DESCRI PTI ON CONTROLLED FUSI ON I N A FI ELD REVERSED CONFI GURATI ON AND DI RECT
ENERGY CONVERSI ON Field of the Invention The invention relates generally to
the field of plasma physics, and, in particular, to nmethods and apparati
for confining plasma to enabl e nuclear fusion and for converting energy
fromfusion. products into electricity. Background of ‘the I'nvention Fusion
is the process by which two |ight nuclei conbine to forma heavier one. The
fusion process rel eases a trenendous anount of energy in the formof fast
noving particles. Because atom c nuclei are positively charged - due to
the protons contained therein - there is a repulsive electrostatic, or

Coul onb, force between them pgEmCcRIPTIONUCI ei to fuse, this repul sive
barrier nust be overcone, which occurs when two nuclei are brought close

enough toget her where the short-range I becone strong enough
to overcone the mGQWQ%EEF%BON@eW@ﬁ&‘{@@% energy necessary for
the nuclei toQygk TGN GND DIRECTENERGYSCONVYRSIONDY their thernal

energi es, which nust be very high. For exanple, the fusion rate can be
appreciable if the tenperature is at |least of the order of 104 eV -----
cor r esphicliofithedmuentidny to 100 nmillion degrees Kelvin. The rate of a fusion

reaction s @ fiGhi0RIA0 oblfl GSHE AR Brasr\bhyslonlafa GRBAAGHA! e by 2

gquantity cal react vi ty. e reactivity o reaction, for exanple,
has a bmethddsmad kppaedtivorconiifing psmatwendliOnkedddr fifippiasdfor feayedingr eact i ons

include: D+ D - He3(0.8 +.n(2.5 V), D+ T- a(3.6 V) + n(14.1
MeV) [ﬁﬂﬁfﬂe@mﬁ“{o“ﬁ%‘?‘%mecﬁl%‘%’m. 7 MeV), and p + B' --> 3x(8.7 MeV), |
where D indicates deuterium T indicates tritium a indicates a helium

nucl euspadkgioll SfakeTavenflomeut ron, p indicates a proton, He indicates helium

‘and B" indicates Boron-11. The nupbers in parentgese i n each equation
i ndi cate t hd™ukionés the piepess By Waich tlight BRcs cpnbiag i fomm #ReaVIer PRE { \wo r eact i ons

listed #PONSGoA pgot:,'&s RiRs@ndreRedddus 8hbin? Bferiergd iRt (A5 SHThs® moving
~ particles. Because atomic nuclei are positively charged — due to the protons contained
therein — there is a repulsive electrostatic, or Coulomb, force 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 energy necessary for the nuclei
to overcome the Coulomb barrier is provided by their thermal energies, which must be
very high. For example, the fusion rate can be appreciable if the temperature is at least of
the order of 10* eV — corresponding roughly to 100 million degrees Kelvin. The rate of a
fusion reaction is a function of the temperature, and it is characteﬁzed 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 — He*(0.8 MeV) + n(2.5 MeV),
D+ T — 3.6 MeV} + n(14.1 MeV),
D +He® = a{3.7 MeV) + p(14.7 MeV), and
p+B" - 30(8.7 MeV),




whi ch neans that nost 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 -nmany problens, including structural danage
of the reactor walls and high | evels of radioactivity for nost
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 are
that (1) their reactivity peaks at a relatively |low tenperature; and (2)
their losses due to radiation are relatively | ow because the atomc

nunber s yikrede iR Efet/ dBufFmt T iddidaes &itRiml o ifdiCatéseaRlidl hiclbd, 4 iicelcher two
equations - D He3 andp-B* - are called advanced fuels. i nstead of

produci agetteest p ndisatepa protoasHs indicates brdium; and B indisetes Boron-11h&he f usi on

pr oduct h i . " els is that
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di sadvant agetheafisieoataetionsilistad aidve m- the-Dhad DA ecactionD-—Heg nestoomic, f ast
neutrons_ are produced by secondary, reactions, .,but . these neutrons account
for onl yfhgb&a{inﬁ a1t ST STETEY O e SRR HCFH%CWF&baf%Pmei-s. Thep- B"
react i ohé disddvaftagdh of Rtroml€ HaERAS are Mat (19 UETuklof HREFURERERGR:S sl ow
neutrons that result from secondary reactions but create much Tewer

- probl enprobjms: inelnding staustusa) damege of e reagies ellgand héghdevels afiadioactdlyr f usi on

r oduct | } i |G s be directl
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pr ocess corviing teirglermb] cackep rodettriomabrgl shicnis peydneffidentilgsshieancol | ected with
a high_effigciency, possibly.in excess_of 90 percent. The advanced fuels
have gi é@’éi/aﬁlea"a?é%‘fagg%‘fm IRaHpRsATe ﬂiﬂfe(lhf?tglﬁfeect}yﬁtp@é&g ab? the advanced
fuel s arabIghek tdmpefafific; 'iﬁ@(zﬁﬂﬁir%sgﬁrdugw radidfieH £¢ RlBvell W bechidl at i on

| osses are Qreater than in the neutronic reactions. Also, it is nmuch nore
di f fi cuthe atopuie ayslers efalentamnm aedteitiparesl.t o fuse. Their peak reactivities

oceur 3t Mok diLasls f SRR STaRd_0B oG fBACh A2l ol A Ahe

reactivity for ston reactionwth the advanced fuels thus
r equi r-efuelsh @istdal e produchigdany htutions, as inithewsutretie ragytiont,dhedr fakieti e t hei r

reactivity is 2 significant, Accordingly, .the vanced fuel s nust be
Cont ai nBERIFGS ar& RGBT et OBt EPEe AR e TP b S 108 ek Sisighe ¢ o

appr opr jRkRfeldsh@ftosOnd ifet<Bie suffel RsEL6th MJUIBM antdoBPasRiatdd valASTR 1S AL =
r'i'D, where r is a mninmumplasnma dinension and D 1s a diffusion

coef f i cthemt In thaeassiof Bt sfome fastieeugrpns dre profiiced by sscordany ferationn but
these neutrons 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 neutrons
that result from secondary reactions but create much fewer problems. Another advantage

- of the advanced fuels is that their fusion products comprise charged particles 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 collected with a
high efficiency, possibly in excess of 90 percent.

