chamber and the first and 

second divertors with a layer of gettering material, and a set of compact pulsed mirror coils 

wrapped around a constriction in the passageway between each of the first and second 

formation sections and the first and second divertors, wherein upon formation by the 

system of an FRC within the confinement chamber of the system, the FRC being 

maintainable by the system in spaced relation to the wall of the confinement chamber and 

at or about a constant value without decay while neutral atom beams are injected from the 

plurality of neutral atom beam injectors into the FRC at an angle of about 15° to 25° less 

than normal to the longitudinal axis of the confinement chamber and towards the mid-plane 

of the confinement chamber. 

[013k] According to an eleventh aspect, there is provided a system for generating and 

maintaining a magnetic field with a field reversed configuration (FRC) comprising a 

confinement chamber, first and second diametrically opposed FRC formation sections 

coupled to the confinement chamber, first and second divertors coupled to the first and 

second formation sections, a plurality of neutral atom beam injectors coupled to the 

confinement chamber and oriented to inject neutral atom beams toward a mid-plane of the 

confinement chamber at an angle of about 15° to 25° less than normal to a longitudinal axis 

of the confinement, a magnetic system coupled to the confinement chamber, the first and 

second formation sections, and the first and second divertors, the magnetic system 

comprising two or more saddle coils coupled to the confinement chamber on each side of 

the midplane of the confinement chamber, wherein the system further comprising first and 

second axial plasma guns operably coupled to the first and second divertors, the first and 

second formation sections and the confinement chamber, wherein upon formation by the 

system of an FRC within the confinement chamber of the system, the FRC being 

maintainable by the system in spaced relation to the wall of the confinement chamber and 

at or about a constant value without decay while neutral atom beams are injected from the 
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plurality of neutral atom beam injectors into the FRC at an angle of about 15° to 25° less 

than normal to the longitudinal axis of the confinement chamber and towards the mid-plane 

of the confinement chamber. 

[0131] According to a twelve aspect, there is provided a system for generating and 

maintaining a magnetic field with a field reversed configuration (FRC) comprising a 

confinement chamber, first and second diametrically opposed FRC formation sections 

coupled to the confinement chamber, first and second divertors coupled to the first and 

second formation sections, a plurality of neutral atom beam injectors coupled to the 

confinement chamber and oriented to inject neutral atom beams toward a mid-plane of the 

confinement chamber at an angle of about 15° to 25° less than normal to a longitudinal axis 

of the confinement, a magnetic system coupled to the confinement chamber, the first and 

second formation sections, and the first and second divertors, the magnetic system 

comprising two or more saddle coils coupled to the confinement chamber on each side of a 

midplane of the confinement chamber, a plurality of quasi-dc coils axially spaced in 

positions along the confinement chamber, the first and second formation sections, and the 

first and second divertors, a first set of mirror coils positioned between the ends of the 

confinement chamber and the first and second formation sections, and a second set of 

mirror coils between each of the first and second formation sections and the first and 

second divertors, and a set of compact pulsed mirror coils wrapped around a constriction in 

the passageway between each of the first and second formation sections and the first and 

second divertors, wherein upon formation by the system of an FRC within the confinement 

chamber of the system, the FRC being maintainable by the system in spaced relation to the 

wall of the confinement chamber and at or about a constant value without decay while 

neutral atom beams are injected from the plurality of neutral atom beam injectors into the 

FRC at an angle of about 15° to 25° less than normal to the longitudinal axis of the 

confinement chamber and towards the mid-plane of the confinement chamber. 
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BRIEF DESCRIPTION OF THE FIGURES  

[014] The accompanying drawings, which are included as part of the present specification, 

illustrate the presently preferred embodiment and, together with the general description 

given above and the detailed description of the preferred embodiment given below, serve to 

explain and teach the principles of the present invention. 
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CLAIMS 

What is claimed is:  

