_DESCRIPTION PLASMA-ELECTRIC POWER GENERATION SYSTEM Field of the Invention
The invention relates generally to the field of plasma physics, and, in particular, to methods and
apparati for confining plasma to enable nuclear fusion and for converting energy from fusion products

“into electricity. Background of the Invention Fusion is the process by which two light nuclei
combine to form a heavier one. The fusion process releases a tremendous amount of energy in the
form of fast moving particles. Because atomic nuclei are positively charged - due to the protons
_contained therein - there is a repulsive electrostatic, or Coulomb, three between them. For two nuclei
to fuse, this repulsive barrier must be overcome, which occurs when two nuclei are brought close
enough together where the short-range nuclear forces become strong enough to overcome the
Coulomb force and fuse the nuclei. The engrgy.neg Sy for the nuclei to overcome the Coulomb
barrier is provided by their thermal energiesrtich-must be very high. For example, the fusion rate
can be appreciable if the temperature is at least of the order of 104 eV - corresponding roughly to 100
million degrees Kelvig; Thejale:gfiedtsion awigRi&E NDRICTION @4EHpefature, and it is
characterized by a quantity called reactivity. The reactivity of a D-T reaction, for example, has a broad
peak between 30 keV and 100 keV. Typical fusion reactions include: D + D 1:10(0.8 MeV) + n(2.5
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“ . process by which two light nuclel combine to form a heavier one.
The fusion process releases a fremendous amount of energy in the form of fast moving
particles. Because atomic muclei are positively charged — dus to the protons contained
thercin — fhere is a repulsive electrostatic, or Coulomb, force between them. For two
nuclei o fuse, this repulsive bamier must be overcome, which occwrs when two nuclei are
- brought closs enough together where the short-range nuclear forces become strong enough
o overcome the Coulomb force and fuse the nuclei. The energy necessary for the puclei
40 overcome the Coulomb barrier is provided by their thermal energies, which must be
very high. For example, the fusion rate can be a,ppremabie if the tempersture is af least of
the order of 10° 6V — corresponding roughly to 100 million degrees Kelvin. Therate ofa
" fusion reaction is a function of the temperature, and it is chamctenzed by & quantity called
reactivity. The reactivity of aD-T reaction, for example, bas a broad peak between 30 keV
and 100 keV,
" Typical fusion reactions imclude:
D) + D — He'(0.8 MeV) + n(2.5 MeV),
D + T -5 3.6 MeV) + n(14.1 MeV),
D +He -» a(3.7 MeV) + p(14.7 MeV), and
p+ B - 3a(8.7 MeV),



D + He' -+ a(3:7 MeV) + p(14.7 MeV), and p + B" 3a(8.7 MeV), where D indicates deuterium, T
indicates tritium, a indicates a helium nucleus, n indicates a neutron, p indiicates a proton, He
indicates helium, and B" indicates Boron-11. The numbers in parentheses in each equation indicate
the kinetic energy of the fusion products. The fast two reactions listed above - the D-D-and D-T
reactions - are neutronic, which means that most of the energy of their fusion products is carried by
fast neutrons. The disadvantages of neutronic reactions are that (1) the flux of fast neutrons creates
many problems, including structural damage of the reactor walls and high levels of radioactivity for
most construction materials; and (2) the energy of fast neutrons is collected by converting their thermal
energy to electric energy, which is very inefficient (less than 30%). The advantages of neutronic

reactions gjg-thatiChlNeIEGRAHNIN PRAkEALAEI AR {8 MRS Akl AnEhdRkitieir losses due to

radiation are elatlvely low because the atomic numbers of deuterium and tritium are 1. The

reactants fAHE Gt tRsHepp it irpusy 2B cﬁtﬁ@@%@ﬁ%@ fuBi&. Instead of producing
fast neutrmm&ﬁ&wmlmaqﬁmmim@mm relehasedpaiticies. One advantage
of the advanced fue that they cre uch few eut an therefore suffer.less from the
disadvantages aé%ocra ed vﬁﬁ% i i %‘f e casgho ﬂ;%medfiagts nettron onégagre broduced by

- secondarywbahmss et ms@fﬂ@mmmh@aﬁwm mﬁ@@bm e fisbhenEshergy of the fusion
products. ThefBvifastion iRdieaiokipstNerlrens 8 houghitdoes Aadusasomeplow neutrons that

result from secondaryreactrons but create much few roblems. Angther advanta ??ﬁe of the advanced

fuels is th&¥¢h aed fisbJeRl REtiEURE Y hay be directly
convertrblw@wmﬁucﬁ&ﬁtﬁmwymmmmmmwemmﬂmﬁ%s the energy of

advanced fuel eé%gloﬁ': Br ﬁtﬁ ég/?o ?e%l e\e;en%r %}érst ﬁgch %%gglcrg&ccy?ngﬁg %n excess of 90

percent. vance |sa example, the atomic numbers of the
advanced 30%(s ahe higtrirgea 66 neuborin S fonsy thakie fbel; naelivitidietlo®ésses are greater than in

the neutropiG EACHRN frfisAmiti SR s meicre iffice i \n.Gauseatb e-AdvaRaes Beelasto fuse. Their peak

reactivities occur at much higher temperatures and do not reach as high as the reactivity for D-T.

Causing a6 SOMiFTRRRFe RitF MR I0 ¢ah EURL R thus requires that they be brought to a higher
energy state whetg fbwm%ﬁ%@ﬂ&mgm&m&%@ﬁ@h@am adyanedidfadlamrudst be contained

for a Iong Ftiﬁmen%eggd W{% nrtg"t'x? y Gan bea%ro%hﬁéowg&%rogreate f sro oxrltdltlons The
containmen or a p asma’l ‘where'r Is'a minimum p asma dimension and D is a

diffusion corefficie ntﬂh@gﬂésmdb&a% shunagediiheodimored ficipis Siatthemeseaty; is the ion gyroradius
and TM is fheyianselG e ol HRRMM Gufter less from the disadvantages associated with

them. Tn the case of D-He’, some fast neutrons are produced by secondary reactions, but
these nentrons account for only about 10 per cent of the energy of the fusion products.

The p-B" reaction is free of fast neutrons, although it does produce some slow neuntrons
that result from secondary reactions but create much fewer problems. Another advantage
of the advanced fuels is that their fusion products comprise charged particies whose kinetic
energy may be directly convertible to electricity. 'With an appropriate direct energy
conversion process, the energy of advanced fuel fusion products may be collecied with a
high efficiency, possibly in excess of 90 percent,

The advanced fuels have disadvantages, too. For example, the atomic nimmbers of
the advanced fuels are higher (2 for He® and 5 for B'Y). Thersfore, their radiation losses

. are preater than in the neutronic reactions. Also, it 1s much more difficult to cause the

advanced fuels to fuse. Their peak reactivities ocour at much higher temperatures and do
not reach as high as the reactivity for D-T. Causing a fusion reaction with the advanced
fuels thus reguires thaf they be broughf to a hiéher energy state where their reactivity is



Diffusion according to the classical diffusion coefficient is called classical transport. The Bohm
diffusion coefficient, attributed to short-wavelength instabilities, is Do a= (1/16)4Di, where Q; is the ion
gyrofrequency. Diffusion according to this relationship is called anomalous n.. fort. For fusion
conditions, DDI Dc= (1116)11pci, 108 , anomalous transport result in a much shorter containment time
than does classical transport. This relation determines how large a plasma must be in a fusion reactor,
by the requirement that the containment time for a given amount of plasma must be longer than the
time for the plasma to have a nuclear fusion reaction. Therefore, classical transport condition is more
desirable in a fusion reactor, allowing for smaller initial plasmas. In early experiments with toroidal
confinement of plasma, a containment time of N was observed. Progress in the last 40 years has
increased:ihigreomntaiuneds iy € id kA0 iRnsDn ecaxistirduiusiongee tistopeedricept is the Tokamak.
The magnetic field of a Tokamak 68 and a typical particle orbit 66 are illustrated in Fig. 5. For the past
30 yearg, ‘f%‘*&ﬁf@*ﬁ F‘%&ﬁeavreo ‘B@gn‘?&“@a@ s%%ggﬁnﬁ%%k reactor using a D-T fuelg.] These effor?s
have culminatedin thestntenrationt E pbsne fud el Expltimeina REEEs PIFTER), illustrated in Fig. 7.
Recent expeiments W Talsaial scananen! HaldassiFaliieosnodistii Eeiiciepossible, in which
case the minimum plasma dimension can be reduced from meters to centimeters. These experiments
involved thelipjeafitn, ofberernyétibdienms 3dite andoude e torndaitpeBlaSRTLB e mperatures of 10 to

30 keV. See W. Heidbrink & G. J. Sadler,.34 Nuclear Fusio e regetic beam ions in

these ex@ﬁﬁ?ﬁé‘?ﬂﬁ%@éﬂ%@s@ﬁfi%s%&géw GWh an gfﬁf{&sceaglbia_i%y WﬁlFé%het ermal plasma

continuecBishaliffiffesanemnéifosty fasnEh t bagovetsictil igsinbilifive. @hergetic beam ions have a large

gyroradius.a swch, are insensitive to fl i j QME‘?@QA shorter than the ion
L R e e

n
~ gyroradiug X ort-wave engt% uctuations to average over a cycle and thus cancel.

E'eCtronSM&%M%WW&tmﬁyﬂﬁﬁﬁmﬂdiﬂdmmma'(@nﬁm gransport

anomalously. ecause of anomalous transport, the minirpﬁm %ime Sio of.tQEe plasma must be at

least 2.8 Aft&eTBoEs FFERSTIRS A TR RRRERpRISR 7

meters ﬁlaﬁlgnd 30 meters in
diameter. (Ehipdg. tThis maties iBefnEek analeatypesteaciontide i fefsiblocRir ai@aced fuels, such as

D-He andp-B: th%tT&%%ﬁy éﬁ&%&%rﬂ%%&%o%t%%m@ g8dhe time for a fuel ion

to have a ﬁ%}‘rg%lrsreac ion 1IS‘much longer. A Tokamak reac mt};ﬁD-T fuel has the additional

problem thattime Somheidesrmielast o ruslesrdisivvgaciste NeIgssce siH8arbyaPRIEV neutrons, which

cause radigtiandamane AakindnceEaas i AeSE B} sensiFudtiernpiaiesials due to the neutron
flux. In addition, the conversion of their energy into electyicity must a therm?k@rocess, which is

be b
not more than BoRPRYHSRFFREDts NSIHERID SORERTSIETAP ?&Wﬁmy&?ﬂﬁgmg beam reactor. In

a colliding; bean reaciah.@ Packesonndnlasma isrbpmbaresedilicheanismiinmnae Ihe beams comprise
~ions with an energy that is much larger than the thermal pI?s% ;roﬁ%cin ggegé éusion reactions in
this type dFreAtd8r iR BBE A SIe SRR HA % 86 la WS d6wn the ion beams.

Various pigaasaishree heerymadedeishdibe 6bisginkiemdindindxifizttpeshdnber of nuclear
reactions ‘years, fusion efforts have been focussed on the Tolcamak reactor using a D-T fiel. These

efforts have culminated in the International Thermonuclear Experimental Reactor (TTER},

illustrated in Fig. 7. Recent experiments with Tokarsaks suggest that classical transport,
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At = 1D, is possible, in which case the minimum plasma dimension can be reduced from
meters to centimeters. These experiments involved the injection of energetic beams (50 to
100 keV), to heat the plasma to temperatures of 10 to 30 keV. See W. Heidbrink & G. 1.
Sadler, 34 Nuclear Fusion 535 (1994). The energetic beam ions in these experiments were
observed to slow down and diffuse classically while the thermal plasma continued to
diffuse anomalously fast. The reason for this is that the energetic beam ions have 2 large
gyroradius and, as such, are insensitive to fluctuations with wavelengths shorter than the
jon gyroradius (A <a;). The short-wavelength fluctations tend to average over 2 cycle



For example, U.S. Patent No. 4,065,351 to Jassby et al. discloses a method of producing
counterstreaming colliding beams of deuterons and tritons in a toroidal confinement system. In U.S.
Patent No. 4,057,462 to Jassby et al., electromagnetic energy is injected to counteract the effects of
bulk equilibrium plasma drag on one of the ion species. The toroidal confinement system is identified
- as a Tokamak. In U.S. Patent No. 4,894,199 to Rostoker, beams of deuterium and tritium are injected
and trapped with the same average velocity in a Tokamak, minor, or field reversed configuration.
There is a low density cool background plasma for the sole purpose of trapping the beams. The beams
react because they have a high temperature, and slowing down is mainly caused by electrons that
accompany the injected ions. The electrons are heated by the ions in which case the slowing down is
minimal. .4 .00 thesedenisashaweerindoasdar egritiuiumelpstristialtiiplay any part Further,
there is ng attempt, to re(% Ice, or even ider, anomalous transport. Other patents consider
electrostatﬁS% Tale ik m%Pé% e cases, magnetlc confinement of electrons. These
theariiemio: igterh thp 87888188398t Farnsworth, which

disclose g aﬁagcmmm 085 A Res i Sonle Tk lesianso U.S. Patent No
3,530,03 to lesc etatand U.S Patent No. 3,530,497 to Hirsch et al, ar% r%Iar to Farnsworth; U.S.

Patent Nanafepss @%WLM&%W%%’E&MQWW&Wﬁ ¥ions and magnetic
Conf'nem%ﬁ&ﬂ%@@ﬂﬁmﬂaﬁ@ﬁwu% nflestitgyalisiancvolis lPateritdNo. 4,826,646 to
Bussard, which is similar ch nd jn oIves |nt cus patents consider
electrostd:ﬁﬂcglgmﬁze&??fg’ (%1 Fé@ﬁor‘{sa %aur?%mr%éo \%ﬁetlc cgan emgﬁ %glons (%fg%oug there have been
many reséakelngiropedts wmgwrﬁstaa@tb@maﬁ@m@mr@ﬁm@ﬁhw of etz Sacceeded in
establishipg, (s 1Al eflalpslasialief eidaviendbe ions haxe heiaamadeasty for a fusion

reactor. Lasty none of patents C|ted above dlscuss a field reversed configuration magnetic

topology. mau@ﬁ@%ﬁﬁé\?@%@ﬂ AREf wRels s dodtae BRIt H§™round 1960 at the
Naval Reggarghd-ahosatasy wlﬁhﬁé&@mﬁg ﬁiﬁﬁﬂﬁ@ﬁﬂtﬁeﬁﬂ(@tﬁa&a& REi¢bpoioyy, wherein the
internal magnetlc 3§°r9 %} erses direction, is illustrated in Fig. 8 and Fig. 10, and particle orbits in a
FRC are SHBGM i Fig. 14. Regarding the FRC, many research programs have been
supported in th%hhﬂm@@mém%@a@wﬁwms‘ls w%mg@mw@rem@ﬁ%& on the theory and

experimeqis ot GG 1SASAIRMINLA A0 pd88a 305 blatis7pus b Muslaifiusion 2033, (1989). A

white paper on evelopment describes the research in 1996 and recommendations for future

research. iensevith @ sl iy wpeh lagsnthas the HsTRARBET A IEHE VG NS ®te, in FRC

. eXpermeE&&H&ﬁs'ﬂQhEﬁ?ﬂ%@ﬁ@eﬁ@f&ﬁ&%ﬂﬂ Iﬁﬁaﬂﬂﬂ%wﬂsb methadrAuchpisagugaee of this formation
method is that the i |o sand ctronse h.carr. e?na e, Curr ntt%]hlc &E%ﬁé in a negligible
IC’CO

electrostd fﬂ“t %‘ﬁ&fﬁ%‘} shgre

nflnem ions and electrons in these
FRCs Wemlm@mwﬁmmﬂg&rMMt all FRC experiments, anomalous transport has been
assumed. Se, §Jes L5k 8o RERILA0:039 6 Al P PiiBAGR LTG0t o NS, It Is desirable fo
provide a fusion syst having a contalnment s stem that tends to substantjally reduce or eliminate

anomaloUusefeins et EREREne Eﬁﬂﬁ‘ d aienn R PERerts the energy of fusion
products &;@ﬁﬁgﬂ&ﬁtw& higly. gﬁmeﬁmo 4, 957 462 to Jassby et al.,, electromagnetic

energy is injected to counteract the effects of bulk equilibrivan plesma drag on one of the
jon species. The toroidal confinement system is identified as a Tokamak. In U.S. Patent
No. 4,894,199 to Rostoker, beams of deuterinm and tritium are injected and trapped with
the samie average velocity in 8 Tokamak, mitror, or field reversed configuration. There is
2 low density cool background plasma for the sole purpose of trapping the beams. The
bheams react because they have 2 high temperature, and slowing down is mamly caused by
electrons that accompany the injected jons. The electrons are heated by the ions in which
case the slowing down is minimal.



the Invention The present invention is directed to a system that facilitates controlled fusion in a
magnetic field having a field-reversed topology and the direct conversion of fusion product energies to
electric power. The system, referred to herein as a plasma-electric power generation (PEG) system,
preferably includes a fusion reactor having a containment system that tends to substantially reduce or
eliminate anomalous transport of ions and electrons. In addition, the PEG system includes an energy

~ conversion system coupled to the reactor that directly converts fusion product energies to electricity
with high efficiency. In one innovative aspect of the present invention, anomalous transport for both
ions and electrons tends to be substantially reduced or eliminated. The anomalous transport of ions
tends to be avoided by magnetically conf|n|ng the ions in a magnetic field of field reversed
configuration (FRGkEef tlastsenseiIpanemalel @@ﬁ,ﬁﬁﬁn@&@gﬁ@eﬁ@s@ﬂg@m tuning an
externall |ed na netlc fiel to d velop a str electric field WhICh confines the electrons
electrostgt eep &g%?%a? We‘IEImAsPa reﬁﬁ?us’mn%%%’p asmsgsﬁhat can be used with the
present conflnelﬂé’m‘ appetsasidatiprscdsi sraisulintitddons meliiromadge®. but also advantageously

include ade.ew FARe] B&QMF%&@%&mIQQ@Mmmmw@nergy is almost entirely in
the form of ¢ arged partlcles le.

3(ra’lr%getlc ions, that can be manl% ulated in a magnetic field and,
dependlngFéﬁ"?W LRt §8r ?ﬁff)@cﬁwﬁmﬁﬁ’h&%% HSTREE S spect of the present
invention, gyeh ., alceyhien:

j 'M&mmm@mmﬂm;@e@y of the fusion
duct t h ticles th
products }gﬁg% ter\ig%fe %9% Qe c argm% Jparticles B[i%sy%% an

electro-m van ageous e direc energy ‘CONVersion sys e present invention
has the efﬂeimﬁ@ies% ‘w* : \%ﬂ?@ﬁ@@equency and

phase of the flision,oHIMERWEEAfAD Rkt Mz Miaiatnthe dieamengy of apgxiernal 60 Hertz power

grid. Accordl%to one aspect of the present invention, there is provided a plasma-electric power
generatiod ey4&ih HeRs R TR lves PoipRups, ic field generator
for creatlnwmmmabm Syieattganogns 'aﬁmwlﬁmmmﬂtmdmmﬁﬂémmhamber with a flux

substantla ara to h nciple axis of the chamber conc ith the principle axis
of the cha lSé’IﬁT era%é%mgwfhmlmgec nc%éicﬂ/ﬁ% éﬂh er, %én%métvéﬁ?rahty of electrodes

forming a mmmaf@mwmmmeﬁ@@m@z th@fmgmmmmm Wherality of electrodes

comprisesyore hap Ay alecl sdes R Raseshellipn famming.anelangata.sanbetween adjacent
electrodes, wherein the ééurahty of e ectrodes form an 10eIectr|c field having a multi-pole structure with
more thanaﬁm'?ﬁé%s a R getRTa gPiftruration magnstic topology.