The advanced fuels have disadvantages, too, For example, the atomic numbers of
the advanced fitels are higher (2 for He® and 5 for B'"), Therefore, their radiation losses
are greater than in the neutronic reactions. Also, it is much more difficult to cause the
advanced fuels to fuse. Their peak reactivities occur 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 requires that they be brought to a higher energy state where their reactivity is
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is Db =a 2/,rJ" where a, is the ion gyroradius and cle is the ion-electron
collision tine. Diffusion according to the classical diffusion coefficient
is called classical transport. The Bohmdiffusion coefficient, attributed
to short-wavelength instabilities, is DO =(1/ | 6)a, where n, is the ion
gyrofrequency. Diffusion according to this relationship is called

anonal ous transport. For fusion conditions, D 61D, = (1/16)92iri~ 10",
anomal ous transport results in a nmuch shorter containnent tinme than does
classical transport. This relation determ nes how |l arge a plasma nust be
in a fusion reactor, by the requirenent that the containnent tine for a

gi ven agphifitandf Adtortiply, MeddviiRed ABIE @fust YeontainB® for ia Manghiimd peeiopl asma t o have
a nuclear fusjion reaction. Therefore, clasgsical transport condition is

mor e de¥herai|teeyican be brought tp apppnge fuslon|coudiviRnsf or snal ler initial pl asmas.
In early ex igﬁgﬁﬁ ] :Egﬁi; nfi/pegrnt , ff fRfRplaémgONt @i nrent
time of At prﬂ%/c ,, vvgfgt%%sfg{r)%/@ 5 F%gré)é/'?’ I n %ﬁgaldggt 40 ialg?irs has

i ncr eas@ithehdien ad® Bizniiffisiontcoefiicient. TAE classichD@Duerdf Bye, diffrsoneneficienty f usi on
reactor concept i s the Tokamak. The magnetic field of_a Tokanak 68 and a
t ypi cal iSpBr Ticd T a¥heiew; 8 dhedpr gyrpradivs pug pds thp iqorelectrgn codlision ae.na5t 30
years, fusion effqorts have been.focussed on the Tokamak reactor using a DT
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Exper i BBk isRiseA botfididnl Etibuted lol sHSrt-5ab@hgtt indthtdlitieé, is Recent  experi ment s

w th Tokamaks suggest that classical transport, At = ?ID,, is possible,
i n whi clD,calH6)dI8, miletertdyis the amngyrafieqesnsy.obiffusion berordimptodids from neters to
centineters, These experinents involved the injection of energetic beans
(50 to relflionship\dy called atvesous rengpbr.s Fer fusiort eongitives, &y 6B, Df1/10Qp=30 keV. See

W Heidbrink & G.J. Sadl 34 Nyc] Fusi on. 53 994) .. T. ti
beam | Rl FHITARER EreReEPTHIE & Bor S SR B RSP AOAAEAL i 1 use
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fast. The reason for this is that the energetic beamions have a | arge
gyr or adfequiremest thafshesqeatsinmenttime s g given gaoynd of plaspa must plonggrikannay el engt hs
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fluct uahons en average over a cy 3 and thus cancel".
howev er gorkifien isandre désirabie kd £fusigy reactad ellsying for sheler sy phdmsw t he
fluctuations and transport, anonal ous]y. Begause of anomal ous transport, the
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R s T L e S

At = 1000 /D,. One existing fusion reactor concept 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
years, fusion efforts have been focussed on the Tokamak reactor using a D-T fuel. These
efforts have culminated in the International Thermonuclear Experimental Reactor (ITER),
illustrated in Fig. 7. Recent experiments with Tokamaks suggest that classical transport,
At = /D, 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. J.
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 a large
gyroradius and, as such, are insensitive to fluctuations with wavelengths shorter than the

ion gyroradius (A <a;). The short-wavelength fluctuations tend to average over a cycle




advanced fuels, such as D-He andp-B", the Tokamak-type reactor woul d have
to be nmuch |arger because the tinme for a fuel ion to have a nucl ear
reaction is nmuch I onger. A Tokamak reactor using D-T fuel has the

addi tional problemthat nost of the energy of the fusion products energy
is carried by 14 MeV neutrons, which cause radiati on damage and i nduce
reactivity in alnmost all construction materials due to the neutron flux. In
addition, the conversion of their energy into electricity nust be by a

t hermal process, which is not nore than 30% efficient, Another proposed
reactor configuration is a colliding beamreactor. In a colliding beam

r eact or andthiiasliel. OBIBEirdpk, 2% WRver, habefaciiethiieygybeadins, o6 thepresponde beans
conprise jons with an energy that is nuch |arger than the thermal plasna.
Produci g fluseations andstransport ag@alodshs in this type of reactor has been
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proposal s have been made to reduce this problemand "~ maxi m ze the nunber of
nucl ear leagd@&maers. Dioio tbxampﬂnelon the TERawas sreated 30 mepohigeandld Jassby et al .

di scl oses, a r I ans of
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i njecte trapped WMth the sane average velocity in a Tokamak, mrror,
or fiel ﬂlsme\pmdsqdemgyfls ried okt MaY, sewsrons; which| cguge jopglamagsi angackgr ound

pl asma fqr the.s e react because
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el ectromg cbrh}%fsm&%@ﬂﬂﬁ&ﬁ@tgjrhﬁ)d:lé’du&ﬁﬁy@ﬂlsthh‘byatﬁétﬁlabﬂnecdss omchas sotheat ed by t he
ions in which case the slowing down is mininmal. 4 In none of these
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Further, t hgﬁo Bf&?os%ﬁrréaa@ﬂﬁf cdn® § a cAlidifi Séhni:ﬁﬂé’tbld%acﬁﬁﬁﬂ?l ous

,transport ents consi d el ectrosta ic confinenment of "ions and, in
some cabes, reaqmgerMCkgromﬁnﬂasnenebmnhafdeé b:éb@amsmi ion¥hEbebdams cordprise). S.  Pat ent

No. 3, 258, 4 Pat arnswort h,
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down the ion beams. Various proposals have been made to reduce this problem and

maximize the number of nuclear reactions.

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. InU.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, mirror, 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.