 1.  A system for generating and maintaining a magnetic field with a field reversed 

configuration (FRC) comprising  

 a confinement chamber,  

 first and second diametrically opposed FRC formation sections coupled to the 

confinement chamber,  

 first and second divertors coupled to the first and second formation sections,  

 first and second axial plasma guns operably coupled to the first and second divertors, 

the first and second formation sections and the confinement chamber, 

 a plurality of neutral atom beam injectors coupled to the confinement chamber and 

oriented to inject neutral atom beams toward a mid-plane of the confinement chamber at an 

angle of 15° to 25° less than normal to a longitudinal axis of the confinement, and 

 a magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors, the magnetic system including first and second 

mirror plugs position between the first and second formation sections and the first and second 

divertors, 

 wherein upon formation by the system of an FRC within the confinement chamber of the 

system, the FRC being maintainable by the system in spaced relation to the wall of the 

confinement chamber and at or about a constant value without decay while neutral atom 

beams are injected from the plurality of neutral atom beam injectors into the FRC at an angle 

of 15° to 25° less than normal to the longitudinal axis of the confinement chamber and towards 

the mid-plane of the confinement chamber. 

. 
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 2. The system of claim 1 wherein the magnetic system includes a plurality of quasi-

dc coils axially spaced in positions along the confinement chamber, the first and second 

formation sections, and the first and second divertors. 

 3. The system of claim 2 wherein the magnetic system further comprises a first set 

of mirror coils positioned between the ends of the confinement chamber and the first and 

second formation sections. 

 4.  A system for generating and maintaining a magnetic field with a field reversed 

configuration (FRC) comprising: 

a confinement chamber; 

first and second diametrically opposed FRC formation sections coupled to the 

confinement chamber;  

 first and second divertors coupled to the first and second formation sections,  

 first and second axial plasma guns operably coupled to the first and second divertors, 

the first and second formation sections and the confinement chamber, 

 a plurality of neutral atom beam injectors coupled to the confinement chamber and 

oriented to inject neutral atom beams toward a mid-plane of the confinement chamber at an 

angle of 15° to 25° less than normal to a longitudinal axis of the confinement, and 

a magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors, the magnetic system including a first set of mirror 

coils positioned between the ends of the confinement chamber and the first and second 

formation sections, first and second mirror plugs positioned between the first and second 

formation sections and the first and second divertors, and a plurality of quasi-dc coils axially 

spaced in positions along the confinement chamber, the first and second formation sections, 

and the first and second divertors, wherein the mirror plug comprises a second set of mirror 
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coils between each of the first and second formation sections and the first and second 

divertors, 

wherein upon formation by the system of an FRC within the confinement chamber of the 

system, the FRC being maintainable by the system in spaced relation to the wall of the 

confinement chamber and at or about a constant value without decay while neutral atom 

beams are injected from the plurality of neutral atom beam injectors into the FRC at an angle 

of 15° to 25° less than normal to the longitudinal axis of the confinement chamber and towards 

the mid-plane of the confinement chamber.  

 5. The system of claim 4 wherein the mirror plug further comprises a set of mirror 

plug coils wrapped around a constriction in the passageway between each of the first and 

second formation sections and the first and second divertors.  

 6. The system of claim 5 wherein the mirror plug coils are compact pulsed mirror 

coils. 

 7. The system of claim 1 further comprising a gettering system coupled to the 

confinement chamber and the first and second divertors. 

 8. The system of claim 1 further comprising one or more biasing electrodes for 

electrically biasing open flux surface of a generated FRC, the one or more biasing electrodes 

being positioned within one or more of the confinement chamber, the first and second 

formation sections, and the first and second divertors.  

 9. The system of claim 1 further comprising two or more saddle coils coupled to the 

confinement chamber. 
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10. The system of claim 1 further comprising an ion pellet injector coupled to the 

confinement chamber. 

 11. A system for generating and maintaining a magnetic field with a field reversed 

configuration (FRC) comprising  

 a confinement chamber, 

 first and second diametrically opposed FRC formation sections coupled to the 

confinement chamber, wherein the first and second diametrically opposed FRC formation 

sections comprise modularized formation systems for generating an FRC and translating it 

toward a mid-plane of the confinement chamber,  

first and second divertors coupled to the first and second formation sections,  

 first and second axial plasma guns operably coupled to the first and second divertors, 

the first and second formation sections and the confinement chamber, 

 a plurality of neutral atom beam injectors coupled to the confinement chamber and 

oriented to inject neutral atom beams toward the mid-plane of the confinement chamber at an 

angle of 15° to 25° less than normal to a longitudinal axis of the confinement, and 

 a magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors, the magnetic system including first and second 

mirror plugs positioned between the first and second formation sections and the first and 

second divertors, 

 wherein upon formation by the system of an FRC within the confinement chamber of the 

system, the FRC being maintainable by the system in spaced relation to the wall of the 

confinement chamber and at or about a constant value without decay while neutral atom 

beams are injected from the plurality of neutral atom beam injectors into the FRC at an angle 
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of 15° to 25° less than normal to the longitudinal axis of the confinement chamber and towards 

the mid-plane of the confinement chamber.  