The field reversed configuration (FRC) was discovered accidentally around 1960 at
the Naval Research Laboratory during theta pinch experiments. A typical FRC topology,
wherein the internal magnetic field reverses divection, is illustrated in Fig. 8 and Fig, 10,
and particle orbits in a FRC are shown in Fig. 11 and Fig. 14. Repgarding the FRC, many
research programs have been supported in the United States and Japan, Thereisa
comprehensive review paper on the theory and cxperimenﬁs of FRC research from 1960-
1988. See M. Tuszewski, 28 Nuclear Fusion 2033, (1988). A white paper on FRC
development describes the research in 1996 and recommendations for future research. See
L. C. Steinhauer et al., 30 Fusion Technology 116 (1996). To this date, in FRC
experiments the FRC has been formed with the theta pinch method. A consequence of this
formation method is that the ions and electrons each carry half the current, which resulis in
a negligible electrostatic field in the plasma and no electrostatic confinement. The tons
and electrons in these FRCs were contained magnetically. In almost all FRC experiments,
anomalous transpott has beon assumed. See, e.g., Tuszewskd, beginning of section 1.5.2,
at page 2072.



field generator for creating an azimuthally symmetric magnetic field within the first end region of the
chamber with a flux substantially parallel to the principle axis of the chamber, an electron collector
interposing the first and second magnetic field generators and adjacent a first end of the plurality of
electrodes, and an ion collector positioned 15adjacent a second end of the plurality of electrodes.
According to another aspect of the present invention, there is provided a plasma- electric power
generation system comprising a fusion reactor having a first magnetic field generator, and an inverse
cyclotron energy converter coupled to a first end of the fusion reactor, the converter comprising three
or more electrodes forming a cylindrical 20 surface and in spaced relation to form a gap between
adjacent electrodes, a second magnetic fleld generator, an electron collector interposing the first and
second magnetigfigld, genarates G4 &M@@&%ﬁﬁm&tm@ﬁi@ctrod% and an ion
collector posmoned adjacent a second end ofthe threeormorg ﬁggpqgs Acco&dlng to a further
aspect of & ‘ (N PARIE SHEEE e 8 &r generation process,
comprisingdhgyiepscigenssating mmmaemg siiuien arfididtsdy elseibgpiuration (FRC) within
a chambe %nm a plasma having ions and electrons within the chamber, generating fusion
product io § % FRC, converting the kinetic energy of the fusion product ions emerging from the
FRC to electrlc power whereln the step of converting the kinetic energy of the fusion product 30ions
includes dieREg efdirlsif duct ions through a decelerating electric field having three or more
poles and decelmmgmﬁmmmﬁmma sysiem that facilitates controlied fusion in 2

magnetic field having 2 field-reversed topology and the direct conversion of fusion

product energies to electric power. The system, referred to berein a5 a plasma-electric
power generation (PEG) system, preferably includes a fusion reactor having a contamment
system that tends to substantiaily reduce or eliminate anomalous transport of ions and
electrons. In addition, the PBG system includes an energy conversion system coupled to
the reactor that directly converts fusion product energies to electricity with high efficiency.
In one innovative aspect of the present invention, anomalous transport for both
. jops and electrons tends to be substantially reduced or eliminated. The anomelous
transport of ions tends to be avoided by magnetically confining the ions in 2 magnetic field
of field reversed configuration (FRC). For electrons, the anuma}.oﬁs transport of energy is
avoided by tuning an externally applied magnetic field to develop a strong electric field,
which confines the elecirons electrostatically in 2 deep potential well. As 2 result, fusion
fuel plasmas that can be used with the present confinement apparatus and process are not
limited to neutronic fuels, but also advantageously include advanced or ansutronic fuels.
For aneutronic fuels, fusion reaction energy is almost entirely in the form of charged
particles, i.e., energetic ions, that can be manipalated in » magnetic field and, depending
on the fuel, cause little or no radioactivity.
In another innovative aspect of the present invention, 2 direct energy conversion
* system is used to convert the kinetic energy of the fusion products directly into electric
power by slowing down the charged particles through an electro-magnetic field.
Advantageously, the direct energy conversion system of the present invention has the
efficiencies, pariicle-energy tolerances and electronic ability to convert the frequency and
phase of the fusion output power of about 5 MHz to match the frequency of an external 60
Hertz power grid.



preferred embodiment, the system forms a magnetic field having a topology of a field reversed
configuration. In another preferred embodiment, the energy conversion system comprises inverse
cyclotron converters (ICC) coupled to opposing ends of the fusion reactor. The ICC have a hollow
cylinder-like geometry formed from multiple, preferably four or more equal, semi-cylindrical electrodes
with small, straight gaps extending there between. In operation, an oscillating potential is applied to the
electrodes in an alternafashion The electric field B within the ICC has a mulfi-pole structure and
vanishes on the at the gap. symmetry axes and increases linearly with radius; the peak value being at

the gap. In addition, thed@fgdnchidesRmagnsticdisld.oeneratariofapRlying A\aifarm uni-directional

magnetic field jn a direction substantially opposite to that of the fusion reactors containment system. At
an end furthegie%%pﬁw"éef&gfbeﬁaf"é)géFS}eBbWE}pE‘ﬁPégtﬁQl?ﬁf'&eﬁ'}lﬁm@ BOR'eBtiEctor. In between the

power core and the KOGsisragymniietdigenerator for creating an azimuthally symmetric magnetic
field within a central region of the chamber with a flux substantially parallel to the
5 principle axis of the chamber, a flux coil concentric with the principle axis of the

chamber for creating an azimuthal electric field within the chamber, a first plurality of
electrodes forming a cylindrical surface in a first end region of the chamber, wherein the
plurality of electrodes comprises more than two electrodes in spaced relation forming an
elongate gap between adjacent electrodes, wherein the plurality of electrodes form an

10 electric field having a muiti-pole structure with more than two poles, a second magnetic
field generator for creating an azimuthally symmetric magnetic field within the first end
region of the chamber with a flux substantially paraflel to the principle axis of the
chamber, an electron collector interposing the first and second magnetic field generators
and adjacent a first end of the plurality of electrodes, and an ion collector positioned

15 adjacent a second end of the plurality of electrodes.

According to another aspect of the present invention, there is provided a plasma-
electric power generation system comprising a fusion reactor having a first magnetic
field generator, and an inverse cyclotron energy converter coupled to a first end of the
fusion reactor, the converter comprising three or more electrodes forming a cylindrical

20 surface and in spaced relation to form a gap between adjacent electrodes, a second
magnetic field generator, an electron collector interposing the first and second magnetic
field generators and adjacent a first end of the three or more elecirodes, and an ion
collector positioned adjacent a second end of the three or more electrodes.

According to a further aspect of the present invention, there is provided a

25 plasma-electric power generation process, comprising the steps of generating a magnetic
field having a field reversed configuration (FRC) within a chamber, confining a plasma
having ions and electrons within the chamber, generating fusion product ions within the
FRC, converting the kinetic energy of the fusion product ions emerging from the FRC to
electric power, wherein the step of converting the kinetic energy of the fusion product

30 ions includes directing the fusion product ions through a decelerating electric field

having three or more poles and decelerating the fusion product ions.

6a



magnetic eusp wherein themtic field of the containment syswith the magnetic field of the ICC. An
annular shape4 electron collector is positioned about the elk cusp and electrically coupled to the ion
collector. In yet another prefembeat, product nuclei ande-neutralizing electrons emerge as annular
beams from both ends of the reactor power core with a density at which the magnetic cusp 5a1Ck
electrons and ions due to their energy CeS, The electrons followretic field lines to the electron
collector and the ions pass through the cusp where the ion trajectories are modified to follow a
substantially helical path along the length of the ICC. Energy is removed from the ions as they spiral
past the electrodes, which are connected to a resonant circuit. The loss of perpendicular energy tends
to be greatest for the hlghest energy |ons that |n|t|aIIy C|rculate close to the electrodes, where the

ofither {bp G ; ffivention will become apparent
j cVﬁQm@@ accompanying drawings.

e %%@y of example, and
;N wh e reference numerals .

injector for injecting a neutralized jon beam into the apphied mag: netic field, wherein the
beam entess an orbit due o the force cansed by the spphed magoetic field. In auother
preferred embodiment, the system forms a magnetic field having a topology of a field

reversed configoration. o
Tn another prefered embodiment, the enargy conversion system COmprises Mverse
eyclotron converiers (ICC) coupled to opposing ends of the fasion reactor. The ICC have
. ahollow cylinder-like geometry formed from multipe, preferably four or more equal,
semni-cylindrical electrodes with small, straight gaps extending there between. In
operation, an oscillating potential is applied to the electrodes in an sitemnating fashion.
The siecmc field B within the TCC has s mulfi-pole structure and varishes oo the
symmetry axes and mcTeases linearly with radius; the pesk value being at the gap-
T addition, the JCC includes 2 magnetic field generator for applying & uniform
* ymi-divectional magnetsc field in a direction substantially opposite to that of the fusion
reactor's containment system. At en end furthest from the fusion reactor power core the
ICC includss an jon collector. Tn between the power core and the ICC is 2 symmetric
" magnefic cusp wherein the magnetic field of the contminment system merges with the
magnetic field of the ICC. An aunular shaped electron collector is positioned about the
magnetic cusp and electrically goupled to the ion collector.
In yet enother preferred embodiment, product nuclei and charge-neutralizing
. electrons emerge as annular beams from both ends of the reactor power core with & density

ot which the magnetic cusp separates electrons and jons due to their energy differences.




Fig. 1 shows an exemplary confinement chamber of the present invention. Fig. 2 shows the magnetic
-field of a FRC. Figs. 3A and 3E show, respectively, the diama etic and the counterdiamagnetic
direction in a FRC. Fig. 4 shows the colliding beam system of the present invention. Fig. 5 shows a
betatron orbit. Figs. 6A and S show, respectively, the magnetic field and the direction of the
~gradient drift in a FRC. Figs. 7A and 713 show, respectively, the electric field and the direction of the
Ex. drift in a FRC. Figs. 8A, 8B and 8C show ion drift orbits. Figs. 9A and 9B show the Lorentz force at
the ends of a FRC. Figs. 10A and 10B show the tuning of the electric field and the electric potential
in the colliding beam system. Fig. 11 shows a Maxwell distribution. Figs. 12A and 12B show
transitions from betatron orbits to drift orbits due to large-angle, ion-ion collisions.

The electrons follow magnetic feld lines to the eleciron collector and the ions pass

through the cusp where the ion trajectories are modified to follow a substantially helicel
path along the length of the ICC. Pnergy is removed from the jons as they spiral past the

elecirodes, which are connected to a resonant circuit. The loss of perpendicular energy
tends to be greatest for the highest energy ions that initially circulate close to the
electrodes, where the electric field is strongest.

Other aspects and features of the present invention will become apparent from

consideration of the following description taken in conjunction with the accompanying

Timitation, in the figures of the accompanying drawings, in which like reference numerals
refer to like components.

Fig. 1 shows an exemplary confinement chamber of the present invention.

Fig. 2 shows the magnetic field of & FRC,

Figs. 3A and 3B show, respectively, the diamagnetic and the counterdiamagnetic
direction in a FRC.

Fig. 4 shows the colliding beam sysiem of the present invention.

Fig. 5 shows a betatron orbit,

Figs. 6A and 6B show, respectively, the magneiic field and the dirsction of the
gradient drift in a FRC. '

Figs. TA and 7B show, respectively, the electric field and the direction of the
Ex B diftin a FRC.

- Figs. 8A, 8B and 8C show ion drift orbits.

Figs. 9A and 9B show the Lorentz force at the ends of a FRC.

Figs. 10A and 108 show the tuning of the electric field and the electric potential in
the colliding beam system.

Fig. 11 shows a Maxwell distribution.

Figs. 12A and 12B show transitions fiom betatron orbits to drift orbits due to large-

angle, ion-ion collisions.



Figs. 13 show A, B, C and D betatron orbits when ijitJ-ang electron-ion collisions are cons Fig. 14
shows a neutralized ion beam as it is electrically polarized before entering a confining chamber.

Fig. 15 is a head-on view of a neutralized ion beam as it contacts plasma in a confining chamber. Fig.
16 is a side view schematic of a co,ig chamber according to a preferred embodiment of a start-up
procedure. Fig. 17 is a side view schematic of a confining chamber according to another preferred
embodiment of a start-up procedure. Fig. 18 shows traces of B-dot probe indicating the formation of a
FRC. Fig. 19A shows a partial plasma-electric power generation system comprising a colliding beam
fusion reactor coupled to an inverse cyclotron direct energy converter. Fig. 19B shows an end view of
the inverse cyclotron converter in Fig. 19k Fig. 19C shows an orbit of an ion in the inverse cyclotron
converter. Figs. 13 show A, B, C and D betatron orbits when small-angle, electron-ion

collisions are considered.

Fig. 14 shows a neutralized ion beam as it is slecirically polarized before entering a
confining chamber.

Fig. 15 is a head-on view of 2 neatralized ion beam as it contacts plasme in a
confining chamber.

' Fig. 16 is & side view schematic of a confining chamber according to & preferved
embodiment of a start-up procedure,

Fig. 17 is a side view schematic of a confining chamber according to another
preferred embodiment of a start-up proceduse.

Fig. 18 shows traces of B-dot probe indicating the formation of a FRC.

Fig. 19A shows a partial plasma-electric power generation system comprising 2

- colliding beam fusion reactor coupled to an inverse cyclotron direct energy converter.

Fig. 198 shows an end view of the inverse cyclotron converter in Fig. 19A.

| Fig. 19C shows an orbit of an ion in the inverse cyclotron converter.

Fig. 20A shows 2 partial plasma electric power generation system comprising a
colliding beam fusion reactor coupled to an alternate embodiment of the inverse cyclotron
converter.

Fig. 20B shows an end view of the inverse cyclotron converter in Fig. 20A.

Fig. 21A shows a particle orbit inside a conventional ¢cyclotron.

~ Fig. 21B shows an oscillating electric field.

Fig. 21C shows the changing energy of an accelerating particle.

Fig. 22 shows an azimuthal electiic field at gaps between the electrodes of the ICC
that is experienced by an ion with angular velocity.

Fig. 23 shows 8 focusing quadrupole doublet lens.

Figs. 24A and 24B show auxiliary magnetic-field-coil system.,

Fig. 25 shows a 100 MW reactor.

Fig. 26 shows reactor support equipment.

Fig. 27 shows a plasme-thrust propulsion system.



Fig. 20A shows a partial plasma electric power generation system comprising a colliding beam fusion
reactor coupled to an alternate embodiment of the inverse cyclotron converter. Fig. 20B shows an end
view of the inverse cyclotion converter in Fig. 20k Fig. 21A shows a patrticle orbit inside a conventional
cyclotron. Fig. 21B shows an oscillating electric field. Fig. 21C shows the changing energy elan
accelerating particle. Fig. 22 shows an azimuthal electric field at gaps between the electrodes of
the ICC that is experienced by an ion with angular velocity. Fig. 23 shows a focusing quadrupole
doublet lens. Figs. 24A and 24B show auxiliary magnetic-field-coil system. Fig. 25 shows a 100 MW
reactor. Fig. 26 shows reactor support equipment. Fig. 27 shows a plasma-thrust propulsion sys

present tnvention preferably inchudes a colliding beam fusion reactor coupled to a divect
energy conversion system. As alluded o above, an idesl fusion reactor solves the problem
. of anomalous ttansport for both ions and electrons. The solution to the problem of
anornalous fransport found herein makes use of a containment system with 2 magnetic
field having a field reversed configuration (FRC). The anomalous transport of jons is
avoided by magnetic confinement in the FRC in such a way that the majority of the ions
have large, non-adisbatic orbits, making them fnsensitive to short-wavelength fluctuations
| that cause anomalous transport of adiabatic ions. In particulsr, the existence of a vegion in -
the FRC where the magnetic field vanishes makes it possible to have a plasma comprising
& majority of non-adisbatic ions. For electrons, the anomalous fransport of energy is
avoided by tuning the externally applied magnetic field to develop a strong electric field,
which confines them electrostatically in 8 deep potential well.
Fusion fuel plasmas that can be used with the present confinement apparatus and
process are not lmited to neutronic fuels such as D-D (Deuterium-Deuterium) or D-T
(Denterium-Tritium), but also advantageously include advanced or aneutronic fuels such
as D-He* (Deuterivm-heliom-3) or p-B” (hydrogen-Boron-11). (For & discussion of
advenced fuels, see B. Feldbacher & M. Hemndler, Nuclear Insiruments and Methods in
Physics Research, A271(1988)JJ-64 (North Holland Amsterdam).) For such aneutronic
firels, the fusion reaction energy is almost entirely in the form of charged particles, i.c.,
‘energetic ions, that can be manipulated in a magnetic field and, depending on the fuel,
cause little or no radioactivity. The D-He’ reaction produces an H ion and an He' ion with
18.2 MeV energy while the p-B"' reaction produces three Fe* ions and 8.7 MeV energy.
‘Based on theoretical modeling for a fusion device utilizing anentronic fuels, the oufput
encrgy conversion efficiency may be as high as about 0%, as deseribed by K. Yoshikawa,
T. Noma snd Y. Yemamoto in Fusion Technology, 19, 870 (1991}, for example. Such
efficiencies dramatically advance the prospects for aneutromic fusion, m a scalable (1-1000
MW), compact, low-cost configuration. '
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Detailed Destion of ffipPrefelTedrdiments As illustrated in the figures, a plasma-electric power
generation system of the present invention preferably includes a colliding beam fusion reactor coupled
to a direct energy conversion system. As alluded to above, an ideal fusion reactor solves the problem
of anomalous transport for both ions and electrons. The solution to the problem of anomalous a .*ort
found herein makes use of a containment system with a ma etic field having a field reversed confi rion
(FRC). The anon; ous transport of ions is avoided by ngnetic cotitement in the FRC in such away that
the majority of the ions have large, non-adiabatic orbits, making them Sensitive to short-wavelength
fluctuations that cause anomalous transport of adiabatic ions. In particular, the existence of a region in
the FRC where the magnetic field vanishes makes it possible to have a plasma comprising a majority
of non-adiabaticgiod al@msm;@mm@pmm@ne@mmwmy tuning the
externally ?? ch{ﬁ mg%r%setlc %g'i’ to %gelogugtﬁgg Jg%%}; @,es them electrostatically
i enti uel’p

in a deep po Liion asmas t tcan use Wlth the present confinement
apparatussgndigfp cebsutgerisiiiitatirest ﬁ@@i@b?ﬁ@%@§ﬁ%‘%@f@1@{@%W®eutenum) or D-T
(Deuterlu%T@ygmm%@mngmm@% hiangasptanauiomic fuels such as D-Hes
(Deuterium- hehu%or p-B" (h rogen-Boron- 1?%(?? cu55| %mﬁé/ganced fuels, see IL
Feldbach&reaPRcy- et i ?ﬁ%‘ﬁ@ﬁ‘?é’ﬁﬁ% ﬁoﬁﬁ?ysms 5de4ich, A271(1988)11-64

JahshAmstends -’n'_':_"-ni fuels, the fusion reaction energy is almost entirely in
the form cg char edtgartl 2s, L.e., energetic ions, that can be manipulated in a magnetic field and,
depending Grrthé e “ifttte or no radloactlwt The D He reaction produces an H ion and an He
ion with 18.2 MéV¥gehalyyraiehitgiersdS Ireetieh daymE sven R ey energy.
Based 0%&6‘#&@&&%@@&“@9&%@5&%@@ gwww@@auma@ﬁu@mmmput energy

conver5|one |C|encymay beas_h|gh as baout 409 @g%%[%beéj&@ gmangga T. Norrllla ang
= 1 Z %ﬁfﬁﬁ% &Hiciencies dramatica y advance

Yamamot&efp
the prospgﬁ@@@m&r@ﬁﬁ@Wm&ﬁMl@gMa@ﬁm{ih&&ﬁ@Wﬁ%dﬁmﬂﬂM@onflguratlon In

a direct energy conyersion BrQ6aSs,oh e, ateSPRLOERNAR |3k ShadRshRascles of usion products

can be sIGWe eir kinetic energy ‘converted directly to electricit é Advantageously, the

direct eneveyuenrivsideithe dyobendfeonresan Mty rmusingipls #i5is 2Hidihbstop Mitie-energy

tolerances, anshelecuapicabiline M@@@h@ﬂéewﬁwxpmﬁ@ﬁfpﬁesmon output power of
about 5 MHz to match the frequency and phase of an external 6 Hertzcg?weélgnd Fusion
% nE&iT

Containmeeaaement camgng ML, RAUFELF TR SRS 'SP Mot system 300
accordlngﬁﬂlme;&faamytaﬁm&nﬁ@@mm windiagn rfont!spstespBOOcodsnmprasessh cins.ber wall 305 that

defines therein & confing chamber 240 Brelesably ihe £AMPEL,3L0Js adigsiical i shape, vih

principle HETY, ong e ce ero e cham er 310. For application of this containment system 300
to a fusiorsklsdtiorihe & it enseripirolercacat revehihe brieam Al A7 wiliereuhi® 8hamber 310.