Hrsch et al. and U S. Patent No. 3,530,497 to Hrsch et al. are simlar to
Farnsworth; U. S. Patent No. 4,233,537 to Linpaecher, which discloses

el ectrostatic confinenent of ions and magnetic confinenment of el ectrons
with nulti-pole cusp reflecting walls; and U S. Patent No. 4,826,646 to
Bussard, which is simlar to Linipaecher and involves point cusps. None of
these patents consider electrostatic confinenent of el ectrons and nmagnetic
confinement of ions. Although there have been nany research projects on

el ectrostatic confinement of ions, none of them have succeeded in
establishing the required electrostatic fields when the ions have the
requi red denkirope bfthesa dbvisdsgroweeardoss an éqaiibkiym ebeivie fodd pligeanypiagnt s ci t ed
above discuss.a field reversed configuration netic topology. The field
Fever sed it MEFSET SHPHRES e QYD EEANUBRPBHPSy ar ound 1960 at

the Naval Regfgf sdientstansiadr lelirdbittit BehfinbRER oPioRS Ihde k®eBeRE,S. A typical FRC
topol ogy, wherein the internal nagnetic field reverses direction, is

i || ust r sageptic goringment of glgetmang. Thege nclydeiUSaPatptNo- 828862 n a FRC are shown
in Fig. ,ggg ' I G| fﬁnlzggrﬂ: : :0gr ans have
been su;l)%r(]:}?te %ﬁ%%?ﬁﬁﬁ?‘g?’%tbgtgseg’ an ap’?ﬁﬂé‘ﬁ%g@g?&g@s@gﬁprehensi ve
revi ew papfmement of toes triidoertial@nafirempentrdf electrans,df. SFREnt deedf3H030tom 1960- 1988.

See M szewsK 2 | e Fusij 0 1988) . Awhi aper, . FRC

devel opﬁg‘ﬁ@ %égﬁq‘ﬁ;g&g w@ﬁ%@iﬁf@%‘? ﬁ%ié‘ig%a%fﬁ S’r“ﬁ@ﬁiﬂi@%&fg’f’%ﬁzsﬁ‘ or future
resear CiRateia®. 4233,837 191 Shpdeahes 'wiedh ddclosesilecrostit@itonfindiieat ¢fGynshad (1996). To
this date, in FRC experinments_the FRC has been fornmed with the theta pinch

met hod. MAsksHA sefiremert of plegtrans with grultpele prspeetlesting wallshand Y-hLaBhs and

el ectro | $10 . [ [ n | gi bl e

el ect roﬁéﬁ%@ﬁ EXSISH[%t %Iélhgﬁg{sh%& gr%m R%)\é&g\%gg{l rﬁgg%vgf?%ﬁkggﬁ)fq [ ﬁglrﬁant . The

i ons  anfithedepatents nensider ¢lbrtostatiddR@finaventofebmtransread mugoptie comfaleygnt | n al nost

al |l FRC experj nment.s nomal ous transport has been assuned. See, e.g.,
Tuszews TR RN Gers PAGAEEs GRnro Rt prolge i oograte SmmRent oty | 5

desi r abjgs iendb AN Bavd shistsédeil inSesGbBINiARANG faguifed RidtradtI¥ETRIds SHheh em t hat

tends to substantially reduce or elimnate anomal ous transport of ions and

el ect r ot iensdavathe equiredydessinferaiigon woaere hasthaponcsd dernenisidekner gy of
fusi on Qﬁog%fé&%sﬁﬁeﬁlrgﬁsrcﬁ ﬁ({“fﬁﬁ‘#ﬁ?isﬁ‘ﬂ?%@éﬁg@&% i ency. Summary of the

| nventi on resent inve ‘a systemthat facilitates
control | ed fTieifield temersed 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 direction, is illustrated in Fig. 8 and Fig. 10,
and particle orbits in a FRC are shown in Fig. 11 and Fig. 14, Regarding the FRC, many
research programs have been supported in the United States and Japan. There is a
comprehensive review paper on the theory and experiments 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 rescarch. See
L. C. Steinhavuer 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 results in
a negligible electrostatic field in the plasma and no electrostatic confinement. The ions
and electrons in these FRCs were contained magnetically. In almost all FRC experiments,
anomalous transport has been assumed. See, e.g., Tuszewski, beginning of section 1.5.2,

at page 2072,




magnetic field having a field-reversed topol ogy 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

i ncl udes a-fusion reactor having a containnent systemthat tends to
substantially reduce or elimnate anomal ous transport of ions and

el ectrons. In addition, the PEG systemincludes 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

i nvention, anomal ous transport for both ions and electrons tends to be

subst ant i al |Yhdseidt¢<a%sira9re t@{:ﬂoﬁd@&'fﬁ%ﬂm sydiem aANEA SdrtainthéntnisRar thatof i ons tends
to be avoi ded by netically confining the ions, in neti¢ field of
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el ect r obighteffcidnty i n a deep potential well. As a result, fusion fuel
pl asmas that can be used with the present confinenent apparatus and process
are notE lim tgg 419 ngut ronic. fuels, but also advantageously include
advanc et gPeHR uels. For aneutronic fuels, fusion reaction energy
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t he Ki ngtlc energy of fusi on g'roc’lucts directly into electric power by
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about 5 MHz to match the fre uency of an . external owergrid. 6 In
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avoided by tuning an exterally applied magnetic field to develop a strong electric field,
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which confines the electrons electrostatically in a deep potential well. As a 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 aneutronic fuels.
For ancutronic fuels, fusion reaction energy is almost entirely in the form of charged
particles, i.e., energetic ions, that can be manipulated in a magnetic field and, depending
on the fuel, cause little or no radioactivity.
In another innovative aspect of the present invention, a 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, particle-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.




magnetic field generator conprises a current coil. Preferably, the system
further conprises mrror coils near the ends of the chanber that increase
the magni tude of the applied nagnetic field at the ends of the chanber.
The system may al so conprise a beam injector for injecting a neutralized
ion beaminto the applied magnetic field, wherein the beamenters an orbit
due to the force caused by the applied nmagnetic field. In another aspect
of the preferred enbodi nents, the systemforns a nagnetic field having a
topology of a field reversed configuration. In another preferred

enbodi ment, the energy conversion system conprises inverse cyclotron
converters (h@remmmmamnqmmmgwm pdbfsmhhmtixmabmrsystmct or. The ICC
have a hol | ow ¢ Ilnder-llke omatré){o dfromrml}.ig preferably four
or nor e ‘¥HRIELS 2 ¢ Waﬂﬁ“F&F gepary %"l‘i‘}agﬁﬁ? ield 43 5 ght gaps

ext endi Hﬂe&lbﬂﬁlﬁysﬁﬁﬁﬂﬁ‘ifbﬂg b?rm&ﬂ@ﬁﬁ& 284 an aﬂmm?ﬁlbédl@ Y&%@@é:ﬁ&iﬁsb@é i s applied
to the electrodes in"an alternating fashion. ectric field Ewithin
the | Cccin@éatlagh@nm pEipuy. donstof ﬂ@@m‘émmﬂwémhé@? amwsubstennablynnet ry axes and

i ncreasegs :
“addi ti o(rél [ pﬁ@%&@@ggﬁﬁgﬁégﬁ? gl%? %(%ﬂ\ﬁg{%g%%‘r%%{] g’%bsmgapl) lyi ng a
uni f or rrbonuaineckin e electostatic eneepyetdllc If omd apéchofond prefated@mbsdibentant i al | y