 12. A system for generating and maintaining a magnetic field with a field reversed 

configuration (FRC) comprising  

 a confinement chamber,  

first and second diametrically opposed FRC formation sections coupled to the 

confinement chamber,  

 first and second divertors coupled to the first and second formation sections,  

 a plurality of neutral atom beam injectors coupled to the confinement chamber and 

oriented to inject neutral atom beams toward a mid-plane of the confinement chamber at an 

angle of 15° to 25° less than normal to a longitudinal axis of the confinement,  

 a magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors, and 

 one or more biasing electrodes for electrically biasing open flux surfaces of a generated 

FRC, the one or more biasing electrodes being positioned within one or more of the 

confinement chamber, the first and second formation sections, and the first and second 

divertors, 

 wherein upon formation by the system of an FRC within the confinement chamber of the 

system, the FRC being maintainable by the system in spaced relation to the wall of the 

confinement chamber and at or about a constant value without decay while neutral atom 

beams are injected from the plurality of neutral atom beam injectors into the FRC at an angle 

of 15° to 25° less than normal to the longitudinal axis of the confinement chamber and towards 

the mid-plane of the confinement chamber. 
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  13. The system of claim 12 wherein biasing electrodes includes one or more of one 

or more point electrodes positioned within the containment chamber to contact open field lines, 

a set of annular electrodes between the confinement chamber and the first and second 

formation sections to charge far-edge flux layers in an azimuthally symmetric fashion, and a 

plurality of concentric stacked electrodes positioned in the first and second divertors to charge 

multiple concentric flux layers. 

 14. The system of claim 12 wherein the magnetic system includes a plurality of 

quasi-dc coils axially spaced in positions along the confinement chamber, the first and second 

formation sections, and the first and second divertors. 

 15. The system of claim 14 wherein the magnetic system further comprises a first set 

of mirror coils positioned between the ends of the confinement chamber and the first and 

second formation sections. 

 16. The system of claim 15 wherein the magnetic system further comprises first and 

second mirror plugs, wherein the first and second sets of mirror plugs comprise a second set 

of mirror coils between each of the first and second formation sections and the first and second 

divertors.  

 17. The system of claim 16 wherein the first and second mirror plugs further 

comprise a set of mirror plug coils wrapped around a constriction in the passageway between 

each of the first and second formation sections and the first and second divertors. 

 18. The system of claim 17 wherein the mirror plug coils are compact pulsed mirror 

coils. 

 19. The system of claim 12 wherein the first and second formation sections 

comprises an elongate quartz tube. 
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 20. The system of claim 19 wherein the formation section comprise pulsed power 

formation systems coupled to the quartz tube. 

 21. The system of claim 20 wherein the formation systems comprise a plurality of 

power and control units coupled to individual ones of a plurality of strap assemblies to energize 

a set of coils of the individual ones of the strap assemblies wrapped around the elongate tube 

of the first and second formation sections. 

 22. The system of claim 21 wherein individual ones of the plurality of power and 

control units comprising a trigger and control system. 

 23. The system of claim 22 wherein the trigger and control systems of the individual 

ones of the plurality of power and control units being synchronizable to enable static FRC 

formation wherein the FRC is formed and then injected or dynamic FRC formation wherein the 

FRC is formed and translated simultaneously. 

 24.  The system of claim 12 wherein the plurality of neutral atom beam injectors are 

oriented with an injection path tangential to the FRC with a target trapping zone within 

separatrix of the FRC. 

 25. The system of claim 24 further comprising an ion pellet injector coupled to the 

confinement chamber. 

 26. The system of claim 12 further comprising two or more saddle coils coupled to 

the confinement chamber. 

 27. The system of claim 12 further comprising a gettering system coupled to the 

confinement chamber and the first and second divertors. 