Concentrigwith g RCiRI ¥kt ir dSiPs e @ibaRdidN;Ga IR A6klakatetiwiprn e chamber 310. The

betatron fluxcoil 320 comprises an electrical curr carrying medium adapted to direct current around
a long coifs>dAown, which preferably comprises parallel windings of multiple separate coils and,
most preferably Aol eevingiags meahmbmmmmmmswmﬁdm@c@ﬁl Persons skilled in

the art wil |ate tk&git C&Jrrent th ou heﬁt;%%g %égtﬂiﬂaﬁfgﬁ'ﬂﬂewgne“c field inside the

betatron ¢ su%s‘fantlaﬁy T Hhe Girsction of the p inciple axis 31
pnnmple axis 315. This magneuc ﬁcld is azimuthally symmetrical, The approximation

- that the magnetic field due to the outer coil 325 is constant and parallel to axis 315 is most
valid away from the ends of the chamber 330. At each end of the chamber 310 is a mirror
coil 330. The mirror coils 330 are adapied to produce an increased magnetic field inside
the chamber 310 at each end, thus bending the magnetic field lines inward at each end.
{See Figs. 8 and 10.) As explained, this bending inward of the field Iines helps to contain
the plasma 335 in a containment region within the chamber 310 generally between the
mirror coils 330 by pushing it away from the ends where it can escape the containment
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Mound the outside of the chamber wall 305 is an outer coil 325. The outer coil 325 produce a relatively
constant magnetic field having flux substantially parallel with principle axis 315. This magnetic field is
azimuthally symmetrical. The approximation that the magnetic field due to the outer coil 325 is
constant and parallel to axis 315 is most valid away from the ends of the chamber 310. At each end of
the chamber 310 is a mirror coil 330. The mirror coils 330 are adapted to produce an increased
mtuetic field inside the chamber 310 at each end, thus bending the magnetic field lines inward at each
end. (See Figs. 8 and 10.) As explained, this bending inward of the field lines helps to contnin the
plasma 335 in a containment region within the chamber 310 generally between the mirror coils 330 by
pushing it away from the ends where it can escape the containment system 300. The mirror coils 330
can be adgpied omprigduskranciiisrEssed Bagneiiciliglidiatihe Botady Aagasityidd methods known in

the art, including increasing the nu e fwi dings. i E&ercoil 330, .increasing the current
through tﬁﬂéﬁr%?rgfgo%ycgblls 5@ ,%“fa(tngi?égf%%b%‘ﬁg%r%é@ %%r%%i%m § 355 With emélﬁ}%ééafr g%il 325. The outer

coil 325 arthflgeindbi mB80 cuils SRBVnTivetig thd musteriibrnesgh deasidectreibhaiilser wall 305; however,
they may Q@eﬂ%? the shamnbet 310w casssvbheresthe ci tber wall 305 is constructed of a

conductive material such as metal, it may be advantageous to place the coils 325, 330 inside the

chamber wall 305:bte el f7d i &uiier frilsRal 16 Ta R Bt Hmg aramRie it ugh the wall 305
may be relaivielyiargalind; huscaydethapysietd 0o met3silgishiys @ispilary, the H nuber 310
may be of the sha hollow cylinder, t hamber. wall 305 forming a long, annular ring. In such a
case, the %lgf%ﬁ%n ?ﬁjggé?%ﬁ"é’%“’%%aﬂ %&éﬁﬁrﬁli}lﬁeé&%gﬁ%gnﬁ%fg 60 {ée?é %?#bggr wall 305 in the center of

that annuksiveiriegePiete rdisk/ibieciisidbiah Wﬁ@lﬁ‘@ ehandenwalolGh bearise e timg Mf4y comprise a

non-condyGhing MalRral-suED faPSenAsMih IR0 PRI 3BPAUS b REERAMAGE 340 must be of
sufficient size and shape to allow the circulating plasma beam oy Ia¥der 335, to rotate around the
PAdfZact Sl‘*ﬁﬁ‘éh%%at?%%‘é%‘

principle 4548 P& fef Wdfiesoambat A8 ¥PE# 0P material having a
hiyt magneiigendrnhendnilitylisderaschiedlel walel5 fonaikeg, 4 iwghamberivglliB6bcidue to induced
countercurrents in the material s tq keep the magnetic fl fro% ggcai chamber 310,
"compresgiarsl%'gﬁ%%ﬁg% %chggéﬁa%%%fbée 0 feémr%né e 3%%‘?%%%?@ aveiiﬁg o%véf%%lgnetic permeability,

such as ptexigties i trenldenive Ryefoshinifingupevibfmairs b asser ¢isbenaadasary. In such a
case, a sefigspf classidaaen iahamatak ineasicauis henravided T hasmbiags-khow in the art as flux

delimiters, would be provided within the outer coils 325 but outside_the circulating plasma beam 335.
Further, tRBRBYSEX &R &L B BT F72000 SharedR fUa™ e aelatRPhs R Blimiters would be
driven withw{Bedhetemaneshad e ptitvigheatie 3 ldcl itiatedineadiontainment of magnetic flux within the
-chamber 310. r@ti ely, t ter coils 325 themselves could serve as flux delimiters. As
explained in fuﬁﬁ%r e\galf%ﬁé ow&%n%? (f?ﬁf% p gsarlf’i}g{e eﬁ;r%%aa%‘éj% a%o%&?’éﬁ%%harged particles, may be

containedperitisapiliis shlirattreh 10 Bychrecussrdmehforbey E@Qﬁ@és@QWﬁﬁﬁc@d'c field due to the outer coil
325. As sugheiherdens indhe.Riasm anrankasnnaretidicoananadddudatatanterbits d.out the flux

lines from the outer coil 325, which are parallel to the principle axis 315. One or more beam injection

ports 340%fk 2 el O REaT AR XS b TRdR AER RIS IA¥HRR 18%am 335 in the chamber
310. In a prgteriepenkidiiynant ibelijeniel potis: 340 Rodanimhialiajasgmfiddnbeam atut the same
radial position.from the principle axis 315 where the circulafi ma b 335 is contained (i.e.,

~around a 1o El%l%? ace ?&‘cﬁ%‘ aé%bv\?).aﬁ%r??ﬁg?fi %e%ﬁfggfigf%or S a‘r'ge%ag]dtéepted to inject ion beams

350 (SeerFuyided) Bhesroings knewvinntikediicedbn dlihieie erdhterpiodienevitbntiined plasma beam
335 AlaerREAVEIRG.ATSA0R He kel plas arspukr 6fe3¢ BfPkiniagting a cloud of

non-energetic glasma into the chamber 310, In a preferred embodiment, the
could be passive or active, wherein the active flux delimiters would be driven witha

dRarel

predetermined current to greater facilitate the containment of magnetic flux within the
chamber 310. Altematively, the outer coils 325 themselves could serve as flux delimiters.
As explained in firther detail below, 2 circulating plasma beam 335, comprising
charged particles, may be contained within the chamber 310 by the Lorentz force caused
by the magnetic field due to the outer coil 325. As such, the ions in the plasma beam 335

12



background plasma sources 345 are adapted to direct plasma 335 toward the axial center of the
chamber 310. It has been found that directing the plasma this way helps to better contain the plasma
335 and leads to a higher density of plasma 335 in the containment region within the chamber 310.
charged Particles in a FRC Fig. 2 shows a maii etic field of a FRC 70. The system has cylindrical
symmetry "with reSpect to its axis 78. In the FRC, there are two regions of magnetic field lines: open
80 and closed 82. The surface dividing the two regions is called the separatrix 84. The NW forms a
cylindrical null surface 86 in which the magnetic field vanishes. In the central part 88 of the FRC the
magnetic field does not change appreciably in the axial direction. At the ends 90, the magnetic field
does change appreC|any in the axial direction. The mstnetic field along the center axis 78 reverses
direction |Qf§ 'ﬂmﬁu@é@dﬁ&)ﬁmﬁ@u@fﬂﬁ&mﬁlﬁ&l&mm &dinfiguration (FRC).

In Fig. 3A __ tS|de af the nlélﬁglégace 9 is aﬁr@ﬁc%lre %132& The magnetic field
Side the %9 SCORG i &tion™o opposﬁmt emfirmf an‘ion moves in the direction

100, the m@mm&amw@gmmqu pies: ol feree 945 THi® s easily appreciated by
applying tmgtglfgn% qﬂmmw i HUeRligRA8%, the Lorentz force

always points toward the hull surface 94, This phnomenon glvere to a particle orbit called betatron
orbit, to béonbewRBLEPHE B same radigl PosrigREAhe BHnsIRIGi RS A h st fterdiamagnetic direction
104. The LpsepiadQieainthis 6356 painised\iay, &&fﬁd@ﬁxﬂtﬁkﬁﬂﬁﬁ@&mﬁbﬁm@henomenon gives rise
to a type qof orbit IJed adrift o to cribed below. T magn tion for ions is
Counteldlézfr’f‘i%{1 3?1 33?5”&?8?% 5%%1 viatc%'a gegrscéoa g& gem%%g%rlﬁ é; %Fayer of plasma 106
rotating mattdenmmmae&'rﬁm%@wmnﬁmmﬁ@%mﬂﬁén@@ns%@at%ﬁaround the null surface 86. The

ma tic field 108 gig, g@&ﬂa&e@eﬁm Rashaiayand 3Rt combinationwith-an externally applied

magnetic field 110, forms a magnetic field havmg the topology of aFRC (The topology is shown in Fig

2). Th@%ﬁ@@%%ﬁ@‘fﬁé‘ﬂf&@%ﬁ o166 i FHefore, the velocities of
the ions feraxa: dlﬁﬁﬂabﬁlm ﬂ@ﬂmﬁﬁﬁmgiﬁﬁbemwm@u@bmmﬁy of the ion beam.
Collisions petween i f different velociti ad |on r actlo his reason, the plasma
beam IayélP ‘i% 32@ é é1§a:t:§ﬁ* |n égeapm sys em. %B ows the main type of ion
orbits in awdhzilﬂ@ﬁemm%%m&wh(& axmmmmmmm&mr@mmz can be expressed as
a sine Way%iggmﬂ%wgﬁrcle 114. As explained above, the magnetic field on the null circle

h

114 vanishes. The plane of the orbit 112 is perpendicular to the axis 78 of the FRC. lons in this orbit
112 movekbaEELaanaamatEdirection 102 from a starting point 116. An ion in a betatron orbit has

two motions: anp@gqlbaae@ dinthadpdislairadtion Ineme spicuidnialiadiul cialeed}4), and a translation
along the_null circle 114 9y h of the ma field 1 a FRC. The horizontal axis
of the grawewggeﬁgstﬁ%sﬁta Eﬁe %l%cgf{ll%?néa{ers ?ron%%w%c ag%% Q%e n?agnetlc field is in
kilogauss $haitheloged 8. JBpi stsfatihdimdigntid e rigias saaibidbeaepatemlPeirdke radius 120.  As
shown in Gig- 88, 2.nafiicle-maying-262%Hs pribeiiceyilaeeacanient 126.0f the magnetic field

pointing away from the null surface 86. The magnetic field outside the null circle is in a first direction

122, whilcerehnag R et hefRhduanarasic feiddesidn hagsompreridty dho% 8pposite to the first. The
direction gf8.e5¢. dsifiis gieDihe magnetic field does change appreciably in the axial

direction. The magnetic field along the center axis 78 reverses divection in the FRC,
‘which gives rise to the term “Reversed” in Field Reversed Configuration (FRC).
in Fig. 3A, the magnetic field outside of the mull surface 94 is in a first direction

96. The magnetic field inside the null surface 94 is in a second direction 98 opposite the
first. If an jon moves in the direction 100, the Lorentz force 30 acting on it points towards
the noll surface 94. This is easily appreciated by applying the right-hand sule. For
particles moving in the diamagnetic direction 102, the Lorentz force always points toward
the nuil surface 94. This phmoménnn gives rige o 2 particle orbit called betatron orbit, to

be deseribed below.
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the cross product h x VB , where VB is the gradient of the ma e c field; thus, it can be appreciated by
applying the right-hand rule that the direction of the pnent drift is in the countetic direction, whether the
ion is outside or inside the null circle 128. Fig. 7A is a tnt. of the electric field 130 in a NC. The
horizontal axis of the graph represents the distance in centimeters from the NC axis 78. The electric
field is in volts/cm. As the graph depicts, the electric field 130 vanishes close to the null circle radius
120. As shown if Fig. 7B, the electric field for ions is decoit points in directions 132, 134 away from the
null surface 86. The magnetic field, as before, is in opposite directions 122,124 inside and outside of
the null surface 86. It can be appreciated by applying the right-hand ruk that the direction of the E x h.
drift is in the diamaatetic direction 102,-whether the ion is outside or inside the null surface 136.

Figs. 8A and 8Bﬁ§% m&m m@ﬁ@mmmkﬁmga@ﬁmée&ammm 138. Drift orbits 138

can be ougside of the null .surface, 114 as.s ho SA it, as shown in Fig. 8B. Drift orbits
138 rotite %T? AP A t%‘sgl?emuo%mfﬁ ?ﬁgﬂ%&o%rﬁfmaﬁgs orir %m counte%fﬂ |amagnet|c direction if
the gradieritedrift goaufinds. el ddfitbodits 138 dtsoviredrbelis. Sk dnor@nstivtamstiathe diamagnetic

direction Jfgizi&g@ %&@&M&Iﬁh& @or electrons, and vice versa.
Fig. 4 shows a ring or annular layer of plasma 106 rotating in the ions’ diamagretic
direction 102. The ring 106 is located around the null susface 86. The magnetic feld 108

ereated by the annular plasma layer 106, in combination with an externally applied
magnetic field 110, forms 2 magnetic field having the topology of 2 FRC (The fopclogy is
shown in Fig 2).

The ion beam that forms the plasma layer 106 has a temperature; therefore, the
velocities of the ions form a Maxwell distribution in 2 frame rotating at the average
angular velocity of the ion beam. Collisions between ions of different velocities lead to
fusion reactions. For this reason, the plasma beam layer or power core 106 is called a
colliding beam system.

Fig. 5 shows the main type of ion orbits in a colliding beam system, called a
betatron orbit 112. A betatron orbit 112 can be expressed as a sine wave centered on the
null circle 114. As explained above, the magnetic feld on the mull circle 114 vanishes.
The plane of the orbit 112 is perpendicular to the axis 78 of the FRC. Ions in this orbit
112 move in their diamagnetic direction 102 from a starting point 116, Anionina
betatron orbit has two motions: an oscillation in the radial direction (perpendicular to the
null circle 114), and a translation along the null circle 114,

Fig. 6A is a graph of the magnetic field 118 in a FRC. The horizontal axis of the
graph represents the distance in centimeters from the FRC axis “?& The magnetic field is
in ldlegauss. As the graph depicts, the magnetic field 118 vanishes at the null circle radius
120. .

As shown in Fig. 6B, a particle moving near the null circle will see a gradient 126
of the magnetic field pointing away from the null surface 86. The magnetic field outside
the nuil circle is in a first direction 122, while the magnetic field inside the null circle is in
a second direction 124 opposite to the first. The direction of a gradient drifl is given by

. the cross product Bx VB, where VB is the gradient of the magnetic field; thus, it can be
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A drift orbit, as shown in Fig. 8C, can be thought of as a small circle rolling over a relatively bigger
circle. The small circle 142 spins around its axis in the sense 144. It also rolls over the big circle 146 in
the direction 102. The point 140 will trace in space a path similar to 138. Figs. 9A and 93 show the
direction of the Lorentz force at the ends of a NC 151. In Fig. 9A, an ion is shown moving in the diama
etic direction 102 with a velocity 148 in a magnetic field 150. It can be appreciated by applying the
right-hand rule that the Lorentz force 152 tends to push the ion back into the region of closed field
lines. In this case, therefore, the Lorentz force 152 is confining for the ions. In Fig. 93, an ion is shown
moving in the counterdiamagnetic direction with a velocity 148 in a magnetic field 150. It can be
appreciated by ilying the right-hand rule that the Lorentz force 152 tends to push the ion into the region
of open figightinesed bithiglgngahdhiptein thie hondaifidate 46Qdgddrondning ifoththe ions.
Ma2net|cand%lfgLElLec rg&:;éﬁr%gi@% s%@%@?@%%%ﬁ%% &Irgl%%%g(ﬁzgﬁ%ﬂ@r@ﬁﬁe formed in a FRC by

injecting e‘?%?ge €16/ béams around the null surface amatitetic direction 102 of ions. (A

detailed discusskig &#. differapit vhémeiderst feliiHyimeRRCThs dosiaasishaiipiMows below.) hi the
circulatin%%&rtﬂ@@s@gémmgg% haverbetetranorbitsildteeerkig ibh are energetic, and

are non-adiabatic; thus, thexlare_ insensitive, tq short-wavelength flug t ns t?eat cause anomalous
thnort  YARE/ S shRdiegrerm G S S R EERE Lty eHehsP gﬁfﬁlfﬁﬁ%ﬁﬁ Htittons, the conservation of
momentugadimpuges a relation between the angular velocity of ions wiand the angular velocity of
SO e T IR R AR AR P IR NG IRER lndhls B glrmic number, s
the ion mass, e is the electrén'c arge, B, Is the magnitude of the applied magnetic field, and c is the

speed of light. [ Fhevesient fheaffcafrefelisasmidc Brdion befra Rcdratiifetic field Bo, the

electron apaulatvelociB Weeaskhasian aasiian velasiyey HEiwsabihemaieknown, the third can be

determined from Eq. i. Because the plasma layer, 106 is formed by injecting ion beams into the
FRC, the aprdyites the kigityrerfiots that ibedresiomeldisy Arefifre fom ki SIRUeBETS) of the beam which is
- given by giection 102, whether the jon is outside or inside the null surface 136,

Figs. 8A and 8B show another type of commen orbit in a FRC, called 2 drift orbit

138. Drift orbits 138 can be outside of the null surface 114, as shown in Fig. 84, or inside

. it, as shown in Fig. 8B. Drift orbits 138 rotate in the diamagnetic direction if the ExB

© drift dominates or in the counterdiamagnetic direction if the gradient drift dominates. The
drift orbits 138 shown in Figs. 8A and 8B rotate in the diamagpetic direction 102 from
sterting point 116.

A drift orbit, as shown in Fig. 8C, can be thought of as a small circle rolling over a
relatively bigger circle, The small circle 142 spins arcund its axis in the sense 144. It also
rolls over the big circle 146 in the direction 102. The point 140 will trace in space 2 path
similar to 138.