opposite to .t of the fusion reactor's. containnent_.system At an end
FEFt hes et eHE PP AT EOREY. PEFEOOnEe S FibPudes an Lon
col | ect @smprists RBIMESIR fellQhd AL b1 th EiRmMBFthhtfcrédsEihle nagnisidd0Bikei C  nagnetic
cusp wherein the magnetic field of the containment system nerges vmth t he

magnet i 8pHliedmagustic tﬁnlé af heendapf ﬁﬁﬁbmber s Regrosieraimaytalsgrompriseadican |

positio P o] the i on

col | ect glﬁgto??&)%f&iaﬁﬁ er ﬂ%%de erredm {%ﬁg ﬁ;ﬁ,ﬁ&&éﬁé}. %{rl%ﬁﬁlg%tc?thte and

charge- hmnwmdri;aidirgitdwtectherfonwcz&mlgethaq:pﬂmmmlagrenbﬁalﬂshfamtheboth ends of

t he reactor core ensi t ' netic cusp separ at es
ol ect 1 ofBSu Al e BFRTr Embp s R ey s BT B GRIEs Dne Fol | ow
nmagnet i gf { &4 thvbislifontigurith@. €l ectron col lector and the ions pass through
the cusp where the ion'trajectories are nodified to follow a substantially
heli'cal  patln anptbergraferecdicapgdiment; thelsacreomnEersion systesn PURBISEINTHSM t he i ons
as they I r NASEH, sonant

ci rcui tcf‘:?d#og 08@%&% h%l) C&lﬁgeﬁ% ?%%mg@ﬁ(ﬁ%fa}eg%&s to oqu%fe% e?'IsV;E for the

hi ghest a heliwgoylinderdike baimeu;ry ifdrivd Iﬁy&mnﬁlaplb,qira‘emblgfmrm nfohesequad] ect r odes,

where the electric fie stron
sem1-cy11n rcal electrocles with small, str: ght gaps extending there between. In

—t e

operation, an oscillating potential is applied to the electrodes in an alternating fashion.
The electric field E within the ICC has a multi-pole structure and vanishes on the
symmetry axes and increases linearly with radius; the peak value being at the gap.

In addition, the ICC includes a magnetic field generator for applying a uniform
uni-directional magnetic field in a direction substantially opposite to that of the fusion
reacior's containment system. At an end furthest from the fusion reactor power core the
ICC includes an ion collector. In between the power core and the ICC is a symmetric
magnetic cusp wherein the magnetic field of the containment system merges with the
magnetic field of the ICC. An annular shaped electron collector is positioned about the
magnetic cusp and electrically coupled to the ion collector.

In yet another preferred embodiment, product nuclei and charge-neutralizing
electrons emerge as annular beams from both ends of the reactor power core with a density

at which the magnetic cusp separates electrons and ions due to their energy differences.




O her aspects and features of the present invention wll beconme apparent
from consideration of the follow ng description taken in conjunction with
t he acconpanying drawi ngs. Brief Description of the Drawings Preferred
enbodi ments are illustrated by way of exanple, and not by way of _
“limtation, in the figures of the acconpanying drawi ngs, in which |like
reference nunerals refer to |like conponents. Fig. 1 shows an exenplary
confinement chanber of the present invention. Fig. 2 shows the magnetic
field of a FRC. Figs. 3A and 3B show, respectively, the diamagnetic and the
counterdi amagnetic direction in a FRC. Fig. 4 shows the colliding beam
syst em Ghe tleerans édlewtmagheteficldiines tdhecle@roaltollator abdthatonspassr bi t . Fi gs. 6A

d 6B sh ively, th tic.fi.el dt [ i f th
R T S T e R
field a?@tﬂaﬂﬁgﬁieﬁ&%ﬁﬂ &ﬁh@[gd. fBalexgz ifkebled fondthe Ras abihe§ spildfpasbide and 8C show

an

ifon drift orbrts. Figs. 9 show the Lorentz force at the ends of a
FRC. Fi glectradesomhighcirg cogpecidddoe rasenanimicniy Bhe lossol prpendiudar £R85EY and t he

el ectri t ' Ldi- . [ I shows a Maxwel |
distri bﬁﬁnﬁg{rﬁﬁ)glgjf%ge.sﬂ f?rztk}: %%H&E%}QH%%%?@%%‘%@?F ic{))rgne %é%%t ron orbits to
drift oelecttaics wheteahd deotrée- fickhglsteongesin-i on col lisions, 8 Figs. 13 show A, B,

C and D betajron orbits when [l - le,..electron-ion caollisions are
consi der ed. é{hﬁr aSRQF?%ar'i‘ \X%a"‘éesr?z%rpé?sﬁgg@’e%‘ﬁl Qe JnpateRt B o i cal |y
pol ari z@ghshifafbiCohé DIbWHgAeschPid titeRGn SEMRBESn with Ge addomipinmyandread- on vi ew

of a neutralized ion beamas it contacts plasma in a confining chanber.
drawings.

Brief Description of the Drawings

Preferred embodiments are illustrated by way of example, and not by way of
limitation, 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 a FRC.

Figs. 3A and 3B show, respectively, the diamagnetic 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 6B show, respectively, the magnetic field and the direction of the
gradient drift in a FRC. '

Figs. 7A and 7B show, respectively, the electric field and the direction of the
Ex B diiftin 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.




Fig. 16 is a side view schematic of a confining chanber according to a
preferred enbodinent of a start-up procedure. Fig. 17 is a side view
schematic of a confining chanmber according to another preferred enbodi nent
‘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 systemconprising a colliding beam fusion reactor coupled to an
i nverse cyclotron direct energy converter. Fig. 19B shows an end vi ew of
the inverse cyclotron converter in Fig. 19A. Fig. 19C shows an orbit of an
ion in the inverse cyclotron converter. Fig. 20A shows a partial plasm

el ectri c powEigs.désbovatl, BNC apdh batetanbitsiving smallaoglke; déctrgn-bmam f usi on

react or cl9ug+ed to an %I ternate enbodi ment of the inverse cyclotron
conver t &PUISIPRSATC SPRCERBWws an end view of the inverse cyclotron converter in