 28. The system of claim 12 further comprising first and second axial plasma guns 

operably coupled to the first and second divertors, the first and second formation sections and 

the confinement chamber. 
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 29. A system for generating and maintaining a magnetic field with a field reversed 

configuration (FRC) comprising  

 a confinement chamber, 

 first and second diametrically opposed FRC formation sections coupled to the 

confinement chamber,  

 first and second divertors coupled to the first and second formation sections,  

 first and second axial plasma guns operably coupled to the first and second divertors, 

the first and second formation sections and the confinement chamber, 

 a plurality of neutral atom beam injectors coupled to the confinement chamber and 

oriented to inject neutral atom beams toward a mid-plane of the confinement chamber at an 

angle of 15° to 25° less than normal to a longitudinal axis of the confinement, and 

 a magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors,  

 wherein upon formation by the system of an FRC within the confinement chamber of the 

system, the FRC being maintainable by the system in spaced relation to the wall of the 

confinement chamber and at or about a constant value without decay while neutral atom 

beams are injected from the plurality of neutral atom beam injectors into the FRC at an angle 

of 15° to 25° less than normal to the longitudinal axis of the confinement chamber and towards 

the mid-plane of the confinement chamber. 

 30. The system of claim 29 wherein the individual ones of the first and second 

formation sections comprising an elongate tube and a pulsed power formation system coupled 

to the elongate tube. 

 31. The system of claim 30 wherein the formation systems comprise a plurality of 

power and control units coupled to individual ones of a plurality of strap assemblies to energize 
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a set of coils of the individual ones of the strap assemblies wrapped around the elongate tube 

of the first and second formation sections. 

 32. The system of claim 31 wherein individual ones of the plurality of power and 

control units comprising a trigger and control system. 

 33. The system of claim 32 wherein the trigger and control systems of the individual 

ones of the plurality of power and control units being synchronizable to enable static FRC 

formation wherein the FRC is formed and then injected or dynamic FRC formation wherein the 

FRC is formed and translated simultaneously. 

 34. The system of claim 29 further comprising one or more biasing electrodes for 

electrically biasing open flux surfaces of a generated FRC. 

 35. A system for generating and maintaining a magnetic field with a field reversed 

configuration (FRC) comprising  

 a confinement chamber, 

 first and second diametrically opposed FRC formation sections coupled to the 

confinement chamber,  

 first and second divertors coupled to the first and second formation sections,  

 first and second axial plasma guns operably coupled to the first and second divertors, 

the first and second formation sections and the confinement chamber, 

 a plurality of neutral atom beam injectors coupled to the confinement chamber and 

oriented to inject neutral atom beams toward a mid-plane of the confinement chamber at an 

angle of 15° to 25° less than normal to a longitudinal axis of the confinement,  

 a magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors, and  
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 one or more biasing electrodes for electrically biasing open flux surfaces of a generated 

FRC, wherein the one or more biasing electrodes include one or more of one or more point 

electrodes positioned within the containment chamber to contact open field lines, a set of 

annular electrodes between the confinement chamber and the first and second formation 

sections to charge far-edge flux layers in an azimuthally symmetric fashion, a plurality of 

concentric stacked electrodes positioned in the first and second divertors to charge multiple 

concentric flux layers, and anodes of the plasma guns to intercept open flux, 

 wherein upon formation by the system of an FRC within the confinement chamber of the 

system, the FRC being maintainable by the system in spaced relation to the wall of the 

confinement chamber and at or about a constant value without decay while neutral atom 

beams are injected from the plurality of neutral atom beam injectors into the FRC at an angle 

of 15° to 25° less than normal to the longitudinal axis of the confinement chamber and towards 

the mid-plane of the confinement chamber. 

 36. The system of claim 35 wherein the magnetic system includes a plurality of 

quasi-dc coils axially spaced in positions along the confinement chamber, the first and second 

formation sections, and the first and second divertors, and a first set of mirror coils positioned 

between the ends of the confinement chamber and the first and second formation sections. 