Figs. 9A and 98 show the direction of the Lorentz force at the ends of 2 FRC 151.
Tn Fig. 9A, an ion is shown moving i the diamagnetic direction 102 with 2 velocity 148 in
a magnetic field 150. It can be appreciated by applying the right-hand rule that the
Lorentz force 152 tends to push the ion back into the region of closed field lines. In this
cuse, therefore, the Lorentz force 152 is confining for the jons. In Fig. 9B, an ion is shown
moving in the connterdiamagnetic direction with a velocity 148 in a magnetic field 150. Tt
can be appreciated by applying the right-hand rule that the Lorentz force 152 tends o push
the ion into the region of open field lines. In this case, therefore, the Lorentz force 152 is
deconfining for the ions. ' ‘ '
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11 TV: == -2-mt(corry )2(2) Here, V, = wro, where it; is the injection velocity of ions, w is the cyclotron
frequency of ions, and ro is the radius of the null surface 86. The kinetic energy of electrons in the
beam has been ignored because the electron mass nit is much smaller than the ion mass rn" For a
fixed injection velocity of the beam (fixed w,), the applied magnetic field Bo can be tuned so that
different values of w, are obtainable. As will be shown, tuning the external magnetic field BO also gives
rise to different values of the electrostatic field inside the plasma layer. This feature of the invention is
illustrated in Figs. 10A and 10B. Fig. 10A shows three plots of the electric field (in volts/cm) obtained
for the same injection velocity, a= 135 x 10" ClI, but for three different values of the applied magnetic
field Bo: The values of a in the table nivewere determined according to Eq. 1. One can appreciate that
aye> 0 means thai Qi 84 el thahale: rEgtate in their counterdiamagnetic direction. Fig.
i

: ot | (in_yOlts same s values of BO and 4 The horizontal axis,
in Figs. WA and’i@%&?‘?@g’%egéﬁé{ (ﬁeéﬁéﬁs ﬁ%nebﬁ@r%uﬁ%%qéﬁg W%ﬂ%&nﬁrﬁﬁgt%leg%raph in

centimetetsafberaint thicdill snaict Sleat the foterpisfiddpetidrstinglioon Mdletiledhe above results can

be explaingd o sIMPIR-Relahaied e M ERIRe aRpHIAIS:I haaiamas Ptk drection, the fons
are confined magnetically by the Lorentz force. This was shown in Fig. 3A. For electrons, rotating in
the same HipsEnbiatag premensrandt.drasof fosderrdmyeherpuahisd %éﬁﬁﬁ’?f‘%ogm? electrons would
not be configed;id beieigekiasiieaye the, MasmeinRaias ddasHivavispitfiolpealitive charge is
created. This sets up an electric field that prevents other electrons from leaving the plasma. The
direction ahtt fﬁM@tﬁ%ﬂE&eWﬁ’?electric field, in equilibrium, is determined by the conservation of

momentum.  Hhelelentiostlis et iysHCesdental epldibrumeaditspaitbef both electrons and

ions. Accordingly,.an impor aspect of this: | 100 i tg% A lrostaicifield is created
inside the%%?gy%%ﬁn% }%h%ar%%éj%%é %%%%@t%sta IC |e£f§5i]§ tfo%%%e% the value of the
applied mégretddiolduBitywhibivoms bp dheilgiastidiuisted.  As explained, the electrostatic field is
confining for electrons if 4 > 0. As shown in Fig. 108, the d%ggﬂ of the well can be increased by tuning
the applied magnetic field Bo. E)@eept%; ade Ao regionrinear the null circle, théelectrons always
have a small 17 L2, me

1013 shows the electric

In Bq. 1, Z is the ion atomic number, m, is the ion mass, e is the electron charge, B, is the
- magnitede of the applied magnetic field, and ¢ is the speed of light. There are three free
 parameders in this relation: the applied magnetic field B,, the electron angular velocity a,

and the ion angular velocity @, If two of them are known, the third can be determined

from Eg. 1.
Because the plasma layer 106 is formed by injecting ion beams into the FRC, the

angular velocity of ions @, is determined by the injection kinetic energy of the beam W),
‘which is given by
m (@, ) @)

Here, V,= oy, where ¥, is the injection velocity of ions, @, is the cyclotron frequency of
jons, and r, is the radius of the null surface 86. The kinetic energy of electrons in the beam
has been ignored because the electron mass m, is ranch smaller than the ion mass m;.
For 2 fixed injection velocity of the beam (fixed @), the applied magnetic field B,
: can be uned so that different values of @, are obtainable. As will be shown, tuning the
external magnetic field B, also gives rise to different values of the electrostatic field inside
' the plasma layer. This feature of the invention is illustrated in Figs. 10A and 10B. Fig.
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gyroradius. Therefore, electrons respond to short-wavelength fluctuations with an anomalously fast
diffusion rate. This diffusion, in fact, helps maintain the potential well once the fusion reaction occurs.
The fusion product ions, being of much higher energy, leave the plasma. To maintain charge
guasi-neutrality, the fusion products must pull electrons out of the plasma with them, mainly taking the
electrons from the surface of the plasma layer. The density of electrons at the sin-face of the plasma is
very low, and the electrons that leave the p wt with the fusion products must be replaced; otherwise,
the potential well would disappear. Fig. 11 shows a Maxwellian distribution 162 of electrons. Only
very energetic electrons from the tail 160 of the Maxwell distribution can reach the surface of the
plasma and leave with fusion ions. The tail 160 of the distribution 16215 thus continuously created by
electron-elgolrgncolisionsd e waion ahbighdepsity franthenulk sudepsscibe energetic electrons
still have a small gyroradius, so that anoma(ljé)i s diffusion permits them to rez%]}% e surface fast

enough tova&CHI MGt At thildsparify gk LB S AR GERReRs % ose their energy
ascending the potential well an jé%? e.with ver Ii{ ner%. Although the electrons can cross the
magnetid field rap?g ;tdue to an aégi%%s %ﬁaﬁgécb)%er%ggr? maloU& 8RR S%E“gl‘é"%g’n%’ﬁo bg avoided
because fitte-energy-is-transported: Another-consequence-of the-potentiatweltisastrong cooling
mechanism for eled¢tdns that id Sy t&evaporative cooling. #6r example, for water td evaporate, it
must be supplied the Jatent hedt of vaparization. This heat is supplied by theiemaining.liquid water and
the surrounding meggim, which m%myg@ilizg rgpidly to d qugnggmpmfegure .fa-ster than thg heat
transport processes can replace the energy. Similarly, for electrons, the potential well depth is

equivalent to water'gé]atent heat of v nzatian. The electrons sug%lﬁéqﬂelsne‘rgy required fo ascend the
- potentialjwell by thé ermalizafioh process that re-supplies;ﬁ’ﬁe i

fgy of the Maxwell tail so that the
electronscan-esecape—~The-thermalizatronmrprocess-thus resultsmatowerefectromrtemperature, as it is

much fasteyihan any heaingRIRSEsS: BesausaAlds.massdiarenceanreen electrons and
[ ' times less than the electron

- protons, the energy trahsfer time from protons is about 1800
thermalfragigmetintetihis Tty et Rari shitdiso lsd g SlasEaRoRiasAI 854 of electrons. This is

particularly imporiant fonadyanead el fomdeie fﬁéﬂi@é&%lﬁ@m@ oy nseskRytpel ions with an

atomic number Z greatl; Z> 1. The electrostatic field also affects ion it Htrt The majority of particle

orbits in tHetskxsesiel Brand @arEhp eairerabmpitsin Figs e e comesertMhat is, collisions with

- scattering Angles ReturarBORiand B0, isam: GRange —dpiaien Dibiioncdiit arit. As described
above, the direction of rotation of the drift orbit is determined by a competitionbetweenthe Ex drift and

thent drift ASHECPERALIPAGFHABERER e drift orbit rotates in the diamagnetic direction. If
thedientdominatese tbeve itk diatesidmdet ercampleptiaivd graticidiWatiothe This is shown in Figs.
12A and 128. Fig,, 12A shows z%.tra sitign from a betatron orbit.t j it.dye to a 180 collision,
which occfﬁ%tgf‘%ﬁ%e%%xﬁ?%g? € é’r?ﬂ%?%?ﬁ%%ﬁﬁﬁ%ée?o r%%a?%c%%r?g |§%%a e

force. This was shown in Fig. 3A. For electrons, rotating in the same direction as the

ions, the Lorentz force is in the opposite direction, so that electrons would not be confined.
The electrons leave the plasma and, as a result, 2 surplus of positive charge is created.
This sets up an electric field that prevents other elecirons from leaving the plasma. The
direction and the magnitade of this electric field, in equilibrium, is determined by the
conservation of momenturm. '

| The electrostatic field plays an essential role on the transport of both electrons and
ions. Accordingly, an important aspect of this invention is that a strong electrostatic field
is created inside the plasma layer 106, the magnitude of this electrostatic field is controlled
by the value of the applied magnetic ficld B, which can be easily adjusted.

As explained, the electrostatic ficld is confining for electroms if @, > 0. As shown

in Fig. 10B, the depth of the well can be increased by tumning the applied magnetic field B,

Except for a very narrow region near the null circle, the electrons always have a small
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direction because the Lx b drift dominntes. Fig. 128 shows another 1800 collision, but in this case the
electrostatic field is weak and the gradient drift dominates. The drift orbit thus rotates in the
counterdiamagnetic direction. The direction of rotation of the drift orbit determines whether it is
confined or not. A particle moving in a drift orbit will also have a velocity parallel to the FRC axis. The
time it takes the particle to go from one end of the FRC to the other, as a result of its parallel motion, is
called transit time; thus, the drift orbits reach an end of the FRC in a time of the order of the transit
time. As shown in connection with Fig. 9A, the Lorentz force at the ends of the FRC is confining only
for drift orbits rotating in the diamagnetic direction. After a transit time, therefore, ions in drift orbits
rotating in the counterdlamagnetlc direction are Iost This phenomenon accounts for a loss

mechanisrpy{arians. which:s axnrsicddahavarrisipddeaih iRt amerimeais. In fact, in these
experiments, th; ions carrld half of crrent and the electrons carned the the half. In these

~ conditions SRS RETAL i RS AR R lways dominated
the E x E diife ﬁieﬁmmﬂa%rcb&twb%qﬁmﬁmq&dihm largcheing b molistogieneeceziost after a transit
time. The e”'ﬂﬁ@% %[ﬁﬁ%p&%@a@ Al %%Eﬁ sf predicted by classical
diffusion estlmates) eﬁt% IS a stun 5@ @trostat};%}?d ek r%% %omln tes theent drift, and the
drift orbits sisearssPuhel lankmas Fritk Berb mepydakng &ﬁ}ﬁmﬁerm konsBenghtith Fig. 12k When

these orbi Mﬁ%%&@ﬁé&@mﬂ@%@&ﬁﬂ@@%%ﬂ tts@gt@ta%closed field lines by
the Lorentz force hus the remaln G égﬁ%%iﬁm the stem he elect oséatlc fields in the colliding

beam syst L 16475 &t’ﬁt 8%3‘% ift. Thus, the

electrosta@etﬁﬂtmwethemys HrEpeal Id avoid ion tcrort by eIiminating th|s ion Ioss mechanism, which is
similar to a loss &on W distys ggt% ?e%%f:éo e reciated by
considering the e?Fegt Eitigsv;n?al an fh%ecstroghﬁﬂflon collisions on be ta ron o tIgtg 13A shows a

betatron o#fsigtions fipjg fhe Bild &, M@WW&VW&M@@@&WW collisions are
consideredrkidivE igit Bmaions e aibisobFiss é@&ﬁ&@hm@ﬁe{u@d@maﬁ@s longer by a factor of

ten 176; and Fig, 13D shows the orpit.of Fig, 13B.followed for a t|me lon factor of twenty 178.
It can be Mef?t Cf“ﬁ@fﬁ gt t%“g‘?g‘fg‘%gle electron-ion
collisions; mmeﬁ&mmwammmwmﬁwwm@mmmwﬁmmme the orbits shown in

- Figs. 13A o33P falienoutudinims.hichdpdisaianclassical diffuaian Foamagion of the FRC
The energetic electrons lose their energy ascending the potential well and leave with very
little energy. Although the electrons can cross the magnetic field rapidly, due to
anomalous transport, anomalous energy losses tend fo be avoided becaunse little encrgy is
transported.

Amnother conseguence of the potential well is a strong cocling mechanism for
electrons that is similar to evaporative cocling. For example, for water to evaporats, it
must be supplied the latent heat of vaporization. This heat is supplied by the remaining
liguid water and the surrounding medium, which then thermalize rapidly to a lower
temperature faster than the heat trausport processes can replace the energy. Similarly, for
electrons, the potential well depth is equivalent to water’s latent heat of veporization. The
elecivons supply the energy required fo ascend the potential well by the thermalization

- process that re-supplies the energy of the Maxwell tail so that the electrons can escape.
The thermalization process thus results in a lower electron t:emperamré, as it is much faster
than any heating process. Because of the mass difference between electrons and protons,
the energy transfer fme from protons is abovt 1800 times less than the electron
thermalization time. This cooling mechenism also reduces the radiation loss of electrons.
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Conventional procedures used to fonn a FRC primarily employ the theta pinch-field reversal
procedure. In this conventional method, a bias magnetic field is applied by external coils surrounding a
neutral gas back-filled chamber. Once this has occurred, the gas is ionized and the bias magnetic field
is frozen in the plasma. Next, the current in the external coils is rapidly reversed and the oppositely
oriented magnetic field lines connect with the previously frozen lines to form the closed topology of the
FRC (see Fig. 2). This formation process is largely empirical and there exists almost no means of
controlling the formation of the FRC. The method has poor reproducibility and no tuning capability as a
result. In contrast, the FRC formation methods of the present invention allow for ample control and
provide a much more transparent and reproducible process. In fact, the FRC formed by the methods
of the preg&itik ety iberlg &npbertutiechdindits Sitbpelrswellatiendtises propairtiesdin be directly
mfluence%b% n&g @t@&ﬁ%@&g@pg&gﬁ% apﬁg,ep by the outer field coils 325. Formation of the
soft

FRC by me e present Inventions also results |nthe formatlon of th electric field and

'@@H@Wﬁﬁﬂéfﬁ Bsoe. HitHods can be easily

potential well in Te seafrati
extended #Q. 36681916 g FRCe @Mi@ﬂe%@mg@rmgmtwemﬁml currents, and

advantageouslg%enableshe clalc I00| E%ento the i lons. Furth Lrtmé)r ‘% -chnique can be
employed ripact e U as el as easy pﬁemen "l highly desirable
characterist dsﬁm&baéabme,sysmn of mmhmmﬁbeﬁnﬁmwsiem%rhyalon relates to the

circulating plasma beam 33 ciat tth at ma heam 335, because it is
HraRTRLL Wﬁ%ﬁgﬁg ?%%%3%) %&%{] nf%élgfe rlcgll c%l%%&?n ac?r@CSUIar wire. Inside the

a current,”
sififie] dithagitiict dg8 dppovés.the @iernally applied ma

circulatinghpeldsfhericaunt335b b diamags aTgic ey
to etic f'elgrglv%&%@ Sl eesliFaviame) he lilagmahea #5199, smagnetic self-field is in the
e appli

same direction as t led magnetlc fleld “‘When the plasma ion current is sufficiently large, the

self-field Gierbdiribiswse appsifn fom zdetene ohi S Fdloretdreir ai8fietisieiculating plasma beam
335, therelydopning de Bt opolpeyias shavenfnhig s RanRdrihd Brtageirements for field reversal

can be estimated with a sim Iemodel Con5|der an electric current 4, carried by a ring of major radius

7.0 and nfifestiendeeesedsd TR TNt 5t tHe eI SMFHBHMRI the ring is Bp =
-27C/A0f0)mmléaﬁstﬁé%w&®§m GO A vkak MNP PiRMrisIGH ey pTnaihatkave an angular

velocity 0Q. For a sm le ion C|r uIatln trad us ro = Vo/S26, Sao = eBo/m,c is the cyclotron
frequencﬂﬁtgﬁ&tgﬁfg BRut BE*REUme Vo is the average velocity of the beam ions. Field
reversal is defin€bkalirditieCalrBaién ﬁ&hc dnft orbit determines whether it is confined or not.

A particle moving in a drift orbit will also have a velocity parallel to the FRC axis. The
time it takes the particle to go from one end of the FRC to the other, as a result of ifs
parallel motion, is called transit tims; thus, the drift orbits reach an end of the FRC in 2
time of the order of the transit fime. As shown in connection with Fig. 94, the Lorentz
force at the ends of the FRC is confining only for drift orbits rotating in the diamagnetic
direction, After a transit time, therefore, ions in drift orbits rotating in the

‘-':f-"‘“ 3! 3-1-'

counterdiamagnetic direction are lost.
This phenomenen zccounts for a loss mechanism for ions, which is expected to

have existed in all FRC experiments. In fact, in these experiments, the ions camried half of
_ the current and the electrons carried the other half. In these conditions the electric field

inside the plasma was negligible, and the gradient drift always dominated the Ex B drif.

Hence, all the drift orbits preduced by large-angle collisions were lost after a transit time.

These experiments reported jon diffnsion rates that were faster than those predicted by

classical diffusion estimates.
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roc which implies that Np >2 rO/a, and eV p, Ira where a, a-- el me = 1.57 x 10' an and the ion beasn
energy is f nitV"2. In the one- ensional model, the magnetic field from the plasma current is Bp= (2n1
c)ip, where ipis entreat per unit of length. The field reversal requirement is if, > eVo/nroal = 0.225
kA/cm, where Bo=69.3 G and f miVal = 100 eV. For a model with periodic rings and Bz is averaged
over the:axial coordinate (Br) = (22r | cXI p | s) (s is the ring spacing), ifs = r this model would have the
same average magnetic field as the one nensional model with ip=Vs. Combined Beam/Betatron
Formation Technique

If there is & stong electrostatic field, the £ » B drift dominates the gradient drift,
and the drift orbiis rotaie in fhe diamagnetic direction. This was shown above in
connection with Fig, 12A. When these orbits reach the ends of the FRC, they are reflected
back info the region of closed field lines by the Lorentz force; thus, they remain confined
in the system.

| The electrostatic fields in the colliding bear system may be strong enough, so that
the Ex B drift dominates the gradient drift. Thus, e electrostatic feld of the system
would avoid ion transport by eliminating this ion loss mechanism, which is similar to 2
‘loss cone in & mirror device.

Another aspect of ion diffusion can be sppreciated by considering the effect of
smail-angle, eleciron-ion collisions on betatron orbits. Fig. 134 shows a betatron orbit
112; Fig. 13B shows the same orbit 112 when small-angle electron-ion collisions are
considered 174; Fig. 13C shows the orbit of Fig. 13B followed for a time that is longer by
a factor of ten 176; and Fig. 13D shows the orbit of Fig. 13B followed for a time longer by
a factor of twenty 178. It can be seen that the fopology of betatron orbits does not change

- due to small-angle, electron-ion collisions; however, the amplitude of their radial
oscillations grows with time. Tn fact, the orbits shown in Figs. 13A to 13D fatten out with
time, which indicates clussical diffusion.

Formation of the FRC

Conventional procedures used to form 2 FRC primarily employ the theta pinch-

field reversal procedure. In this conventional method, a bias magnetic field is applied by
external coils surrounding 2 newiral gas back-filled chamber. Once this bas occurred, the
gas is lonized and the bias magpetic field is frozen in the plasma. Next, the current in the
external coils is rapidly reversed and the oppositely oriented magnetic field lines connect
with the previously frozen lines to form the closed topology of the FRC (ses Fig. 2). This
formation process is largely empirical and there exists almost no means of controlling the
formation of the FRC. The method has poor reproducibility and no tuning capability as a
result. '

_ T condrast, the FRC formation methods of the present invention allow for ample
control and provide & much more transparent and reproducible process. In fact, the FRC
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A preferred method of forming a FRC within the confinement system 300 described above is herein
termed the combined beam/betatron technique. This approach combines low energy beams of plasma
ions with betatron acceleration using the betatron flux coil 320. The first step in this method is to
inject a substantially annular cloud layer of background plasma in the chamber 310 using the
background placmn sources 345. Outer coil 325 produces a magnetic field inside the chamber 310,
which magnetizes the background plasma. At short intervals, low energy ion beams are injected into
the chamber 310 through the injector ports 340 substantially transverse to the externally applied
magnetic field within the chamber 310, As explained above, the ion beams are trapped within the
chamber 310 in large betatron orbits by this magnetic field. The ion beams may be generated by an
ion accelegaigdg deﬁkbﬁ&mﬁﬁaeﬁﬁepmwncmummmmawmmwmor (see R.B.