Fig. 20A.  Fig. 14sh6ws B ARraBzed 36 betin@s gﬁé)@lécﬁi@ﬁ]lég&aﬁzea%mm@mﬁh cyclotron.
Fig. 21B shows an oscillating electric field. Fig. 21C shows the changi ng

ener gy 6&onfingghambasy ating particle. Fig. 22 shows an azinuthal electric
field at gaps:;,bgt: the . J erienced by an
ion with anggﬁgargtlé\gﬁga& ‘?‘3’.‘@‘{&%&% ﬁs&ﬁ%&g%gﬁ?gﬁg?lﬁg@gﬁ}g%aﬁggl e doubl et

| ens. Figdinii4dhambat. 24B show auxiliary magnetic-field-coil system Fig. 25

shows a 100 actar.. Fig. 26 shows.reactor. su tt .equipnent. Fig. 27
Shows & pl asHE: {415 B kiehisEheotels SLSERaNRE EteBlhe? RRBAEEPIATRE., of Phe
Pr ef er r ggbédiiediof® Rbd-upprdckdust rated in the figures, a plasma-electric
power generation systemof the present invention preferably includes a

col I'i di ng beBigh ¥us p side vieweehsmatio ol wafinigg shamhepeacordigde aipthshnyer si on
system Bé’%@h%ﬁ{ﬁ@&h&@&?%\gﬁﬁp_ Rekfleal fusion reactor solves the problem of
or bot

anomal ols transport ons and el ectrons. The solution to the

probl em of EgordeshoustracenoiSpdottpréteumiicatieg ticfommkiesofmsR@Gf a cont ai nment

system w th B ANEhLE s pbliS iR folk Yok A5 cESRELH 1 on (FRO).
colliding beamn fusion reactor coupled to an inverse cyclotron direct energy converter.

Fig. 19B 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 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 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 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 system.



avoi ded by magnetic confinenment in the FRC in such a way that the majority
of the ions have |large, non-adiabatic orbits, making theminsensitive to
short-wavel ength fluctuations that cause anonal ous transport of adiabatic
ions. In particular, the existence of a region in the FRC where the
magnetic field vani shes nakes it possible to have a plasma conprising a
maj ority of non-adiabatic ions. For electrons, the anonal ous transport of
energy is avoided by tuning the externally applied magnetic field to
devel op a strong electric field, which confines themelectrostatically in

a deep potential well. Fusion fuel plasmas that can be used with the
pr esent Deailéd Deserptionayd s Matfasedmbodpnenteess are not limted to neutronic

fuel s such a D (Deuterjum Deyteri .or DT (DeuteriumTritium, but
al so advant a‘é%gl'}é‘ir Gy R seapﬁgeen PEEROfich  as D He

(Deut er i)kigann flvedtPn Pref@hblP ifdludéd Wl B0 redokor cofléd 1B adirggussi on of
advanced fuels, see R Fel dbacher & Hei ndl er, Nuclear Instrunents and

Met hods eheigy Pinyersion syteye ahsAiindesiay aforosm)iflgal Buiop Fesetonsaliss themaoberst er dan) . )
For Sucpfﬁﬁ&ﬁo‘i@ﬁb& or{fb?b&P.iérﬁggnJéiédn‘aﬂs.r’ﬂ%%B H&@Qﬁé%&l&ﬁo | most entirely
in the Tormofr ¢ arBed particles, 1.e., energetic i1ons, that can be

mani pul atenthlous transpar et hebinahakesusd of @ epeaininerd systent with & mapneticcause little

or no radj activity. The D-He' re ' roduces an H jon and an He ion
w180 R Bt soreiint FRenewel o ERCY oL PR Ehe fteni ABE 1 2 | ons and

8. 7 MeVa@ield®y magRarldn@enieRaR HRIFRGRn sHOHIEW Ay Eatithe mFofityDf B2 iGlavi ce

utilizing aneutronic fuels, the output energy conversion efficiency may be

as hi ghhas lase non-adiobatia erbifa geakingdienbipseusitiye trihrawepvelength flenptignd v.

Yamanot g i [ -9 - 870 . Syeh .

ef fici e?\hg% %‘sl%b?l gﬁgkoﬁfgﬁédﬁcgéglﬁ%%ctlﬁé' {)4 %’%gcé%: ’st éf)%(rl ﬁéﬁggtarergﬁﬁggﬁ?usi on, in a

scal abl ehe(FRClWde thtMjagnetio fipkiotanislies makesst passibleitghavataipiasma ténmpnisigg di r ect

energy conversion process of _th resent invention, the charged particles
of T o B el teeBRRTE I B b Ao T e TR EER 0y convert ed
di rect | Yydided b§hfitg the blt¥malyhpaRddanaasisd feld folRvalby £&fons BREEY ficANVer si on

system of the present invention has the efficiencies, particle-energy
t ol er anwbish gerfings hemelpgirestatically in ¢ deep notantidwelk he  frequency and phase of

(e 100 oMLl gURhacl ol s MRkl SEMRTSN, T Prose,

a pref eproess ehotiimitedto aéut@nie dndlsduoleyD-Ds(Deienu@ddfeuseinm) df D t 0
(Deutertum-Tritium), but also advantageously include advanced or aneutronic fuels such
as D-He® (Deuterium-helium-3) or p-B'' (hydrogen-Boron-11). (For a discussion of
advanced fuels, see R. Feldbacher & M. Heindler, Nuclear Instruments and Methods in
Physics Research, A271(1988)JJ-64 (North Holland Amsterdam).) For such aneutronic
fuels, the fusion reaction energy is almost entirely in the form of charged particles, i.e.,
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 He® ions and 8.7 MeV energy.
Based on theoretical modeling for a fusion device utilizing anentronic fuels, the output
energy conversion efficiency may be as high as about 90%, as described by K. Yoshikawa,
T. Noma and Y. Yamamoto in Fusion Technology, 19, 870 (1991), for example. Such
efficiencies dramatically advance the prospects for aneutronic fusion, in a scalable (1-1000

MW), compact, low-cost configuration.
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the present invention. The contai nnent system 300 conprises a chanber wall
305 that defines therein a confining chanber 310. Preferably, the chanber
310 is cylindrical in shape, with principle axis 315 along the center of

t he chanber  310. For application of this containment system 300 to a

fusion reactor, it is necessary to create a vacuum or near vacuuminside

t he chanber 3 10. Concentric with the principle axis 315 is a betatron fl ux
coil 320, located within the chanber 3 10. The betatron flux coil 320
conprises an electrical current carrying medi um adapted to direct current
around a long coil, as shown, which preferably conprises parallel w ndings
of nul tipl e Bepdireaitenergp corsreaind provesstof theprezére imehtyon, therchdrpel patichkdi ngs  of

about fo separ,ate coils, forma.lang.coil. Perso killed in the art
ST apBt BEPRp@Insseande spued Sowt iRt Batisnorey someatd S Wi | | resul t in a
nmagnet i giektrigitd Adogitsb8ods &t bR g F Qinverdidf systanPsit B restht Hvénfioh he direction