 37. A system for generating and maintaining a magnetic field with a field reversed 

configuration (FRC) comprising  

 a confinement chamber, 

 first and second diametrically opposed FRC formation sections coupled to the 

confinement chamber,  

 first and second divertors coupled to the first and second formation sections,  
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 first and second axial plasma guns operably coupled to the first and second divertors, 

the first and second formation sections and the confinement chamber, 

 a plurality of neutral atom beam injectors coupled to the confinement chamber and 

oriented to inject neutral atom beams toward a mid-plane of the confinement chamber at an 

angle of 15° to 25° less than normal to a longitudinal axis of the confinement, and 

 a magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors, wherein the magnetic system includes a plurality 

of quasi-dc coils axially spaced in positions along the confinement chamber, the first and 

second formation sections, and the first and second divertors, a first set of mirror coils 

positioned between the ends of the confinement chamber and the first and second formation 

sections, and first and second mirror plugs, wherein comprises a second set of mirror coils 

between each of the first and second formation sections and the first and second divertors, 

 wherein upon formation by the system of an FRC within the confinement chamber of the 

system, the FRC being maintainable by the system in spaced relation to the wall of the 

confinement chamber and at or about a constant value without decay while neutral atom 

beams are injected from the plurality of neutral atom beam injectors into the FRC at an angle 

of 15° to 25° less than normal to the longitudinal axis of the confinement chamber and towards 

the mid-plane of the confinement chamber. 

 38. The system of claim 37 wherein the mirror plug further comprises a set of 

compact pulsed mirror plug coils wrapped around a constriction in the passageway between 

each of the first and second formation sections and the first and second divertors. 

 39.  A system for generating and maintaining a magnetic field with a field reversed 

configuration (FRC) comprising  

 a confinement chamber, 
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 first and second diametrically opposed FRC formation sections coupled to the 

confinement chamber,  

 first and second divertors coupled to the first and second formation sections,  

 first and second axial plasma guns operably coupled to the first and second divertors, 

the first and second formation sections and the confinement chamber, 

 a plurality of neutral atom beam injectors coupled to the confinement chamber and 

oriented to inject neutral atom beams toward a mid-plane of the confinement chamber at an 

angle of 15° to 25° less than normal to a longitudinal axis of the confinement, wherein the 

plurality of neutral atom beam injectors are oriented with an injection path tangential to the 

FRC with a target trapping zone within a separatrix of the FRC, and 

 a magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors, 

 wherein upon formation by the system of an FRC within the confinement chamber of the 

system, the FRC being maintainable by the system in spaced relation to the wall of the 

confinement chamber and at or about a constant value without decay while neutral atom 

beams are injected from the plurality of neutral atom beam injectors into the FRC at an angle 

of 15° to 25° less than normal to the longitudinal axis of the confinement chamber and towards 

the mid-plane of the confinement chamber. 

 40. A system for generating and maintaining a magnetic field with a field reversed 

configuration (FRC) comprising  

 a confinement chamber, 

 first and second diametrically opposed FRC formation sections coupled to the 

confinement chamber,  

 first and second divertors coupled to the first and second formation sections,  
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 first and second axial plasma guns operably coupled to the first and second divertors, 

the first and second formation sections and the confinement chamber, 

 a plurality of neutral atom beam injectors coupled to the confinement chamber and  

oriented to inject neutral atom beams toward a mid-plane of the confinement chamber at an 

angle of 15° to 25° less than normal to a longitudinal axis of the confinement,  

 a magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors, and an ion pellet injector coupled to the 

confinement chamber, 

 wherein upon formation by the system of an FRC within the confinement chamber of the 

system, the FRC being maintainable by the system in spaced relation to the wall of the 

confinement chamber and at or about a constant value without decay while neutral atom 

beams are injected from the plurality of neutral atom beam injectors into the FRC at an angle 

of 15° to 25° less than normal to the longitudinal axis of the confinement chamber and towards 

the mid-plane of the confinement chamber. 

 41. The system of claim 40 further comprising two or more saddle coils coupled to 

the confinement chamber. 

 42. The system of claim 40 further comprising a gettering system configured to coat 

plasma facing surfaces of the confinement chamber and the first and second divertors with a 

layer of gettering material. 