Miller, An Introductlo to the |cs nten raed TSRS s one of skill in the
art can apPraTatE “fhe edi%c aptﬁeé (% n%aag etlléﬁ%e'ﬁl eé’lﬁ rta force&eﬁ the injected ion
beam as sobm Gddreitérs tHewttinod ﬁﬁ%@”@@ﬁ% not deflect, and thus

hot enter %%%ﬂ&tufﬁeaﬁﬁemnﬁadmﬁe@w lingapiasmeaRea™335. To solve this
problem, the ion beams are neutralized with electron nd d|re Egd thro g&a%sﬂgantlally constant

umdwectmﬁ?ﬁ‘tﬁ@@’ﬁeﬁ?ﬁ?@?’&%@@@@m IR ig- 14, when the ion
beam 350uds«itectektbitugicarap m:.,!m m‘ aﬁeapmgmuébymhﬁﬂgmlons and negatively

charged el ctr S %arat e IOI’] _,5_:_ LEs,an LlecHig.s6lfpolarization due to the
magnetic fiéfd T magn may e pro dby, e.g., a permanent magnet or by an
electroma@maatén@mm@www th@»%tiﬁ bl TnEnimplssentic allpirhlydse S the cos ,ement
chamber 310, the resuliant glec (}rg&,t@ld balances the magnetic force on the beam particles, allowing
the ion beam to drift undeflecte g 15 shows a head-an view, of the ion hbeam %?0 as it contacts the

plasma 335. As adpransernt methols PR TR ST RS S P R PR s et lines into or out of

the beam mw@@wﬂf@mtﬁm&m&gmememmmmmmmmam is no longer

electrically palar; ed t oins the ci F3= In@dqstatron orbit around the

~ principle a%é%olg‘fé ownﬁg#mg seefa o) %gégggw en the plasma beam 335 travels in its
_betatron thbm@@wérﬂmm%ﬁﬁrﬁewmhﬁHﬂﬂmﬁﬁ%@ﬁé@%"ﬁmldal mpietic

self-field. 1&9&)%&3&@5@&&9@{%%&5@@&@ 1a{abek 38l isReTESEY to increase the velocity
of the plasma beam 335, thus increasing the magnltuge of the ma%@ q\gg%f‘ -field that the placma
di

beam 335magsERsael iR s SHRtituSaion ardts FBPYRISHRTSHS ¥of the magnetic field at
radial distgnees %ﬁmmmaﬁa&wm@mqmmmﬂmsmwmﬁw@m to a FRC. (See

Figs. 2 and 4 Itc eC| ed that. t m talnt r lating plasma
Gagid e a@{; eVt 0 %.efgse circhia Qa%‘n%?g agt?ﬁg(?&%ﬂlfgt &%ﬁ e

beam 335”% 5t hecessany to Increase t magnetic field from the outer coil
325 as thewtﬁegma%aw@g&mc?@aéés in veIOC|ty. A control system is thus provided for maintaining

an appropriate g AR eSS bW SRt Qualpibaauler coi 325. Allematively, a

second outer coil ma/ be used to provide the addltlonal applied m etlc eld that is required to

maintain tRENARHTLE: WAL LRSS AE O eI ST R el 6*fR&téase the velocity of the
cwculatmgﬁté%ﬂ@-tmet@ﬁfiﬂ@d&ﬁterbﬂthmgammhm ﬁﬁg@mﬂm‘md&m%g to Fig. 16, it

can be appreuated that increasing a current through the tron flux c )bAmpere s Law, '
induces afhZhnTinEA Bt H&ﬁﬂgzé 27 15 SARE, ﬁ?eaxb er ¢ a'i'(gé’d ions in the plasma

beam 335 %eagﬁ@@@%mm@mq £Wma@3@adlﬁgm§ewrm@mhaﬁ described above.
When ion beams are added toét@rﬁlrc atln 88[]ha beam 3 5 asiqlgsgrlbe%&bove the plasma
r fiel

beam 335 FAIFEFES FEVERES e S Ulating plasma beam 335 is
preferablyt@sme&emdstésﬁndaslonal energy of about 100 eV, and preferably in a range of about 75 eV
to 125 eV. To reach fusion relevant conditiong, fpge circulating plasma beam 335 is preferably
accelerated to about 200 keV and prefemphy-ié-a-famds,0f about 100 keV to 3.3 MeM3) FRC
formation was successfully demonstrated utilizi#fg the combined beam/betatron formation technlque
The combipge) hegfalaRRrAles, leghnique was

eV,

¥ >-;$ (4)
§
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performed experimentally in a cinber 1 m in diameter and 1.5 m in length using an externally applied
ma etic field of up to 500 G, a magnetic field from the betatron flux coil 320 of up to 5 kG, and a '
vacuum of 1.2 x 104 torn In the experiment, the background plasma had a density of 10 cm' and the
ion beam was a neutralized Hydrogen beam having a density of 1.2 x 10u cm’, a velocity of 2 x IC
cm/s, and a pulse length of around 20 ;is (at half height). Field reversal was observed. Betatron
Formation Technique Another preferred method of forming a FRC within the confinement system
300 is herein termed the betatron formation technique. This technique is based on driving the betatron
induced current directly to accelerate a circulating plasma beam 335 using the betatron flux coil 320. A
preferred embodiment of this technique uses the confinement system 300 depicted in Fig. |, except
that the inja¢ Qrgfel"?}%@ 681Gy JOR-PRANRAS:D RLNRERSIRRY is LAFMdicaiedadhe main component in
the betatron ormation technique is the betatron flux coil 320 mounted in the center and along the axis
Mberohe dde iovite aepar diddival itk windiagsroanstiy etiBn/dlhe Woilcd26 exhibits very low
mductance and when ¢ ower sourc h 3 2 Iow nstant, which
enables rat%tﬁ%ﬁ%‘lﬁ’ﬁ #tﬁé%ﬁ%#t tt?t%ﬁalf% e;Iésre ag'ly,{#ﬁstlgtlf?)gr%%f the FRC
commenc@ﬁ@éf@%@ﬂ@%ﬂﬁfﬁxg’emﬂﬁe&d Eoilsi38m mpEﬁtdlpﬁmgdmaig iaxial guide field as well as
radial magnetic field components near the ends aX| confrne the plasma injected into the chamber
310. Oncersuificientrtise b todidip é& tHé’ disbiifees 345 are energized
from their own Plasma emanatr f t n axial guide field
and spreata":,s ?t%i%\%'%%%g% t@%é?‘h“&% tre"REThe pr: éogas]m%gﬁg@é’cr%é% e mrgElﬂ %? % the chamber 310,
a coarwuoys,t’ﬁxrally extendlng annular Iayer of coId slowly moving plasma is ectalish At this point

the betatron flux-Go g current in the coil 320 causes a fast changing
axial flux in the CoIl's nterior. |nuct|ve e ects this rapid mcg%gse in axial flux causes the

generation of a@ﬂ%@@@@ﬁw&%% Fiis #e CoRSBE B ile space around the flux

coil. By Magpuaiks Savatidissithiseiediocdigithé t&ﬁﬂﬁ%@fmmﬁmamsth@mwhnge in strength of the

maptetic flux jnside the coil, i.e.: a faster betatrg orI curren Tam W @Gﬁtronger electric field.
The inductRBRFES T E%gﬂplf’ém W@hﬁe AR Gee ﬂ[:)gé%? Hﬁ asma and causes a

ponderomibtiveniii®®, which accelerates the partrcles in the annular plasma Iayer Electrons, by virtue

of their smaller %ﬁmﬁ%@tﬂf&éﬂﬁﬁ'ﬁ% RAEHBNGR;aA¢ alekAi.uingykigal current formed by this

process is, thus, primarily due to electrons oweer suffrcrent acceleratrgn tn@lgéaround hundreds of

- micro-sec mm#&@&%&&%uﬁﬁ%&?@ﬁgﬁéﬁﬁ i B ctric field E
accelerat%zthgmﬁ@a%mgﬂa&s.ﬁmma@sﬁe clisaiiions), Qe hotrapecibs reach their terminal
velocities, curren arried about eq ions and electrons. S above, the current
carried by 8f&&%8 r?za%’l‘gs gt’%’%‘:%fwl%/ 0<}a(vsﬁﬂl7rﬁ¥aggne'e?mnrsealkd %ﬁcﬁe%rga{%ﬁof the actual FRC
topology sitsniren#iéththesh it inrgletioficitD cubanrantdly transgrre e 3&E@I5Mma layer becomes
comparable t. ine, gﬁﬂéﬁgel@mt{ﬁe figld foeihesdpmakisllaois3apnaa A this point magnetic

reconnectioh occu he open field lines of the injtial externally produc mam etie field begin to

close andWhﬁH‘é@RWﬁ’%‘tﬁﬁé%%@@%% petglron Qs 4y, thus magietic Geld.

beams may be generated by an ion acce{erator, such as an accelerator comprising an ion

s

diode and 2 Marx generator. (see R.B. Miller, An Introduction to the Physics of Intense
ﬁ'imrged Pariicle Beams, {1982)). As one of skill in the a1t can appreciate, the externally

- apphied mapnetic field will exert a Lorentz force on the injected jon beam as soon as it
enters the chamber 310; however, it is desired that the beam not deflect, and thus not enter
a betatron orbit, until the fon beam reaches the circulating plasma beam 335, To solve this
problem, the ion beams are neutralized with elecirons and directed through a substantially
constant unidirectional magnstic field before entering the chamber 310. As illustrated in
Fig. 14, when the jon beam 350 is directed through an appropriste magnetic field, the
positively charged ions and negatively charged electrons separate. The jon beam 350 thns
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The base FRC established by this method exhibits modest magnetic field and particle energies that
are typically not at reactor relevant operating parameters. However, the inductive electric acceleration
field will persist, as long as the current in the betatron flux coil 320 continues to increase at a rapid
rate. The effect of this process is that the energy and total magnetic field strength of the FRC
continues to grow. The extent of this process is, thus, primarily limited by the flux coil power supply, as
continued delivery of current requires a massive energy storage bHowever, it is, in principal,
straightforward to accelerate the system to reactor relevant conditions. For field reversal, the
circulating plasma beam 335 is preferably accelerated to a rotational energy of about 100 eV, and
preferably in a range of about 75 eV to 125 eVv. To reach fu5|on relevant condltlons the circulating
plasma begamBauisREeie R -aeEalRIDS fnefOfled Bnrarige of about 100 key
to 3.3 MeV. hen ion beams are added ot e cirgulat S 5,.a cribed above, the plasma
beam 335%& Fi’e%%ﬁ (ﬁ'll%‘éaflo?‘ma%?%nf%%ﬁ%% %1 5 Pe ??dﬁlﬁ gif?matlon technlgue
was succésshullyiGemuhsiyeted) 3 tl@l?@léﬁr\"?m;

iber dimensions:

about 1 m,siamele 13 1e g hesRRIEIAR SR biARS Al 0.6 1A 2 SifikiAds of 20 cm. Mean
external magnetic field produced in the vacuum chamber was u toﬁ%%O Gaus%h with a ramp-up period
Fﬂﬁ%%l% @

of 150 us 4A# sfsfeeirdafizor 28 & a%dmR VISt i

plastua 335. As depicted, electrons from the plasia 335 &ravel along magnetic field lines
into or out of the beam 350, which thereby drains the beam’s electric polarization. When

the bearn is no longer electrically polarized, the beam joins the circulating plasma beam
335 in a betatron orbit around the principle axis 315, as shown in Fig. I (see also Fig, 4).

When the plasma beam 335 travels in its betatron orbit, the moving ions comprise
s current, which in turp gives rise to a poloidal magnetic self-field. To produce the FRC
topology within the chamber 310, it is necessary to increase the velocity of the plasma
beam 335, thus increasing the magnitude of the magnetic self-field that the plasma beam

- 335 causes. When the magnetic self-field is large enough, the direction of the magnefic
field at radial distances from the axis 315 within the plasma beam 335 reverses, giving riss
to a FRC. (See Figs. 2 and 4). It can be appreciated that, to maintain the radial distance of
the circulating plasma beam 335 in the betatron orbit, it is necessary to increase the
applied magnetic field from the outer coil 325 as the plasma beam 335 increases in
velocity. A control system is thus provided for maintaining an appropriate applied
magnetic field, dictated by the current through the outer coil 325. Alternatively, a second
outer coil may be used to provide the additional applied magnetic field that is required to
maintain the radius of the plasma beam’s orbit as it is accelerated.

To increase the velocity of the circulating plasma beam 335 in its orbit, the
betatron flux coil 320 is provided. Referring to Fig. 16, it can be appreciated that
increasing a current through the betatron flux coil 320, by Ampere’s Law, induces an
azimuthal electric field, B, inside the chamber 310, The positively charged ions in the
plasma beam 335 are accelerated by this induced electric field, leading to field reversal as
described above. When ion beams are added to the circulating plasma beam 335, as
described above, the plasma beam 335 depolarizes the ion beams,
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The background plasma (substantially Hydrogen gas) was characterized by a mean density of about
ion cm’, kinetic temperature of less than 10 eV. The lifetime of the configuration was limited by the
total energy stored in the experiment and generally was around 30 us. The experiments proceeded
by first injecting a background plasma layer by two sets of coaxial cable guns mounted in a circular
fashion inside the chamber. Each collection of 8 guns was mounted on one of the two mirror coil
assemblies. The guns were azimuthally spaced in an equidistant fashion and offset relative to the

ERUHIiak

LA

other set. This arrangement allowed for the guns to be fired simultaneously and thereby created an
annular plasma layer. Upon establishment of this layer, the betatron flux coil was energized. Rising
azimuthal electrigdield cuslingrmpndihaheRianeait QsiskimvRane:Righaourrent in the betatron
flux coil produced.a strong electric field, whic elerated the ann %ar lagma layer and thereby
induced a?sﬂ%%%ﬂcﬁﬂf%ﬁ%%ﬁf&ﬁe&ﬁt 5 fasma currer %ﬁﬁﬁ%ﬁz ﬁép Fﬁﬁ%@g *fleld that altered
measuremenisWilhoRAoLIpoRsdanifiedhe srank haRgtandghyation of the FRC.  An
example of typical?is shown by thetraces of B-dot prob si_gnagll\rsiil Fig. 18. The data curve A
| G R R

from eitheg oh efrtheiexperimgetahe dhhbhanseabadadial Resiion ebdfieawdhe don curve B
represents a%g abgolute.stre th of L%%n%xi%l camponent of tgg m%%?eti field at the chamber axial
mid-plane &Hd At & Fadial poartion of 30-¢m. The SRS AY s %1%%) P& “ritlicates magnetic field
depicts thgolﬁ %’ f{glgi]ﬁr%g th, gﬂg sztgq({ug% I@g layer, Q%%tg learly indicates that the
inner magneti%%gl))e%dﬁfeverseé oﬁenf%&on gré negative x%etw%%ﬁ%ﬁbmﬂt aengc j% g%?&while the outer
current in {heelalian £ ORGEERK LYY '@f@@%@%&%&%@ﬁ@'oﬂw@um current in
the fuel plasma Iag;; starts to decrease and tfﬁyje FRC rapidly decays. Up o now the lifetime of the FRC

REMGIEITF o giagied to provide longer FRC lifetime and acceleration to reactor
relevant parameter verall, thig technigue Only.produces a compact ERQ, but it is also
robust and straiéﬂi%br%gxg %ﬁl%ﬁ? r??e?%%?ﬁ%%ﬁ%%fqtg W%e%ﬁ@ B BY this method can
crucial foryfiision anplicptionsandepasicalicaninamantl ighensigy yaligais. Fusion

betatron fhax coil 320. A preferred embodiment of this technigue uses the confinement

current in the betatron coil windings caused an increase in flux Side the coil, which gave rise to an
the externathrisfippliodifield anditons e trewstegivasohbtheficlibrayeetecbbonfideniddetailed
/ e,

represents the aBE6lfteushiennprrreialydeummysiet b eralped the axial mid-plane (75 em
strength irsigeaftiapptisd npgsrivaieldar (petWwdedibetegoriic Gitidfcbpl dsrhetiwhifbithe curve B data set
field staysnisaitivaed peengigioef 46T ravoraé teiwmtbrisnwihenghielseddipdusestmmited by the ramp-up of
is limited B #daAgfgsight: Ealdievarsrotrirhse®dperiment. As with the injection and trapping

- be easily devsicrated te bepitesireokiprdbdnigatiChal terisigyeanthsad gndticifiptbestrength. This is

energ
system 300 depicted in Fig. 1, except that the injection of low energy jon beams is not

necessary. .

As indicated, the main component in the betatron formation technique is the
betatron finx coil 320 mownted in the center and along the axis of the chamber 310. Due
to its separate paraliel windings construction, the coil 320 exhibils very low inductance
and, when coupled fo an adequate power source, has a low LC time constant, which
enables rapid ramp up of the current in the flux coil 320.

Preferably, formation of the FRC commences by energizing the external field coils

- 325, 330. This provides an axial guide field as well as radial magnetic field components
near the ends to axially confine the plasma injected into the chamber 310. Once sufficient
inagnetic ficid is established, the background plasma sources 345 are energized from their
own power supplies. Plasma emanating from the guns streams along the axial guide field
and spreads slightly due to its temperature. As the plasma reaches the mid-plane of the
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Significantly, these two techniques for forming a FRC inside of a containment system 300 described
above, or the like, can result in plasmas having properties suitable for raining nuclear fusion therein.
More particularly, the FRC formed by these Methods can be accelerated to any desired level of
rotational energy and magnetic field strength. This is crucial for fusion applications and classical
:nnent of high-energy fuel mns. In the coiztent system 300, therefore, it becomes possible to trap and
confine high-energy plasma beams for sufficient periods of time to cause a fusion reaction therewith
To accommodate fusion, the FRC formed by these methods is preferably accelerated to appropriate
levels of rotational energy and magnetic field strength by betatron acceleration. Fusion, however,
tends to requwe a particular set of physical condltlons for any reaction to take place. In addition, to

Gianktpn y@@ﬁﬂﬁﬁﬁu@é@gﬁe Ainea-ResiNeeneresd slspranthmiuel has to be kept in this
state substantlally unchanged for prolonged penods of tlme ThIS IS |mportant as high kinetic
temperatuﬁ3 %?ﬁ?ﬁ%’ tharacterize a fusion relevant state. Creation of this state, therefore,
requires smeableﬁmﬁmtpofmﬂ&@}amhlﬂm sehshmagiode e ipbstishtherfet indergoes fusion. As
a Consequ%%%ib% coning ARk as aRedengerdhandis furpdime: This IF-4ds to a

positive energy balance an onse uently net energy output A S|gn|f|cant advantage of the present

“invention |Sﬁ'PF§*! wasprianraransen v aneieiital élestpaBrRidr long confinement
times, i.e. yceaf tRaSEhatAxes esb&gebi%ﬁa s Alynisalaiaarfoedusionss, thus,
charactenzed b ollowln sical condjtions tend to,vary based onéuel and operating
mode): 8 % % 10]0 1% ﬁé@% re erably in a range of
about 80 hﬁﬂm&a}e :g‘a":s‘ SsIabraie agbagabaet30 to 100 key and
preferablygg 14 range of about 80 to 100 keV Coherent energy of the fuel beams (injected ion
beams and circulating plasma beam): in a range of about 100 keV to 3.3 MeV and preferably in a
range of about 36ieedpadyeperaeed clectricisl ‘%@éﬁﬁ@\%tﬂéﬁ <heegedPrlcsanlit 47.5 to 120 kG and

preferably ip.aneanae Ababgdhaadadee el Wiikthpexemnaly aeptiesifield aaisange of about 2.5 to

15 k ﬁ fe |?; ' f 15 kG). I | Confi han the fuel
bﬁm(i :112 0 referab maranggyo abouft Lgeto S l?mg:g»ass tgg C?Qp !ergleersni%r&gme C%reatert an the fue

gcceleration. The initial comrent formed by this process 18, thus, primarily due to electrons.

XA

However, sufficient acceleration fime {around hundreds of micro-seconds) will eventually
also lead to ion carent.  Referring to Fig. 17, this clectric field E accelerates the electrons
and ions in opposite directions. Once both species reach their tenminal vélocities, current is
carried about equally by ions and elsctrons.

As noted above, the current carried by the rotafing plasma gives rise to a self
magnetic fiekd. The creation of the actual FRC topology sets in when the self magnetic
field created by the current in the plasma layer becomes comparable to the applied
magnetic field from the external field coils 325, 330. At this point magnetic reconnection
ocours and the open field lines of the initial externally produced magnetic field begin to
close and form the FRC fiux surfaces (see Figs. 2 and 4).