C {HeRr
of the principle .aX|s.gﬁ15. Around the outsjde_of the, chanber wall 305 is
an out epagibg effigemiesTpasticderencrgydalerances and pleeitppicabiity ©canyspidhs const ant

magnet i ' | L WX | al | LaeL,pl e axis 315.
Thi s rragrﬁél%e?}?ﬂﬁay%&?g{hgﬁg @ﬁﬁ%ﬁ@ﬁ@%@%@ﬁﬁgﬁgﬁ%&hﬁ% lon that the
magnet i end plmbobfdnextemal dddautpewercgyrid 325 is constant and parallel to axis
315 is st .val.id \g/a fromthe ends of the chanber 310. At each end of

t he chaﬁ%@%ﬂ@—?’#@or coil 330. The mirror coils 330 are adapted to
produce an ipgl EMaSFtTBPREred einbblithehttTladentaibitentGHaR 800 fcdlingtto each end,

t hus bending the nagnetic field lines i nward at each end. See Figs. 8 and

10.) Astheppisent inventionhThe praviimment sysia 300sompHeespickambear Wil 30hBrbs to cont ai n
the pla | : | t | L 4Rl ReL 8 ;S8 3 10 generally
bet menaﬁggth%erﬁlr%%n%gggﬁ%%;@' &fﬁ?@gt}"\%éﬂ%}\ﬁgﬁ ji‘]?cl)fnt e JeaL%\ s where it can
escape shupe,odthtprinciplerakis315 alsygthe cerBG@T thEtvhamber BH0. Iooiaplic@Bh afdns be adapt ed

to produce .an increase netic field at the ends by a variety of methods
nown | FOTHERSH By a0 B At aPrEiase Ko aar R s | t he

M rror ¢gubud idRfd thd SHamB&SI109ChRLnel WitiMhe SrREPUARisINS idd bet@fonFRk| s 330, or
overlapping the mrror coils 330 with the outer coil 325. The outer coil

325 and<9i ¥30plocated withig g charebes B bnTherbetairan flux ¢l 20 sempases 8t si de  t he
chanber . ; . I.NSI ] n cases
wher e tﬁl‘éﬁh%ﬁ%gﬁge&%%egﬁ@ﬁgfg% (fﬁfflg e ofa}@ﬁggrl\ ctglﬁ’v%jsgr% érial such as
nmet al , whichayefdrshly esivaiztsgpedivlbwindinps efasultiple sepatatescod@and, 888 | nsi de t he

chanber | I. 305 hecause t t] t hat . .
prew?erably, para eef w?n mgs o? goout gﬁr separate coils, to form a long coil. Persons

skilled in the art will appreciate that current through the betatron coil 320 will result in a
magnetic field inside the betatron coil 320, substantially in the direction of the principle
axis 315,

Around 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 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 lines 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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It takes for the magnetic field to diffuse through the wall 305 nmay be
relatively large and thus cause the system 300 to react sluggishly.
Simlarly, the chanber 310 naybe of the shape of a hollow cylinder, the
chanber-wall 305 formng a long, annular ring. In such a case, the
betatron flux coil 320 coul d be inplenmented outside of the chanber wall 305
in the center of that annular ring. Preferably, the inner wall formng the
center of the annular ring may conprise a non-conducting nmaterial such as
glass. As will becone apparent, the chanber 310 nust be of sufficient size
and shape to allow the circulating plasma beamor I|ayer 335 to rotate

ar ound te,)h;&»nmen dhe hﬁr@mbﬂs Ranbe a?daglie& eprofude us increhed aiegndtierficlddt | 305 nay

be forned o rraterl a. h| tic er meabi | | such as
steel . e aavaea%e X%‘ﬂ’g 3 wgwﬁﬂg @&@%Jaﬂ"@ﬁeﬁe@agf
count er GiHdERRiSthé ﬂm&é}%ﬂ@mr h@tleasﬂgﬁh@élrfeﬂt tmagh thR eniffB.odeat 33, 64 ux from

escapi ng the chanber 0, n@ﬁesm ng f the chanber wall were to be
made of o‘sprlﬁmmglihamlmi@nmﬂgﬁ%wth ewetdor 3p&r meabi lity, such as plexiglass,

anot her. devife, oﬁl%{‘c&PﬁSaanHFrglg%ry_aﬁ% %@%’f hgﬁnnef'fgl 1 WAl difife>saTy. In

such a case, @ serres of c rings coul provi ded.
These r thagbambenaulh 395 hb\he.reartlneyamyfﬂeunmdée]hd ahhmbeﬁlUmMadesbﬂlem*tm/l ded within

the outer coil 25 but o he ci rcu atin eam 335. Further,
hese’t HmbEavinadas constusiitio s Sonhltie et Sich ARt b o et | ve 1 ux
del i m t gfanMgudhsho Deac fe\e6ils mst $B03nsidy (RS GHaBIbET WA 0B WeE R0 the me fiRat er
facilitate the contai nnent of %@etlcflux within the chanber 310.

Al t er naititakes §pr the magestic dicldde diffisgtpugh thegealh 308 may be aclafivelydarge and |
del im tﬁxﬁ?cau@?th?%%hﬁl% o kddet sﬂg%ﬂﬁgr gﬁﬁﬁgg tﬁ?&h%ﬂbe%dﬁ)'nﬁ e%tf{l:ﬁ!g pl asma beam

335, co I'SIn part [ al ne e chanber 310
by the ﬂmpeaﬁamoilaweghmummbyerwaﬂ BGﬁgzminlgca l6nge ksthuthn @ing.ontsheh DUt er coi |

325. As such, i.ons 33 re ti.cally contained
P01 ar o dianeagin BRb Roik a0t AP EReY QR of M reRB DS B | 305

whi ch af A& inal anhBlaf i, I%éf@ﬁbl@' @e ﬁ»aae;&vﬁllfémnﬁ@qle%mmme%ﬁw nj ection
ports 340 are also provided f addi ng plasma 1ons to the circul ating

pl asma DeEMARSHIpNge @ han-conduetivg ma&nel sughhes glases As wilbibaspive apnseant, thet he i nj ect or

ngit f [ g?\%fn}%oﬁlt@ %?ﬂgh%dorgt(??fﬁf%htasﬁéc aﬁ@i}gb% aﬂg@%@&mﬁﬁ% Ls{ﬁ&ng pl a;?rgl glaam 335

is ConthydfiGGS (droete,ar@mdlﬁmbrmcnplelaklsssmﬁ hiecgivadaading. bed below). Further, the

i nj ector por, 40 are ect |o bea 50 (See Fig. 16)
t angent to ﬁ tteﬁ@a'cﬁs&g °BT‘C 3tt Bé“ef“he cont ai ned
pl asma P&ﬁ@&bﬁﬁﬁ-such as steel. In such a case, the chamber wall 305, due to induced

countercurrents in the material, helps to keep the magnetic flux from escaping the chamber

310, “comprcséing” it. If the chamber wall were to be made of a material having low
magnetic permeability, such as plexiglass, another device for containing fhe magnetic flux
would be necessary. In such a case, a series of closed-loop, flat metal rings could be

- provided. These rings, known in the art as flux delimiters, would be provided within the
outer coils 325 but outside the circulating plasma beam 335. Further, these flux delimiters
could be passive or active, wherein the active flux delimiters would be driven with a
predetermined current to greater facilitate the containment of magnetic flux within the
chamber 310. Altemnatively, the outer coils 325 themselves could serve as flux delimiters.