  43.  A system for generating and maintaining a magnetic field with a field reversed 

configuration (FRC) comprising  

 a confinement chamber, 

 first and second diametrically opposed FRC formation sections coupled to the 

confinement chamber,  
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 first and second divertors coupled to the first and second formation sections,  

 a plurality of neutral atom beam injectors coupled to the confinement chamber and 

oriented to inject neutral atom beams toward a mid-plane of the confinement chamber at an 

angle of 15° to 25° less than normal to a longitudinal axis of the confinement,  

 a magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors,  

 a gettering system configured to coat plasma facing surfaces of the confinement 

chamber and the first and second divertors with a layer of gettering material, and 

a set of compact pulsed mirror coils wrapped around a constriction in the passageway 

between each of the first and second formation sections and the first and second divertors, 

 wherein upon formation by the system of an FRC within the confinement chamber of the 

system, the FRC being maintainable by the system in spaced relation to the wall of the 

confinement chamber and at or about a constant value without decay while neutral atom 

beams are injected from the plurality of neutral atom beam injectors into the FRC at an angle 

of 15° to 25° less than normal to the longitudinal axis of the confinement chamber and towards 

the mid-plane of the confinement chamber. 

 44. A system for generating and maintaining a magnetic field with a field reversed 

configuration (FRC) comprising  

 a confinement chamber, 

 first and second diametrically opposed FRC formation sections coupled to the 

confinement chamber,  

 first and second divertors coupled to the first and second formation sections,  
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 a plurality of neutral atom beam injectors coupled to the confinement chamber and 

oriented to inject neutral atom beams toward a mid-plane of the confinement chamber at an 

angle of 15° to 25° less than normal to a longitudinal axis of the confinement,  

  a magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors, the magnetic system comprising two or more 

saddle coils coupled to the confinement chamber on each side of the mid-plane of the 

confinement chamber, wherein the system further comprising first and second axial plasma 

guns operably coupled to the first and second divertors, the first and second formation sections 

and the confinement chamber,  

 wherein upon formation by the system of an FRC within the confinement chamber of the 

system, the FRC being maintainable by the system in spaced relation to the wall of the 

confinement chamber and at or about a constant value without decay while neutral atom 

beams are injected from the plurality of neutral atom beam injectors into the FRC at an angle 

of 15° to 25° less than normal to the longitudinal axis of the confinement chamber and towards 

the mid-plane of the confinement chamber. 

 45. The system of claim 44 wherein the individual ones of the first and second 

formation sections comprising an elongate tube and a pulsed power formation system coupled 

to the elongate tube. 

 46. The system of claim 44 further comprising one or more biasing electrodes for 

electrically biasing open flux surfaces of a generated FRC. 

 47. The system of claim 44 wherein the magnetic system includes a plurality of 

quasi-dc coils axially spaced in positions along the confinement chamber, the first and second 

formation sections, and the first and second divertors, a first set of mirror coils positioned 

between the ends of the confinement chamber and the first and second formation sections, 
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and a second set of mirror coils between each of the first and second formation sections and 

the first and second divertors.  

 48. A system for generating and maintaining a magnetic field with a field reversed 

configuration (FRC) comprising  

 a confinement chamber, 

 first and second diametrically opposed FRC formation sections coupled to the 

confinement chamber,  

 first and second divertors coupled to the first and second formation sections,  

 a plurality of neutral atom beam injectors coupled to the confinement chamber and 

oriented to inject neutral atom beams toward a mid-plane of the confinement chamber at an 

angle of 15° to 25° less than normal to a longitudinal axis of the confinement,  

 a magnetic system coupled to the confinement chamber, the first and second formation 

sections, and the first and second divertors, the magnetic system comprising two or more 

saddle coils coupled to the confinement chamber on each side of the mid-plane of the 

confinement chamber, a plurality of quasi-dc coils axially spaced in positions along the 

confinement chamber, the first and second formation sections, and the first and second 

divertors, a first set of mirror coils positioned between the ends of the confinement chamber 

and the first and second formation sections, and a second set of mirror coils between each of  

the first and second formation sections and the first and second divertors, and  

a set of compact pulsed mirror coils wrapped around a constriction in the passageway 

between each of the first and second formation sections and the first and second divertors, 

 wherein upon formation by the system of an FRC within the confinement chamber of the 

system, the FRC being maintainable by the system in spaced relation to the wall of the 

confinement chamber and at or about a constant value without decay while neutral atom 
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beams are injected from the plurality of neutral atom beam injectors into the FRC at an angle 

of 15° to 25° less than normal to the longitudinal axis of the confinement chamber and towards 

the mid-plane of the confinement chamber. 

 

 

 