The base FRC established by this method exhibits modest magnetic field and
particle energies that ave typically not at reactor relevant operating parameters. However,
the indunctive eleciric acoeleration field will persist, as long as the current in the betatron
flux coil 320 continues i increase af a rapid rate, The effect of this process is that the
energy and total magnetic field strength of the FRC continues to grow. The extent of this
process is, thus, primarily limited by the flux coil power supply, as continued delivery of
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range of about 10th 100 seconds. Fuel ion density: in a range of about 1014 to less than 1016 cm
and preferably in a range of about 10'4 to 10" cm'. Total Fusion Power: preferably in a range of
about 50 to 450 kW/cm (power per cm of chamber length) To accommodate the fusion state
illustrated above, the FRC is preferably accelerated to a level of coherent rotational energy preferably
in a range of about 100 keV to 3.3 MeV, and more preferably in a range of about 300 keV to 3.3 MeV,
and a level of magnetic field strength preferably in a range of about 45 to 120 kG, and more preferably
in a range of about 90 to 115 kG. At these levels, high energy ion beams can be injected into the FRC
and trapped to form a plasma beam layer wherein the plasma beam ions are magnetically confined
and the plasma beam electrons are electrostatlcally confined. Preferably, the electron temperature
is kept as lewas prasteaiuais ealkieniih el st Dibtepsaipahlung radiation, which can,
otherwise, lea tigral%‘;/e ener Ioss S, 'Qe et&c%@?&eta@c er&e{%well of the present invention
provides an e actve means o accom i he‘ion temperature is preferably kept at a level
that provides for Eﬁflﬁ@ﬁt@@ﬁ%&@ﬁﬁ@&%ﬁ@mﬁm hﬁ@@ﬁ@%&@ﬁf@hﬁm tersiest 1A temperature. High

direct energy.afihe. bl iRbelmsds e; ide-glassigahiransparyassiseyssed in this
application. It also m|n|m|7es the effects o |nstab tles on the fuel plasma, The magnetic field is

consistent At HCBERFEEHGHIEHe R AIE %ﬁWﬁ%éﬁﬁWﬁﬁ@hﬁ’@Wmlf field) and in

- turn providesitbe: StpRevt-an grédeatitokeenghef ptasnia Wh&ﬂe%@amlt Fusion Products
The fusio roducts nint 0 rthe s r 86 from where
they eme%g%gs d usmnetga\?%r Q%t&%\%%gé%t rNx gg(g’ 8‘;2)&!@}?3 él%%%e%?o collisions with
electrons (3¥ detivdiones Witholobes@s not change the center of mass and therefore do not cause them to
change field linegk Breawse: afiheik Biobekinslit.ARAIGY PRAMME WaNs havgmuch higher energy than
the fuel |ons) the fusron products can readily cross the separatrix 84. Once t ey are beyond the
separatrix SAMREpEh A s flIaTIRE IFEHEASHER lines 80 provided that they experience scattering
from ion-ion eolmﬁ{mm@@gﬁwa RfdeRRaHORS Nokdedd to diffusion, it can change the
direction of the i n veIocrty ve t h that it points parallel to the mapntic field. These open field lines
80 connect the 8?% with the uniform applied field provided outside the FRC
topology. Producpmamﬁm&mmﬂﬁiemnt field lines, which they follow with a distribution of energies.
Advantageously e produ t ions gf’ n ut izing electrons eme e form of notating
annular beams f (2 p asmga orvé(m%m ?'éﬁf%g agﬁgﬁﬁ%gg3|gn of a-p-B" reaction,
these beams wrlﬂaassew&wammﬁlammﬁ% Mmmuhuﬂm% Ghalsouba@rcentimeters. In the
strong magnetic &eﬂp&m%&%giﬂe the separatrix 84 (typically around 100 kG), the product ions have
an associated distribution of gyro-radii that varies from a minimum value of about 1 cm to a maximum

of around 3 cfn férehackseuindmdagetiGurdmbeliohydrogen gas) was characterized by 2 mean
density of about 10% em™®, kinetic temperature of less than 10 eV.

hel-aRvety

A i

¢ The lifetime of the configuration was limited by the total epergy stored in the
experiment and generally was around 30 ps.

The experiroents proceeded by first injecting a background plasma layer by two
sets of coaxial cable guns mounted in 3 circular fashion inside the chamber. Each
collection of 8 guns was mounted on one of the two mirror ceil assemblies. The guns

" were azimuthally spaced in an equidistant fashion and offset relative to the other set. This
- arrangement allowed for the guns to be fired simultaneously and thersby created an
annular plasma layer.

Upon establishment of this layer, the betatron flux coil was energized. Rising

~ current in the betatron coil windings cansed an increase in flux inside the coil, which gave
rise to an azimuthal electric field curling around the betatron coil. Quick ramp-up and
- high current in the betatron flux coil produced a strong electric field, which accelerated the
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Initially the product ions have longitudinal as well as rotational energy characterized by Y2 M(vp,")2
and 'A M(vp)2. vrep is the azimuthnl velocity associated with rotation around a field line as the orbital
center. Since the field lines spread out after leaving the vicinity of the FRC topology, the rotational
energy tends to decrease while the total energy remains constant. This is a consequence of the
adiabatic invariance of the magnetic moment of the product ions. It is well known in the art that
charged particles orbiting in a mataetic field have a magnetic moment associated with their motion. In
the case of particles moving along a slow changing magnetic field, there also exists an adiabatic
invariant of the motion described by 1/2 M(vp"p)2/B. The product ions orbiting around their respective
field lines have a magnetic moment and such an adiabatic invariant associated with their motion. Since
B decreasgmifrplasiohgfaho wldtindivatackhythecapepadingsoftiue fieitdgwiespait follows that
vlikewise decrease bout 3.2. T WA tl}e ime the product ions.ayrive, at th jform field region
their rotati%ur{gﬁngﬁléﬁfg%%&%%g e%%%%%%%%o%ﬁ%&e%@tg‘% %#@r%uﬁp?ﬁ% %ﬁﬁ av%rgi?gga most all the energy
is in the lothgitertitral @ohsfohbreveBnbroyi@bmiarsidriiled Tisesermenenatiei-cohgersion system of the

present inyentiapGaMmpISe sand ausyelotan.aanverter (ICC) 420 shown in Figs. 19A and 20A
~coupled to a (parti c%fﬁp %f?eam fusion reactor (CBFR) 410 to

form a pins-ma-‘@ReH Spifehdaadtiheyeiana ecs YERtPreRs HsBtISiutiR) hay be disposed s
? etrically thhfhwdetuptthefiBlR4lbAcmagnaipghonfipe4fitlisdegates bbiweeilt- CBFR 410 and the
ICC 420 apd js formed.when.the CBFR. 410.and 1CC.420 netic fiel rﬁer%e. Before describing
the ICC 4 qgﬁi |$sw(§13§eir%i§ %milr? @%ﬁ%e%%%% %@f %?ﬁ%ﬁ%ﬁ%ﬁ%ﬁ%g era E%E}ai%dprovided. In

conventiomb} Biistbnetior o€ IéremorEhe Argetics B repisny dho chtebiscipasiielites il magnetic field
rotate in citgles, FheqRikiadie hithe aoerasts ions indsiaimined by.#e magnelc field strength and

their ee-to-mass ratio, and increases with energy. H er, the rotatign frequency of the ions is
independelit 8t thef heg, e e BT ﬁ#ﬁ@%&ﬁ“ﬁfiﬁﬁg%ﬁéﬁ%melermors.
Referring {oefrig 12kAbstwenyealienaldlelo amal eflts dio &0 N fpfeutiwor image C-shaped
ompgen aul etic field 720
TR A

SENVE 3
electrodes 710 forming, mirror i e D-sha eﬁ cavities placed in a
having fie%@%ﬁ%&%%%%@&gﬁé e efe%ﬁ?on es "‘p%%"r% gims?}ear?ﬁan%éetar e plane of the page. An
oscillatingistecmagprcheld riyaps hodirsndismeasivdintiens destAidad Sae. Mbilae 21B). lons | are
emitted fropp &R0UEGLRIACRRIN NS CRNEhA e LMol OPnd R BARPEHR fleld 720 is adjusted so

that the rotation frequency of the ions matches that gf the electric potential and, associated electric

field. If anlBHISS Seeha R, 7 StrEdn dhs Pitaires el faere Reek Sortis shetit e direction as that
of the elecigigfialchil] icantelat siednBy taetalprhting kyerisars iiiepergaanthoFRIC radius increase.

When the jon has traveled a half-circle.arc iencing no.increase in.ener it crosses the gap
730 agaih?&ﬂg?x ?Sﬁceae‘eé? igﬁf?gfé%% %ﬂeétlglﬁ %@%aﬁe’#& egc c%eegr% ascﬁgey\s}éérsed direction. The ion
| is again sioves dirdhe drpenonit eAe mjihitdiriprtiomerd feprind Hneprocusdlis sefreated every time the ion
crosses thg PP PR JES LORTOIRIFRAUAR SY CRAIMES AR dRaiehHaat of the oscillating electric
field (see Fig. 21C). lion the other hand a particle crosses the gap 730 when the electric field is in the
opposite PRI will be decelerated and returned to the source at the center. Only particles with
~ initial velocities peepahditttabitteamagysiiafieid: tadmacrialemdss He gaps: 730 in the proper
phase of the .ascillating, electric field will be accelerated. Thus, pro %%SG atching is essential for
accel'erati(s?‘f'l\a.“z %ﬁwﬁ?f r%ﬁ%gfiﬁt{aefnae%yc ngr“c%’r’f%%%fi e&i%easofj t%ﬂ e&x%?g%ttgglii iIc énﬁlgh}%%cﬁ%m a pencil beam
of identicdicensity eticlored Bovy desitivrievtliofiwintitne eyelitrod ringretitlicld sreagdy extraction has
been obsayec for RICINTEsi3S ABRCHRAC Y Slosk ARAAIRHIES drdieR§\w 80, 305 (1950). The ions
could be injected into the catty such that they are brought into a decelerating phase relative to the
oscine fidlB28H of the ions would then reverse the trajectory T of the accelerating ion shown in Fig.
21A. As the ionggdwy down due to interaction with the electric field, their kinetic energy is transformed

into oscillating electric enerqy in the, electric circuit of whﬁg' éhe. clotron.is part Direct conversion to
electric energye\}%%aféc%e gt%}l%e\?etg?fg% |ﬁ8g o%gc%ur With verfﬁfé%oépﬁi%?ency. et
system 300 described above, or the like, can result in plasmas having properties suitable

naY A AR A,
I B LR LC VR

for cansing nuclear fusion therein. More particularly, the FRC formed by these methods
can be accelerated to any desired level of rofational energy and magnetic ficld strength.
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In practice, the ions of an ion beam would enter the cyclotron with all possible phases. Unless the
varying phases are compensated for in the design of the cyclotron, half of the of the ions would be
accelerated and the other half decelerated. As a result, the maximum conversion efficiency would
effectively be 50%. Moreover the annular fusion product ion beams discussed above are of an
unsuitable geometry for the conventional cyclotron. As discussed in greater detail below, the ICC
of the present invention accommodates the annular character of the fusion product beams exiting the
FRC of fusion reactor power core, and the random relative phase of the ions within the beam and the
spread of their energies. Referring back to Fig. 19A, a portion of a power core 436 of the CBFR 410 is
illustrated on the left side, wherein a plasma fuel core 435 is confined in a FRC 470 formed in part due
to a magn@tiis fictoeg ftietkdyappéicitidielsidollssiabeFiinERG diifgnchrizsebsed field lines 482, a
Separatrixh@éﬁag !;':-'L i::g‘- & u. Oﬁ%@& Q@@%%Q%SS%&% 1& &%Merties Of the

0

annular beam 43 e fusion pcts_. 'The.%%esn field lines 480 extend away from the power core
436 towarbigh-ranigiene bersps FeonEsimsruialordne SesrodlisiedrEige from the power core 436

along opeg,dieigidines 480 in the form of an annular beam 437 comprising energetic ions and charge

neutralizing electrons T&g eomejry.of the ICC 420 is like a.hollow.cylinder with a length of about
five meters. PrefetaBiTot er%%’r% élgllj%# g%r%ﬁ%? |r412{“h<1ﬁrsiE":éziIL &g?é)gfrxgéxéesfﬂ%hﬁwith small, straight ys 497
make up thedpiddo spfapaithicope rdtionienoneiluing pagoeitbédd sprptit @b the electrodes 494 in
an altemaying. el Ehe SESHOASIELE wilhinhe sonvees hasa aagiueole structure a3 indicated
in the end vie\/fﬂsl rate ;fh Fig. 19B. The electri(??&?eld E%%ﬁishes ont é%symmetry axis and
increases dHipPTHEPEAMNILO tHee pbsR JaIEldog: thachigpesgiciont bum-ip of the

finel and obtain a positive energy balance, the fiel has to be kept in this state substantially

unchanged for prolonged pericds of time. This is important, as high kinetic temperature

and/or energy characterize a fusion relevant state, Creation of this staie, therefore, requires

COETRDSER

. sizeable input of energy, which can only be recovered if most of the fuel undergoes fusion.
As a consequence, the confinement time of the fiuel has to be longer than its burn time.
This leads (o 2 positive energy balance and consequently nef energy output.

A significant advantage of the present invention is that the confinement system and
plasma described herein are capable of long confinement times, i.e., confinement times
that exceed fuel burn times. A typical state for fusion is, thus, characterized by the
foltowing physical conditions (which tend to vary based on foel and operating mode):

Average ion temperature: in a range of about 30 to 230 keV and preferably ina
range of about 80 keV to 230 keV

Average electron temperature: in a range of about 30 to 100 keV and preferably in
a range of about 80 to 100 keV

Coherent energy of the fuel beams (injected ion beams and circulating plasma
beam): in a range of about 100 keV to 3.3 MeV and preferably in a range of about 300
keV to 3.3 MeV.

Total magnetic field: in a range of about 47.5 to 120 kG and preferably in a range
of about 95 to 120 kG (with the cxfemaﬂy apphed field in a range of about 2.5 to 15 kG
and preferably in a range of about § to 15 kG).

Classical Confinement time: greater than the fuel bum time and preferably in 2
range of about 10 to 100 seconds.
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In ni.tion, the ICC 420 includes outside field coils 488 to form a uniform field within the ICC's hollow
cylinder geometry. Because the current runs through the ICC field coils 488 in a direction opposite to
the direction of the current running through the CI3FR field coils 425, the field lines 496 in the ICC 420
run in a direction opposite to the direction of the open field lines 480 of the CBFR 410. At an end
furthest from the power core 436 of the CBFR 410, the ICC 420 includes an ion collector 492. In
between the CBFR 410 and the ICC 420 is a symmetric magnetic cusp 486 wherein the open field
lines 480 of the CBFR 410 merge with the field lines 496 of the ICC 420. An annular shaped electron
collector 490 is position about the magnetic cusp 486 and electrically coupled to the ion collector 498.
As discussed below, the magnetic field of the ma tHetic cusps 486 converts the axial velocity of the
beam 437 to a rmﬂmagmgt@ciﬁmﬁiﬁgbmmieﬁ&yl@mm*ﬁWrmmﬁmb@ét N orbit 422 within
the converter 4 Q Ci ER 410 has a cylindrical symmetry. At its center is the fusion power core
436 with ar?nu%lonabpasma éore 438 tontained in a FRC 470 magnetic field topology in which the fusion
reactions take plﬁtﬁeﬁ Msierctedcttwairotibcruense M dbenibld e HE0FRITPIA PeTEE®Bns emerge as
annular beams 437-from, #ﬂfh ends of the fuel plasma 435. For example for a 50 MW design of a p-B"
reaction, these beams wi have a radlus of about 50 cm and a thickness fabout 10 cm. The annular
beam has a den&ftfHFemFedas GroEt PR hdte '¥86 separates the electrons
and ions. Theielestionssalay .: ﬂﬁﬂﬁﬁldﬂrﬁg@&fﬁﬁm lecige cbilentad 86%and the ions pass
through the 6 here th trajectorle to f ly helical path along
1§ lﬁﬁf mEﬁergyl removgg ?r @%&@g@m %he sp |a§iHlﬁé %1@1

the length '3 e lons as ral past the electrodes 494

connecteduxgeetie Sehtavenibuitirabitiowmngevs fbad 6F M&h@l@%@%@@?@&%ﬁﬁ for the highest
energy ions hat inliallveeiisyarecloserathe elesiiadas 49hanhers sheweagsisdiald is strongest

The ions arrive at the magnetic cusp 486 with the rotational energy appraoximately equal to the initial

total enerdfe FBC S Smpme 19 forn 2 plasaa b st Bles Sk Enerdide®idTon initial radii 7.0 when
the ions reméﬁ@llyam autbhdfesikdyay etmmmmmmmapproximately

proportional to the o The r \ ial t|c field an eam yelocity produce a
Lorentz force m%ﬁeg%atz!]? ECtIOFP @H]%é”rﬁsa%ﬁ elﬁsgﬁﬁ Js%g %@c? é%d n;ét change the
particle erfergyntit cbbreomss: iteiliztigal W&dbﬁ%ﬂmdw residisgvassielocity va and an

azimuthal yelacity KLioWDasay2Ramy it SNe:Re:0hihaRa el walosikd-cansbe determined from

the conservation of canonical momentum gBoro2 qB0r02
of accomplishing this.

The ion temperature is preferably kept &t a lovel that provides for efficient burn-up
since the fusion cross-section is 2 function of ion femperature. High direct energy of the

foel ion beams is essential to provide classical transport as discussed in this application. It
also minimizes the effects of instabilities on the fuel plasma. The magnetic field is
consistent with the beam rotation energy. It is partially created by the plasma beam (self-
ﬁcld) and in turn provides the support and force to keep the plasma beam on the desived
orbit.
Fusi duocts .

The fusion products are born in the power core predominantly near the null surface
86 from where they emerge by diffusion towards the separatrix 84 (see Figs. 2 and 4).
This is due to collisions with electrons {as collisions with ions do not change the center of
mass and therefore do not cause them to change field lines). Because of their high kinetic
energy (product ions have much higher energy tham the fuel ions), the fusion products can
readily cross the separatrix 84. Once they are beyond the separatrix 84, they can leave
along the open fietd lines 80 provided that they experience scattering from lon-ion
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(5) P=Mrv0012c 2c Abeam ion enters the left hand side of the cusp 486 with B,= Bo, = vo, vs=
0 and r ro. It emerges on the right hand side of the cusp 486 with r = ro, B,= - Bo, v gBorolMc and v, =
jv - where C2.0gBO is the cyclotron frequency. The rotation frequency of the ions is in a Mc range of
about 1-10 MHz, and preferably in a of about 5-10 MHz, which is the frequency at which power
generation takes place.

collisions. Although this collisional process does not lead to diffusion, it can change the
direction of the ion velocity vector such that it points parallel fo the mgn@ﬁe Held. These
open field lines 80 connect the FRC topslogy of the core with the wniform applied field

‘provided outside the FRC topology. Product ions emerge on different field lines, which
they follow with a distribution of energies. Advantageounsly, the product ions and charge-
neutralizing electrons emerge in the form of “ptating annular beams from both ends of the
fuel plasma. For example for 2 50 MW design of . p-B" reaction, these beams will have 2
radins of abeut 50 centimeters and a thickness of about 10 centimeters. In the shong
magnetic fields found outside the separatrix 84 (typically around 100 kG}, the product ions
have an associated distribution of gyro-radii that varies from g minimum value of about |
cm o & maximanm of around 3 om for the most energetic product ions.