As explained in further detail below, a 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
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Al so provided are one or nore background plasma sources 345 for injecting a
cl oud of non-energetic plasma into the chanber 310. Ina preferred

enbodi ment, the background plasma sources 345 are adapted to direct plasna
335 toward the axial center of the chanber 310. It has been found that
directing the plasma this way helps to better contain the plasm 335 and

| eads to a higher density of plasnma 335 in the containnent region within

t he chanber 310. Charged Particles in a FRC Fig. 2 shows a nagnetic field
of a FRC 70. The system has cylindrical symmetry wth respect to its axis
78. In the FRC, there are two regions of magnetic field lines: open 80 and
cl osed 8 makhaticalty donttned iin/iatke betatrdroorbitueboeghofsx lires Gainl teootdreo epar at ri x

84. The_ FRC fornms a cylindrical nyl urface 86 in.which t magneti c
field vaﬁsm.ﬂqwﬂlﬁw%}wwaﬁaﬁagﬂg-s ”%?YI’E‘?{%EWWE"W&ﬁg?QC field does

not ¢ ha&@%ls@{ﬂgyvgﬁh %?laﬁdihé‘pltaﬁ?a iB1d t8'the &Eﬁl@lﬁ{gihﬁﬁhma{%mh Res grias 90, the

magnetic fie oes change appreciably in the axial direction. The
magnet i chafriber 3 0a wa prefamsd embademend,¢hesinfgtor partsr340 grecidppted foaRieqtAnt he FRC,

whi ch gives ri tQ, the term'" Rev "ok cH Configuration
(FRO). 1% ﬁ‘?"&?ts@ﬂ',lﬁ?%sé’mﬁé%{rﬁgp Pe ?nﬁéq%g o1 s?iég%ﬁ 3?%%%\% surface 94 is in
a fir st cigiulgiag plasna Bam B ds soagined (ie., hiorhda nuld suifrcé descrihel belsw).f ace 94 is in
a second direction 98 o site the .first, If Lon. s in the direction
Too o hfuthsr Sitiniorier pass 400 s anisadn niact B berres PRSI Enid b e it ce 04
Thi s i s,0A% e\ RRRM2E tRLRETAY o8 BE thé BehtdiRQ lisphitbestangs.rul e. For particles

moving I n the diamagnetic direction 102, the Lorentz force always points
toward the Alse provided are engar morgbaskgnuntaresmarsoyicescdds fordiajeetdlgd particle orbit

rovi ng PG ST spil plla pREPEERGREER IRs Qlbpered bR, BOOYC 70 0 1 o

case pobdtkgroaviplashiaGourcér340 ateladspted tadre@ plasmhin B35 tpiverdaheaxidd cgitare$ rise to a
type of orpit called a drift orbit, to _be descr.i bed helow The di amagnetic
directi @ﬁcﬂﬂi‘hﬁr ?’_cﬂ'nj“?aé bE%kijl‘EI@rtE!‘?té}Hﬁifl‘H&fl}ed’qu@Pﬂ@F E@P‘QWS@TGI& _vice versa.
Fig. 4 shesthe plab93 P and WAkt Ala HighéedenSity 6H phiim 3395 thobatdififent N t he ions’
di amagnetic direction 102. The Ting 106 i's |ocated around the null surface
86. Theregwgnathingthé chamben3I8. created by the annul ar plasma |ayer 106, in

cort 1oL dh it GHke 1o Y 2o o0, et el 110, form @

Fig. 2 shows a magnetic 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
'FRC 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 appreciably in the axial
direction. The magnetic ficld along the center axis 78 reverses direction in the FRC,
which gives rise to the term “Reversed” in Field Reversed Configuration (FRC).

In Fig. 3A, the magnetic field outside of the null 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 ion moves in the direction 100, the Lorentz force 30 acting on it points towards
the null surface 94. This is easily appreciated by applying the right-hand rule. For
particles moving in the diamagnetic direction 102, the Lorentz force always points toward
the null surface 94. This phenomenon gives rise to a particle orbit called betatron orbit, to

be described below.,
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shown in Fig 2). The ion beamthat forns the plasma | ayer 106 has a
tenperature; therefore, the velocities of the ions forma Maxwel |
distribution in a frane rotating at the average angular velocity of the

i on beam Collisions between ions of different velocities lead to fusion
reactions. For this reason, the plasm beam | ayer or power core 106 is
called a colliding beamsystem Fig. 5 shows the main type of ion orbits
in a colliding beamsystem called a betatron orbit 112. A betatron orbit
112 can be expressed as a sine wave centered on the null circle 114. As
expl ai ned above, the magnetic field on the null circle 114 vani shes. The
pl ane of t heFigriB thobd2n im mevingan diecolugterdiamaginetic directiod 80ofThehe FRC. lons in

this orbit 2 poye in their di,amagnetic direction,102 froma starting
poi nt 1?‘8‘?‘311;&#%11"6}? case PRS ANy fOBy ?'[“hin‘é‘gg‘fevgg' #B{sipc‘i‘ﬁ%".me&ﬂn <& 11ationin
the radigd 1ol t?]ﬁ'%fio?cﬂt daR&] PEITHbBH 18 be Ucrihia beldW. IThe dablagnelid directivnd a

on

translation a g the null circle 114. Fig. 6A is a graph of the nmagnetic
field 1fg ipns imcommerdianegnétisripraesirans, apd Weeo¥ersehe graph represents the

di stance in gent] rs. f ' . > ' is in
ki | ogauss. Aglit%%h%g‘}rsgﬁﬁgage%%%‘g@y%ﬁgpﬁn%%leqéﬁgmﬁﬁﬂnﬁ%g \9%%1{%12%% at the
nul | ci diztetion &0l. UEhe rihg Q06 Adocated wrouhdithengll sBce 86. pEetmagnetionield P near t he