Initially the product ions have longitudinal as well as rotational energy
characterized by % M(v,,) and Y2 M{v,.. )", ¥, is the azimuthal velocity associated with
rotation around & field line as the orbital center. Since the field lines spread out after
leaving the vicinity of the FRC topology, the rotational energy tends o decrease while the
total energy remains constant. This is a consequence of the adiabatic invariance of the

. magnetic moment of the product jons. It is well known in the art that charged particles

* orbiting in a magnetic field have & magnetic moment associated with their motion. In the
case of parficles moving along 2 slow changing magnetic field, there also exists an
-adiabatic invariant of the motion described by ¥ M(V,,,J'/B. The product ions orbiting
around their respective field lines have 2 magnetic moment and such an adisbatic invariant
associated with their motion. Since B decreases by a factor of about 10 (indicated by the

_ spreading of the feld lines), it follows that v, will likewise decrease by about 3.2. Thus,
by the time the product ions arrive at the uniforin field region their rotational energy would
be less than 5% of their {otal epergy; in other words almost all the energy is in the
longitadinal component.
Energy Conversion

The direct energy conversion system of the present invention comprises an inverse
cyclotron converter (ICC) 420 shown in Figs. 19A and 20A coupledto a {partially
illustrated) power core 436 of a colliding beam fusion reacior {CBFR) 410 te form a
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In order for the ions to pass through the cusp 486, the effective ion gyro-radius must be greater than
the width of the cusp 486 at the radius ro . It is quite feasible experimentally to reduce the axial velocity
by a factor of 10 so that the residual axial energy will be reduced by a factor of 100. Then 99% of the
ion energy will be converted to rotational energy. The ion beam has a distribution of values for vo and
ro. However, because ro is proportional to vo as previously indicated by the properties of the FRC
based reactor, the conversion efficiency to rotational energy tends to be 99% for all ions. 34 As
depicted in Fig. 190, the syaeUieal electrode structure of the ICC 420 of the present invention
preferably includes four electrodes 494. A tank circuit (not shown) is fields are as illustrated. The
voltage and the tank circuit oscillate at a frequency of to = 20. The azimuthal electric field Eat the

B}@é&ﬁégﬁhﬁ@ RS @angdeig. 2. BigeadlUstate shihvenpltegte field in the s 497 between
electrodes 494 d the fiel n.e rotates wit | [ It is apparent that
ina comp%@ ISSVOW l 'lglgé ew eX|%%§aI%%£ e%; %u%%?eéié%{%xﬁ%%gr%d%eleratlon in an
order detethmiFEEDY CoHESe LGB maErtsere is also a

fields merge.
Before describing the ICC 420 and its opezfaimn in detail, a review of a fypical

cyciotron accelerator is provided. In conventional cyclotron accelerators, energetic ions
with velocities perpendicular to a magnetic field rotate in circles. The orbit radius of the
energstic ions is determined by the magnetic field strength and their charge-to-mass ratio,
and increases with encrgy. However, the rotafion frequency of the ions is independent of
their energy. This fact has been exploited in the design of cycloiron accelerators.
Referring to Fig. 214, a conventional cyclotron acceleraior 700 includes two

mirror image C-shaped electrodes 710 forming mirror image D-shaped cavities placed ina
homogenous magnetic field 720 having field lines perpendicular to the electrodes’ plane of
syminetry, i.c., the plane of the page. An oscillating electric potential is applied between
the C-shaped electrodes (see Figure 21B). Jons I are emitted from 2 source placed in the
center of the cyclotron 700, The magnetic field 720 is adjusted so that the rotation
frequency of the fons matches that of the electric potential and associated electric field. It
an ion I crosses the gap 730 between the C-shaped electrodes 710 in the same direction as
that of the electric field, it is accelerated. By accelerating the ion I, its energy and orbit
radius increase. When the ion has ﬁvaied a halficircle arc {experiencing no increase in
energy), it crosses the gap 730 again. Now the electric field between the C-shaped
electrodes 710 has reversed direction. The ion I is again accelerated, and its energy is
further increased. This process is repeated every time the ion crosses the gap 730 provided
its rotation frequency continues fo match that of the oscﬂiaﬁng electric field (see Fig.
21C). If on the other hand a particle crosses the gap 730 when the electric field is in the
opposite direction it will be decelerated and refurned to the source at the center. Only
particles with initial velocities perpendicular to the magnetic field 720 and that cross the
gaps 730 in the proper phase of the oscillating electric fiskd will be accelerated. Thus,

proper phase maiching is essential for acoeleration.
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radial electric field Er. The azimuthal field E9 is maximum in the gaps 497 and decreases as the radius
decreases. Fig 22 assumes the particle rotates maintaining a constant radius. Because of the gradient
in the electric field the deceleration will always dominate over the acceleration. The acceleration phase
-makes the ion radius increase so that when the ion next encounters a decelerating electric field the ion
radius will be larger. The deceleration phase will dominate independent of the initial phase of the ion
because the radial gradient of the azimuthal electric field EO is always positive. As a result, the energy
conversion efficiency is not limited to 50% due to the initial phase problem associated with
conventional cyclotrons. The electric field E is also important. It also oscillates and produces a net
effect in the radial direction that returns the beam trajectory to the original radius with zero velocity in
the plane perpengigulas.fo y@fﬁﬁ%ﬁﬁ%ﬂﬂ%@%&@% extracd MEBEOSRS S YoM GBriaNBeate always
decelerated js similar to the principle of s_tronfg focusing that is an essential feature of modem
accelerato?sid@edenpetinvss Lo SlERtgS é??%%f,}%%g? e iﬁﬁ%@ﬁt B ositive (focusing) and
negative lensaxdiefocissiag)dspesitivepiivthe madnetiteflélrHiasharposiiiies i dilmt. Bstrong focusing
quadrupolg d (#J is ill in_Fi T élg i ingal -direction and
defocusingg {I}hgt ed?ééﬁféi{é%%?%?g{g&g%gﬁ%#sﬁ% §§1I ﬁ%v%%%%%gd&l E§p%ggg?g%ﬁst)i§ﬁ?gihanged. The

magnetic fetdlsrainsnbase relativese Sopesihativetipland i a5 el ina gratee The net results for
an ion be%m@%ﬂm&m&%mﬁ facusingan alldirpeticns insependeant of the order of
passage. .~ Similar results have been reponsS for a heam passing throy Qig resonant cavity
ESHEARY Wﬁ%@%ﬁ@é%@%ﬁ%?ﬁ%lﬁ@ﬂ%&%ﬁ%@%oﬁikawa etal.). This
REeniohrtn slecitectin oiatieihberastrmanticauity e standigmiaves in which the

. electric ﬁeé'l% @X@ﬁggléﬁgﬁ%%gﬁ%%%@@U@megﬂg@i&@pme of the results described

herein. There are quantitative resonance cavity is much larger in size (10 meter

“length), and opelarsarateathairns pighirrhsamarmd sy rprclienvidkeliRet o T). Energy extraction
from the highfteqQuane YW ayEm 4 YEMER racainbatdd B:an eigH-sRAGH W Bt ihfhaam reduces the

efficiency of conversion. The existence of two kinds of igns is a ;%%er%%%s roblem, but the
efficiency B B5RVERIOR: o prsirsel BgES 8 EBretteed®™s %/Bﬁ?otons. A single
particle orhid@@dfofonveritic efivithiy thelife480:ly HYatddiinokeg tHEMGmilrifusesult was obtained by

computer simulation and a.similay kesul mflﬁﬁﬂlé % ﬁ," ReAB.iangntering at some
radius 7'-&?2%’%?510 rc&’wn fh%%%%%ﬁﬁé‘%@éa%n atter I%%%ng#?e ﬁ%% rotational energy converges to

a point oncxtete. of the same radius ro. The initial conditions are asymmetric; the final state reflects

 this asymmetry, hubitds-infsnensentafitheinitnd Rhasemodhanalhpatisies are decelerated. The beam

at the ion collector end of the |CC is again annular and of similar dimensigns. The axial velocity would
* be reducetFERPERLAIE BF T@‘gﬁ&?ﬁ@%ﬁg@;m%%ﬁh%ﬁWESQ%t&?%égglnsgj?g particle an
extractingreffiziemey0tQ0Ginl ithéeasibierddowentese vétiatistiawitis, st bbrasupbiigendicular rotational
energy of thl%a%nﬁr}#é%{r gg&megefore it enters the converter, may reduce this efficiency by about 5%.
Electric poS\%/er extraction \%Rou‘ld be at about 1-10 MHz and preferably about 5-10 MHz, with additional
reduction in conRefetaredikisnti.dA4-tonsice ot s BanE g 1358 iteeBiRd Holer grid.  As shown

in Figs. 2Q4,a04.4QB afliefnaly emmporimentsef the alecl odgatiuaty rec4¥6 in the ICC 420 may
include two symmetrical semi-circular_ electrodes anclior ggg%ele trod @é#hat taper towards the
&

ion collectiragbin partall femieasrets frid %’ﬁimrﬁm?(iﬁ in TRagnistic field of the ICC 420
may be iniptemanieckd Silg lines 48T Hisnaeaixtis fmd @men disid GpesiSBowncin &Eigsted4A and 248. Both
coil sets 500 and 510.invalve ad] IS Wit ﬁgw' ireckad CURENts. so the magnetic
fields havé% g%ﬁﬁg??ef%nr%ees% ﬁwmaggé%g?%i&%i%% g gﬂﬁe%éa A%MGM% E%n

' - field fines 480 extend away from the power core 436 towards the magnetic cusp 486. As

noted above, fusion products emerge from the power core 436 along open field lines 480
in the form of an annular beam 437 comprising energetic ions and charge nentralizing

electrons.
The geometry of the ICC 420 is like a hollow cylinder with a length of about fve
meters. Preferably, fovr or mors equal, semi-cylindrical electrodes 494 with small,
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schematically illustrated in Fig.24A, will change the ion rotation frequency and phase. A multi-pole
magnetic field, as schematically illustrated in Fig. 2413, will produce bunching, as in a linear
accelerator. Reactor Fig. 25 illustrates a 100 MW reactor. The generator cut away illustrates a
fusion power core region having superconducting coils to apply a uniform magnetic field flux coil for
formation of a ma u efic field with field-reversed topology. Adjacent opposing ends of the fusion power
core region are ICC energy converters for direct conversion of the kinetic energy. of the fusion products
to electric power. The support equipment for such a reactor is illustrated in Fig. 26. Propulsion System
Fig. 27 illustrates a plasma-thrust propulsion system 800. The system includes a FRC power core 836
in which a fusion fuel core 835 is contalned and from both ends of WhICh fusion products emerge in the
form of ansgggm;l MR8 5 : g wen@ad:of the power core. A

magnetic nozzl |o ed a tthe ere d o o e annular beam 837 of
fusion pro@??ﬁigg?r%ﬁfﬁe%mﬁq %3 &?é%%%%ﬁf‘ %#pow%ggg?%na ong(% éﬁ‘né%élnto the ICC for energy
conversmmmmdm}m thpothprle pechofith espolirercd drdhalovg iretdlimestelindtigtht®Rozzle for thrust T.
While the 4 9{% &ﬁ&@é&&?ﬁ@éﬁ&ﬁe@m{mﬁ%&&% AlSHAALNE fRrMEna specific example

n shown in t

thereof has ee e drawings and i$ herein described in detail. It should be understood,
however, thtpesc el gbRagHAYD be limited to the particular form disclosed, but to the contrary, the

invention is to caygimibaedificatinnsmeiiyalents fenddlterraiivRedallingostifieidhe spirit and scope of
the appendedl claimS Gl Simad RAST3 Seglic ReWer generation. sysigm,comPrising
fisld coils 488 in a direction opposite to the direction of the current runming through the
CBFR field coils 425, the field lnes 496 ia the ICC 420 run in 2 direction opposite to the
direction of the open field lines 480 of the CBFR 410. Atan end furthest from the power
core 436 of the CBFR 410, the ICC 420 includes an ion collector 492.
In between the CBFR 410 and the ICC 420 is o symumefric magnetic cusp 486
wherein the open field lines 480 of the CBFR 410 merge with the feld lines 496 of the
ICC 420. An annular shaped electron collector 490 is position about the magnetic cusp
. 486 and electrically coupled to the ion collector 498. As discussed below, the magnetic
© field of the magnetic cusps 486 converts the axial velocity of the beam 437 to 2 rotational
velocity with high efficiency. Fig. 19C illustrates a typical ion orbit 422 within the
converter 420.
The CBFR 410 has a cylindrical symmetry. At its center is the fusion power core
436 with a fusion plasma core 435 contained in 8 FRC 470 magnetic field topology in
which the fusion reactions take place. As noted, the product nuclei and charge-nentralizing

electrons emerge as annular beams 437 from both ends of the fuel plasma 435. For

exampile for a 50 MW design of a p-B" reaction, these beams will have a radius of about
50 cm and a thickness of about 10 cm. The annular beam has a density o = 107-10° o’
For such a density, the magneﬁc cusp 486 separates the slectrons and ions. The electrons
. follow the magnetic field lines to the electron collector 490 and the ions pass through the
cusp 486 where the ion trajectories are modified to follow 2 substantially helical path
along the length of the ICC 420. Energy is removed from the ions as they spiral past the
electrodes 494 connected to a resonant cirenit (not shown). The loss of perpendicular
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a chamber having a principle axis, a first magnetic field generator for creating an azimuthally
symmetric magnetic field within a central region of the chamber with a flux substantially parallel to the
principle axis of the chamber, a flux coil concentric with the principle axis of the chamber for
creating an azimuthal electric field within the chamber, a first plurality of electrodes forming a
~ cylindrical suiface in a first end region of the chamber, wherein the plurality of electrodes comprises
more than two electrodes in spaced relation forming an elongate gap between adjacent electrodes,
wherein the plurality of electrodes form an electric field having a multi-pole structure with more than
two poles, a second magnetic field generator for creating an azimuthally symmetric magnetic field
within the first end region of the chamber with a flux substantlally paraIIeI to the principle axis of the
chamber, energai; *1 L @g@i@ﬁ@e@é@%ﬁkﬁ@ ﬁﬂ@z&iﬁg@n& g Aee MeBieddegenerators and
adjacent a % the Ju ality of electrodes, and an ion collector posmoned adjacent a second end
of the plurg ?k%%c ﬁ%sgyE%?% of claim 1 further comprlsmg a second plurality of
electrodes formlmwml i shemrrambenaigerein the second
plurality of elg{:tr%ﬁj % éﬁaises more t q/?ﬁptr eerseigjas c%gm%!%?%g&é%@g an elongate gap
ele es netic

between a acen = tﬁ“i’rdx magr generator for creating an-azimuthally

symmetricRaagiiicaf @@1%'@5&&'&% ﬁﬁﬁ@%ﬁﬂﬂéﬂﬁﬁ@ﬁcﬁmwmwm infliak substantially parallel
to the prlnC| le axi e chamber, an se elect ollector ing the first and third
magnetic @5% é’i% %@WQ’W X %F g%‘g%%ﬁ%f I ’#‘% m%w? ctrodes, and

magnetic fisld and the radial beam velocify produce a Lorentz force in the ammuthai
direction. The magnetic field at the cusp 486 does not change the particle snergy but

converts the initial axial velocity v, = v, to a residual axial velocity v, and an azimuthal
‘velocity v,, where v2 = v2 +v° . The value of the azimuthal velocity v, can be determined

from the conservation of canonical momentum

unsz qEﬂjﬁz
.P =pMrv, —ble e 220 5
& [ 2 ) ( )

A beam ion enters the left hand side of the cusp 486 with B, = B, v, =V, v,=0
and r =r,. It emerges on the right hand side of the cusp 486 with r = rp, B,= - By, v, =

gByfMeand v, = \/v; -
z Q=5 ;-
ez ] ..M_IQ (6)

where (3, = % is the cyclotron freguency. The rotation frequency of the ionsisina
c

range of about 1-10 MHz, and preferably in a of about 5-10 MHz, which is the frequency
at which power generation takes place. ‘

In order for the ions fo pass through the cusp 486, the effective ion gyro-radins
rnust be greater than the width of the cusp 486 at the radius r,. It is quite feasible

experimentally to reduce the axial velocity by a factor of 10 so that the residual axial
energy will be reduced by a factor of 100. Then 99% of the fon energy will be converted
to rotational energy, The ion beam has s distribution of values for v, and r,. However,
because r, is proportional fo v, as previously indicated by the properties of the FRC based
reactor, the conversion efficiency to rotational energy tends to be 9% for all ions.
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an second ion collector positioned adjacent a second end of the second plurality of electrodes. 3.
A plasma-electric power generation system comprising a fusion reactor having a first magnetic field
generator, and an inverse cyclotron energy converter coupled to a first end of the fusion reactor,
the converter comprising - three or more electrodes forming a cylindrical surface and in spaced
relation to form a gap between adjacent electrodes, a second magnetic field generator, an
electron collector interposing the first and second magnetic field generators and adjacent a first end of
the three or more electrodes, and an ion collector positioned adjacent a second end of the three or
more electrodes. 4. The system of claim 3 further comprising a second inverse cyclotron energy
converter coupled to a second end of the fusion reactor. 5. The system of claim 3 further

comprising a cylipdiicaleAMRREN IR, the symmetrical electrode structure of the ICC 420 of the
present invention preferably includes four electrodes 494, A tank civouit {not shown) is
connected to the elecirode structures 494 so that the instantaneous voltages and elestric

fields are as illustrated. The voltage and the tank circuit oscillate at a frequency of @ =(1,.
The azimuthal electric field E at the geps 497 is illostrated in Fig. 198 and Fig. 22. Fig.

22 iilnsirates the electric field in the gaps 497 between electrodes 494 gnd the field an ion
experiences as it rotates with angular velocity 0. It is apparent that in a complete

- revolution the particle will experience alternately acceleration and deceleration in an order

determined by the initial phase. In addition to the azimuthal electric field E, there is also a
radial electric field £ . The azirquthal field £, is maximum in the gaps 497 and decreases

as the radius decreases. Fig 22 assuraes the particle rotates maintaining a constant radius.
Becaunse of the gradient in the electric field the deceleration will always dominate over the
acceleration. The acceleration phase malkes the ion radius increase so that when the jon

next encounters a decelerating elactx"ic field the ion radius will be larger. The deceleration
phase will dominate independent of the initial phase of the ion because the radial gradient

of the azirguthal electric field E,is atways positive. As a resulf, the energy conversion

efficiency is not limited to 50% due to the initial phase problem associated with

conventional cyclotrons. The electric field £, is also important. It also oscillates and

produces a net effect in the radial direction that refurns the beam trajectory fo the original
radius with zero velocity in the plane perpendicular to the axis as in Fig, 19C.

The process by which fons are always decelerated is similar to the principle of
strong focusing that is an essential feature of modern accelerators as described in U.S.
Patent No. 2,736,799. The combination of a positive {focusing) and negative lens
{defocusing) is positive if the magnetic field has a positive gradient. A strong focusing
guadrupole doublet lens is illustrated in Fig. 23. The first lens is focusing in the x-
direction and defocusing in the y-direction. The second lens is similar withx and y

- properties interchanged. The magnetic field vanishes on the axis of symmetry and has a

positive radial gradient. The net resulis for an jon beam passing through both lenses is
focusing in all directions independent of the order of passage.
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6. The system of claim 5 wherein the fusion reactor further comprises a flux coil concentric with a

principle axis of the chamber and positioned within a power core region.

one of claims 1 or 3 further comprising a resonant circuit coupled to the electrodes.

of any one of claims 1 or 3 further comprising a tank circuit coupled to the electrodes.
.system of-any one of claims 1 or 3 wherein the electron collector is annularly shaped.

7. The system of any

8. The system
9. The
10. The

system of any one of claims 1 or 5 wherein the first and second magnetic field generators comprise

annular field coils disposed about the chamber, wherein the field lines of the magnetic field generated
by the field coils of the first magnetic field generator run in a direction opposite to the field lines of the
magnetic field generated by the field coils of the second magnetlc field generator.

of any one of claig;ik Q3vhsreinthe ela

12. The system of any one of clalms 1 or 3where|n the electros are symm
Snitinine & Sone

system of ERgI

11. The system

AU IO a §a@i@0trlcally coupled.
tric 13. The
SR fR TGRS A Fariardediipriee %%%? #hd second sets of

mirror coulaz@Lsmse@lAm spadied agmmmiatm&tettﬁﬁlg wetbibe ancndefinivigy agcamtigore region there

between. 14 T e m, of &fﬁlﬁ or %?L Blﬁ% a injectors coupled
to the cham%er heée%%/lgt%?hégg 45%\/ erein the p %&ﬁg‘ i%j%e lrggrs areg}amally oriented to
inject plasergieie syteniseiepyaben hastin, There are quantitative differences i that

the resonance cavity is much larger in size (10 meter length), and operates at a much
higher frequency (155 MHz) and magnetic feld (10 7). Energy extraction from fhe high
frequency waves requives & rectenna. The energy spectrum of the beam reduces the

efficiency of conversion. The existence of two kinds of ions is a more serious problen:, but

the efficiency of conversion is adeguate for a D-He’ reacior that produces 15 MeV protons.

A single particle orbit 422 for a particle within the ICC 420 is illustrated in Fig.
19C. This result was obtained by computer simylation and 2 similar result was obtained
for the peniotron, An ion entering at some radius 7, spirals down the length of the ICC and
afier losing the inifial rotational energy converges to a point on a circle of the same radius
¥y The initial conditions are asymmetric; the final siate reflects this asymmetry, but it is

- independent of the initial phase so that all particles are decelerated. The beam at the ion

collector end of the ICC is again annular and of similar dimensions. The axial velocity
would be reduced by a factor of 10 and the density correspondingly increased. For a single

particle an extracting efficiency of 99% is feasible. However, various factors, such as

perpendicular rotational energy of the annular beam before it enters the converter, may
reduce this efficiency by about 5%. Electric power extraction would be at about 1-10
MHz and preferably about 5-10 MHz, with additional reduction in conversion efficiency

* due to power conditioning to connect to a power grid.

As shown in Figs. 20A and 20B, alternative embodiments of the electrode
structures 494 in the ICC 420 may include two symmetrical semi-circular electrodes
and/or tapered electrodes 494 that taper towards the ion collector 492.

Adjustments to the ion dynamics inside the main magnetic field of the ICC 420
may be implemented using two auxiliary coil sets 500 and 519, as shown in Figs. 244 and
248, Both coil sets 500 and 510 involve adjacent conductors with oppositely directed

~ currents, 5o the magnetic fields have a short range. A magnetic-field gradient, as
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16. The system of any one of claims 1 or 3 wherein the first magnetic field generator is tunable.

17. The system of claim 16 further comprising a control system coupled to the first magnetic field
generator. 18. The system of any one of claims 1 or 6 wherein the flux coil is a betatron flux coil.
19. The system of any one of claims 1 or 6 wherein the flux coil includes parallel windings of a plurality
- of separate coils. = 20. The system of any one of claims 1 or 5 further comprising ion beams
injectors coupled to the chamber. 21. The system of claim 20 wherein the ion injectors include a
means for neutralizing the electric charge of the ion beams emitted from the injectors. 22. A
plasma-electric power generation process, comprising the steps of generating a magnetic field
having a fleld reversed conflguratlon (FRO) within a chamber, confining a plasma having ions and
electrons withip. the,chg

multi-pole magnetic field, as schematically illustrated in Fig, 24B, will produce bunching,
as in g Hinear accelerator.

Reactor
Fig. 25 illusivates 2 100 MW reactor. The generator cut away illustrates 2 fusion

power core region having superconducting coils to apply 2 uniform magnetic field and 8
flux coil for formation of 2 ma;gnéti@ field with field-reversed topology. Adjacent
opposing ends of the fusion power core region are ICC energy converters for direct
conversion of the kinetic energy of the fusion products o clectric power. The support
equipment for such a reactor is illustrated in Fig. 26.

Fig. 27 illustrates & plasma-thrust propulsion system 800. The system includes a
FRC power core 836 in which a fusion fuel core 835 is contained and from both ends of
which fusion products emerge in the form of an annuiar beam 837, An ICC energy
converter 820 coupled to one end of the power core. A magnetic nozzle 850 is positioned
adjacent the other end of the power core. The annular beam 837 of fusion products stream

" from one end of the fusion power core along field lines into the ICC for energy conversion

and from the other end of the power core along field lines out of the nozzle for thrust T.

While the invention is susceptibie to various modifications and alternative forms, 2
specific example thereof has been shown in the drawings and is herein described in detail.
1t should be understood, however, that the invention is not to be limited to the particular
form disclosed, but fo the contrary, the invention is to cover all modifications, equivalents,
and atternatives falling within the spirit and scope of the appended claims,
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generating fusion product ions within the FRC, converting the kinetic energy of the fusion product
ions emerging from the FRC to electric power, wherein the step of converting the kinetic energy of
the fusion product ions includes directing the fusion product ions through a decelerating electric field
having three or more poles and decelerating the fusion product ions. 23. The process of claim 22
further comprising he step of creating a decelerating electric field. 24. The process of any one of
claims 22 or 23, wherein the decelerating electric field is a multi-pole elongate electric field. 25.
The process of an e of claims 22 or 23, further comprising the steps of emerging the fusion product
ions from the he form of an annular beam and directing the ions along a helical path through
the decelerating electric field. 26. The process of claim 24 further comprising the steps of

emerging the fusion product ions from th ER(% i 0, geam and directing the ions
along a helicaﬂupath thr ﬂa&mﬁg%gtgg&% |ﬁ§% ggtﬂ%%él%%%fﬁ%@%ﬁg} é ocess of any one of claims
22-23 or 26, wheheimtite bepngf atngia@stelerating electric field includes applying an oscillating

potential t thigeof [l Slenale ASliones I ApaRIAR BURM M) P lOReRIE ABRsgrES between

adjacent electro ree or more elongate electrodes forming a cylindrical cavity within the

chambédieid witig. a perprelciesioss eidhn caamberewit b pebsidiny aarddeldmlliy electric field
includeﬁﬁp&b@gﬁg Qisg{gagmgntial to three or more elongate

a flux coil concentric with the principle axis of the chamber for creating an
azimuthal electric field within the chamber,

a first plurality of electrodes forming a cylindrical surface in a first end region of
the chamber, wherein the plurality of electrodes comprises more than two electrodes in
spaced relation forming an elongate gap between adjacent electrodes, wherein the
plurality of electrodes form an electric field having a multi-pole structure with more than
two poles,

a second magnetic field generator for creating an azimuthally symmetric
magnetic field within the first end region of the chamber with a flux substantially parallel
to the principle axis of the chamber,

an electron collector interposing the first and second magnetic field generators
and adjacent a first end of the plurality of electrodes, and

an ion collector positioned adjacent a second end of the plurality of electrodes.

2. The system of claim 1 further comprising

a second plurality of electrodes forming a cylindrical surface in a second end
region of the chamber, wherein the second plurality of electredes comprises more than
two electrodes in spaced relation forming an elongate gap between adjacent electrodes,

a third magnetic field generator for creating an azimuthally symmetric magnetic
field within the second end region of the chamber with a flux substantially parallel fo the
principle axis of the chamber,

an second electron collector interposing the first and third magnetic field

generators and adjacent a first end of the second plurality of electrodes, and

38



electrodes in spaced relation with elongate gaps formed between adjacent electrodes, the three or
more elongate electrodes forming a cylindrical cavity within the chamber. 29. The process of
claim 25, wherein the step of creating a decelerating electric field includes applying an oscillating
potential to three or more elongate electrodes in spaced relation with elongate gaps formed between
adjacent electrodes, the three or more elongate electrodes forming a cylindrical cavity within the
chamber. 30. The process of claim 27, wherein the step of creating a multi-pole elongate electric
field includes creating azimuthal electric fields across the elongate gaps formed between the three or

more electroded! $6C0RY ighaqliRrlac Lo tipgshadtcrthis B Yo 8N rbIEH Recs pbraibating a

multi-potsf eleagat€lectric field includes creating azimuthal electric fields across the elongate gaps
formed between the threg or moreﬁ%ectrodes. 32. The process of any one of claims 26, or 28-30,
|

further comprising the 'St&iS BIERASHNI RLMELAERIFHEE MAYREHEHRRI!IFin the chamber, wherein
unidirectional fiefddicesedthe ficstiagd Sesomhappliedianngeaticafieidsrextend in opposing directions.

33. The process of claim 25, further comprising the step of creati second applied magnetic field
within the char%géﬁvﬁaseerec%c?# irectiol gl ?Pe"fg?f"ﬁ%gcgﬁ%?g %}gtaéﬁgsgggggno(? ﬂf)ep%lpésﬂ%'éﬁﬂ%t%ﬁelds
extend ihepposiededirsctionsing 34, The process of claim 27, further comprising the step of creating

a second appli ic field withi n%mp Iy i Idirectional field li f the first and
second applieﬁ?h%gﬁﬁ%%lggceg?ean ?Sﬁfg%p sm%%?‘r%ﬁ%h%%gé 3%?91%%%%%@%%%8{5% 31, further
comprisififhie dtepretepsating arsat sirrlippied magnetic field within the chamber, wherein

unidirectional field;lings af{hedirstand serong.applied magnetic fields extend in opposing directions.
36. The process of claim 32 further comprising the step of joining the field lines of the first and second

applied magnefic ABIEEAB FSRAanhEipRRsKgsine firstandgRacoiut asasriayislielsrestares-3s5
further camansiging: e sten shiobtingthediels inesofithe frstang $econd applied magnetic fields to

form a magnetic cusp. . ,

an ion collector positioned adjacent a second end of the three or more
electrodes.

4. The system of claim 3 further comprising a second inverse cyclotron
energy converter coupled to a second end of the fusion reactor.

5. The system of claim 3 further comprising a cylindrical chamber.

6. The system of claim 5 wherein the fusion reactor further comprises a flux
coil concentric with a principle axis of the chamber and positioned within a power core
region.

7. The system of any one of claims 1 or 3 further comprising a resonant
circuit coupled to the electrodes.

8. The system of any cne of claims 1 or 3 further comprising a tank circuit
coupied to the elecitrodes.

9. The system of any one of claims 1 or 3 wherein the electron collector is
annularly shaped.

10.  The system of any one of claims 1 or 5 wherein the first and second
magnetic field generators comprise annular field coils disposed about the chamber,
wherein the field lines of the magnetic field generated by the field coils of the first
magnetic field generator run in a direction opposite to the field lines of the magnetic field

generated by the field coils of the second magnetic field generator.
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38. The process of claim 36 further comprising the step of directing the annular beam through the
magnetic cusp. 39. The process of claim 37 further comprising the step of directing t.h.e annular
beam through the magnetic cusp. 40. The process of claims 38 or 39, further comprising the step
of converting substantially all of the fusion product ions' axial energy to rotational energy. 41. The
process of claims 38 or 39, further comprising the step of collecting charge neutralizing electrons from
the annular beam as the electrons follow magnetic field lines of the magnetic cusp. 42. The
process of claim 41 further comprising the step of collecting the ions once a substantifall portion of their
energy is convérted to BfeEHftesN&igeny onal8f Tialsrdcess vihaein #Rfelkthbpoamibeisiogaihe step of

conditiongpodheelsclic g@@%wggg@gigrom the ion energy to match existing power grids. 44.
The process of claim 43 further comprising the step of generating an electrostatic field within the

chamber. 45, THEO'BrBCEESOP CllincAe WhelRiiaHersidcrostaiciieldipaisarinsagititude
correspan@irgaeitae magnitude of a first applied magnetic field. 46. The process of claims 43 or

44, wherein the, step enerating an electrostatic field includes the steps of applying the first
applied magnet1i§ 'fielﬁ?%mrog??B?e%%f’é?ﬁﬁﬁ’é‘cﬁ?ﬁdsﬁﬁﬁmfﬁm field generator further

comprises first and second sets of mirror coils disposed in spaced relation about the
chamber and defining a power core region there between.

14, The system of any one of claims 1 or 5 further comprising plasma injectors
coupled i the chamber.

15. The system of claim 14 wherein the plasma injectors are axially oriented
to inject plasma toward a mid-plane of the chamber.

16.  The system of any one of claims 1 or 3 wherein the first magnetic field
generator is tunable.

17.  The system of claim 16 further comprising a control system coupled to the
first magnetic field generator.

18. The_system of any one of claims 1 or 8 wherein the flux coil is a betatron
flux coil.

19.  The system of any one of claims 1 or 6 wherein the flux coil includes
parallel windings of a plurality of separate coils.

20.  The system of any one of claims 1 or 5 further comprising ion beams
injectors coupled to the chamber.

21.  The system of claim 20 wherein the ion injectors include a means for
neutralizing the electric charge of the ion beams emitted from the injectors.

22, Aplasma-electric power generation process, comprising the steps of

generating a magnetic field having a field reversed configuration (FRC) within a

chamber,

confining a plasma having ions and electrons within the chamber,

generating fusion product ions within the FRC,
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injecting beams comprising ions into the ERG at a predetermined velocity. 47. The process of
claim 46 further comprising the step of adjusting the magnitude of the electrostatic field by adjusting
the magnitude of the first applied magnetic field. 48. The process of claim 46 further comprising
the step of tuning the first applied magnetic field to control the magnitude of the electrostatic field.

49. The process of claim 48 further comprising the step of magnetically confining a plurality of plasma
ions within the ERG. 50. The process of claim 49, further comprising the step of electrostatically
confining a plurality of plasma electrons within the electrostatic field. 51. The process of claim 48,
wherein the stefPBY &SR dpplie @ meagnefidwelusisa riedugljipnmarassainagimuuthe fiRE
electrostatic field. 52. The process of claim 44, wherein the step of generating the electrostatic
field inclUBE BCHEBELMBRIEHY the plasma in a diagmagnetic direction within the FRG and creating
an excess positive charge due to electrons leaving the plasma. 53. The process of claim 52,
wherein the sté %?%ﬁ% i B HefteiNR Ry h G Jeg 8RR EbietZ TeléE&2Son the plasma

electron proces of claim 50, wherein the magnetically confining step includes

cubotan QU LGNy B HESOR SR 3 eI BIGBBLco ARSNGB a1E
electrosiace No R NI ISR (A R SUBRR B qlassically containing the electrons.

23.  The process of claim 22 further comprising the step of creating a
decelarating electric field.

24.  The process of any one of claims 22 or 23, wherein the decelerating
electric field is a multi-pole elongate electric field.

25, The process of any one of claims 22 or 23, further comprising the steps of
emerging the fusion product ions from the FRC in the form of an annular beam and
directing the ions along a helical path through the decelerating electric field.

26.  The process of claim 24 further comprising the steps of emerging the
fusion product ions from the FRC in the form of an annutar beam and directing the ions
along a helical path through the decelerating electric fieid.

27.  The process of any one of claims 22—23 or 26, wherein the step of
creating a decelerating electric field includes applying an oscillating potential to three or
more elongate electrodes in spaced relation with elongate gaps formed between
adjacent electrodes, the three or more elongate electrodes forming a cylindrical cavity
within the chamber.

28.  The process of claim 24, wherein the step of creating a decelerating

electric field includes applying an oscillating potential to three or more elongate
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56. The process of claim 54, wherein classically containing the ions includes containing the ions within
the confinement structure for a period of time greater than a burn time of the plasma. 57. The
process of claim 56, further comprising the step of orbiting the ions within the FRO in large radius
betatron orbits wherein the orbit radius exceeds the wavelengths of anomalous transport causing
fluctuations. 58. The process of claim 56, further comprising the step of rotating the plasma and
generating a current to form a magnetic self-field surrounding the plasma. 59. The process of
claim 58, further comprisi% the step of combining the fi][st applied magnetic fielti a‘nd the magnetic
colf-fiePRFHFEE ERRSTIGIRAE NI C\OmGBHS FABSHIIGEEY BF BT S5 RGHALF BSTFRHRing the step
of creating an azimuthal electric field within the confinement structure, .. 61, The process of claim
60, furttids LR RS AL IR GBRR B S HE S TN R B T T e S8R ng

electrons and r%ertin?g%?g%%%ga%?#gaﬁ%% or ;er}eiﬁyl&sr@#g%% I%n?ﬂa §£§r§%%ce§eragggThe process of

claim 61, wherein the an azimuthal electric cludes'increasing a turrent running

throughe?efcI; e sélﬁj Wiu%‘sghpeg%ﬁgfa% L%S‘i!%{r{ﬁé%&%ﬂﬂ% t%%%@sg}%g%%%%éféooling the

electrons. e proces aim comprising the step of transferring energy from

e e AL SN S R e e BB T
the three or more elongate electrodes forming a cviindrical cavity within the chamber.

30.  The process of claim 27, wherein the step of creating a multi-pole
elongate electric field includes creating azimuthal electric fields across the elongate
gaps formed between the three or more electrodes.

31. The process of any one of claims 28 or 29, wherein the step of crealing a
multi-pole elongate electric field includes creating azimuthal electric fields across the
elongate gaps formed between the three or more electrodes.

32.  The process of any one of claims 26, or 28—30, further comprising the
step of creating a second applied magnetic field within the chamber, wherein
unidirectional field lines of the first and second applied magnetic fields extend in
opposing directions.

33.  The process of claim 25, further comprising the step of creating a second
applied magnetic field within the chamber, wherein unidirectional field lines of the first
and second applied magnetic fields extend in opposing directions.

34. The process of claim 27, further comprising the step of creating a second

applied magnetic field within the chamber, wherein unidirectional field lines of the first

and second applied magnetic fields extend in opposing directions.
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66. The process of claim 58 further comprising the step of accelerating the rotating beam plasma to a

fusion relevant rotational energy.

67. The process of claim 66 further comprising the steps of

injecting high energy ion beams into the FRC and trapping the beams in betatron orbits within the
68. The process of any one of claims 44-45, 47-49 or 65 wherein the ion beams are
injected substantially transverse to the first applied magnetic field. 69. The process of cl
wherein the ion beams are injected substantially transverse to the first applied magnetic field
The process of claim 44 wherein the step of generatigg an electrostatic fiegrd includes a%%%y%i

|

FRC.

applied magneti field B¢ &ineriabeaartbriedpsh

TR R O hiRTa RN R 2

plurality of beam plasma electrons. 46

applied magnetic field within the chamber, wherein unidirectional field lines of the first
and second applied magnetic fields extend in opposing directions.

38. The process of claim 32 further comprising the step of joining the field
lines of the first and second applied magnetic fields to form a magnetic cusp.

37.  The process of any one of claim 33—35 further comprising the step of
joining the field lines of the first and second applied magnetic fields to form a magnetic
cusp.

38. The process of claim 36 further comprising the step of directing the
annutar beam through the magnetic cusp.

39.  The process of claim 37 further comprising the step of directing the
annular beam through the magnetic cusp.

40.  The process of claims 38 or 39, further comprising the step of converting
substantially ail of the fusion product ions’ axial energy to rotational energy.

41.  The process of claims 38 or 39, further comprising the step of collecting
charge neutralizing electrons from the annular beam as the electrons follow magnetic
field lines of the magnetic cusp.

42. The process of claim 41 further comprising the step of collecting the ions
once a substantial portion of their energy is convertead {o electric energy.

43.  The process of claim 42 further comprising the step of conditioning the
electric energy converted from the ion energy to match existing power grids.

44.  The process of claim 43 further comprising the step of generating an

electrostatic field within the chamber,

aim 46
70.

g the first

gtoa



45.  The process of claim 44 wherein the electrostatic field has a magnitude
corresponding io the magnitude of a first applied magnetic field.

46.  The process of claims 43 or 44, wherein the step of generating an
electrostatic field includes the steps of

applying the first applied magnetic field to chamber at a predetermined
magnitude, and

injecting beams comprising ions into the FRC af a predetermined velocity.

47.  The process of claim 46 further comprising the step of adjusting the
magnitude of the electrostatic field by adjusting the magnitude of the first applied
magnetic field.

48.  The process of claim 46 further comprising the step of tuning the first
applied magnetic field to control the magnitude of the electrostatic field.

49,  The process of claim 48 further comprising the step of magnetically
confining a plurality of plasma ions within the FRC.

50.  The process of claim 49, further comprising the step of electrostatically
confining a plurality of plasma electrons within the electrostatic field.

51.  The process of claim 48, wherein the step of tuning an applied magnetic
field includes adjusting the magnitude of the electrostatic field.

52.  The process of claim 44, wherein the step of generating the electrostatic
field includes the steps of rotating the plasma in a diagmagnetic direction within the
FRC and creating an excess positive charge due to electrons ieaving the plasma.

53.  The process of claim 52, wherein the step of creating an excess positive

charge includes exerting Loreniz forces on the plasma electrons.
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54.  The process of claim 50, wherein the magnetically confining step includes
substantially classically containing the ions.

55,  The process of claim 54, wherein the electrostatically confining step
includes substantially classically containing the electrons.

56. The process of claim 54, wherein classically containing the ions includes
containing the ions within the confinement structure for a period of time greater than a
burn time of the piasma.

57.  The process of claim 56, further comprising the step of orbiting the ions
within the FRC in large radius betatron orbits wherein the orbii radius exceeds the
wavelengths of anomalous transport causing fluctuations.

58.  The process of claim 56, further comprising the step of rotating the plasma
and generating a current to form a magnetic seif-field surrounding the plasma.

58.  The process of claim 58, further comprising the step of combining the first
applied magnetic field and the magnetic self-field to form the FRC magnetic field.

60. The process of claim 59, further comprising the step of creating an
azimuthal electric field within the confinement structure.

61.  The process of claim 60, further comprising the steps of coupling the
azimuthal electric fieid to the plasma ions and electrons and exerting ponderomotive
forces on the plasma ions and eletrons.

62. The process of claim 61, wherein the step of creating an azimuthal slectric
field includes increasing a current running through a fiux coil.

63.  The process of claim 49, further comprising the step of cooling the

electrons.
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64. The process of claim 49, further comprising the step of transferring energy
from the electric potential energy well of the electrostatic field to the fusion product ions.
65. The process of claim 64, wherein the plasma comprises at least two

different ion species.

66. The process of claim 58 further comprising the step of accelerating the
rotating beam plasma to a fusion relevant rotational energy.

87.  The process of claim 66 further comprising the steps of injecting high
energy ion beams into the FRC and trapping the beams in betatron orbits within the
FRC.

68.  The process of any one of claims 44--45, 4749 or 65 wherein the ion
beams are injected substantially transverse to the first applied magnetic field.

69.  The process of claim 46 wherein the ion beams are injected substantially
transverse fo the first applied magnetic field

70.  The process of claim 44 wherein the step of generating an electrostatic
field includes applying the first applied magnetic field at a magnitude that corresponds

to an electrostatic field that is confining to a piurality of beam plasma electrons.
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