null circle will see a,gradient 126 f the. netic.field,pointing away
' om ¢ néres b i Psgios B 106 coP o TS ey PRI | i 1l o e i
a first pflndieFeRN 16 28miMhhRelid ReldBaMR the tobblBkFlof IERClETHe idholugllis circle is
in a second direction 124 opposite to the first. The direction of a

gr adi enshawmiinfigd. gi ven by the cross product B x VB, where VB is the

gr adi ent of e eh | ' skl [ | d by applying
the right- haﬁ%l?ﬁﬁ%ﬁlﬁgﬁo{nﬁh&lrecﬁ?ygﬁ&%qﬁa?ﬁé&gjre%a | e’ﬁ?& r#e??]%i s in the
count er dilacingrd thedomi fo:aci Manwelidigtibwiontile frinpa rotatingat the deerage | nsi de t he nul |
circle 128, Fig.. 7A.is raph.of the electrigc.field 130 i.n FRC. The
hori zo nf‘%ﬁ“_laék’ Plg‘”ﬁ’f‘étﬂ??ém?b%ﬂ'p Rﬁ]qllgsmné E@WF%“ ‘Pﬂ%"@i‘é?%fﬁ ¥ %lo""r*ﬁesclgwt%? meters from

t he FRCHanSeabBons] W8r @ls@6dsbn, trclplaRing bbdin iaer of pbiver o 1085s dalled gr aph depi ct s,
the electric field 130 vanishes close to the null circle radius 120. As

shown i tollidigg beam: system. el ectric field for ions is deconfining; it points in

di rections 432 34 i bpOBHbRGHMV o MR MRSyl GaliBignet i ¢ field, as

before, is in®opposi
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 field on the null circle 114 vanishes.
The plane of the orbit 112 is perpendicular to the axis 78 of the FRC. Ions in this otbit
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 78. The magnetic field is
inkilogauss. 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 null 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 drift is given by
- the cross product BxVB, where VB is the gradient of the magnetic field; thus, it can be
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directions 122,124 inside and outside of the null surface 86. It can be
appreci ated by applying the right-hand rule that the direction of the E x
j drift is in the diamagnetic direction 102,-whether the ion is outside or
inside the null surface 136. Figs. 8A and 8B show anot her type of common
orbit in a FRC, called a drift orbit 138. Drift orbits 138 can be outside
of the null surface 114, as shown in Fig. 8A, or inside it, as shown in
Fig. 8B. Drift orbits 138 rotate in the diamagnetic direction if the E A
drift domnates or in the counterdi amagnetic direction if the gradi ent
drift domnates. The drift orbits 138 showm in Figs. 8A and 8B rotate in

t he di al:{p;ga&atéd:b}(ﬁppmtgimglﬂﬂaﬁdmmmzsﬂmrcﬁrieﬂ@npﬁthetgraﬂifﬁitdﬂ!ﬁisliilﬁia or bit as
shown in Fi C be th of as a.snall C|rcl tol Ling over

rel ati v@?‘%}‘t%fl’ﬁ’é‘é@eﬂ? facion, ’T"ﬁ‘%‘ﬁ?ﬁlé‘? P15 ‘1”%!“% idg the fw a?FBlﬁﬂggll ts axi s in the
sense 144. |§iga) 88 a grsphlof tHR\RLtric HRIAN30 ifd FRES TARorizBnthN&isifiigct i on 102. The
point 140 wi | fg trace in space a path simlar to 138. Figs. 9A and 9B show

t he di r @apheaprasents the disionesrin sentigtetses fam thedReraxis T8¢ T@eﬁhﬁni@ﬁd iSin Fig. 9A
an ion igy {}EWA"? ﬁéﬁ‘@g%:?ct% | Canﬂ%ﬁﬁfﬂeﬂb%ﬂkﬂeﬁ’ﬁ Wikl a velocity 148

in a magnetl appreC|ate pp ying the right-hand
rul e t haddiusHe0.Lorentz force 152 tends to push the |on back into the region

o 1 0oed 11 gl bDesy oyt S o S o B I o0 7

count er g3RNBYRRAY fForkl the BGA @ ac¥R4. hr@xﬂ@h@cmﬂem &é‘&fdar@ igideppogtel c fiel d 150.
It can be appreci ated by applying the right-hand rul e that the Lorentz

force 1§2€qtléﬂﬁj1§21164 plﬂlﬁhandwl‘iktﬂf theud Sﬂﬂf@eﬁégltﬁﬁl'?ﬁ@@ﬁéﬁmﬂlbé‘l d lines. In
this case, the Lorentz 5 for t he ions.

15 Magnélfﬂbém%l te[laf‘?i&g‘"tfﬁ?‘it\{} &ﬁﬁ‘?qﬂ ﬁ]é%{% %%ﬂfﬁﬂ& ‘{5 9 ayer 106 (see
Fig. 4) dréfioR g0, %Eiﬁ&théloﬁlfdﬁ%&é)brhﬁid@@ﬁe'dﬁﬂ s@&MRE¥e4.i c ion beanms around the
null surface 86 in th amagnetic direction 102 of ions. (A detail ed

di scussi on oﬁlg%llgf\fa@déﬂtsh% tyoe ofwwgarblh@aﬁi@&nlépdm dHhRabiEi ng fol | ows
bel ow. ) 4g %ﬁ]{?&b%&%aﬁ‘%é @ﬂsxﬁé @?ﬂ@nﬂl@ﬁﬁécﬁéigﬁ @P(?v&n ﬁ’xé-‘l% &, bfllsadave

bet at ron or re’non- adl abatic;
thus, t lfteéé sB6vn inT5E R Driforbi®s @b@étﬁm%@hﬁﬂﬁé&n@ hﬁ'@cfuklﬁiﬂtﬂ@ﬁ’xﬁ hat cause

anorral ous tr anspor In a plasma |ayer 106 forned in a FRC and under
equi | i bdiifidrmivatgs ex 19 the courterdiamagnetic direction if the gradient drift dominates. The

drift orbits 138 shown in Figs. 8A and 8B rofate in the diamagnetic direction 102 from

starting 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 around its axis in the sense 144. It also
rols over the big circle 146 in the direction 102, The point 140 will trace in space a path
similar to 138.

Figs. 9A and 9B show the direction of the Lorentz force at the ends of a FRC 151.
In Fig. 9A, an ion is shown moving in the diamagnetic 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, 9B, an ion is shown
moving in the counterdiamagnetic 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 to 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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conservation of nmonmentuminposes a relation between the angul ar velocity of
ions co; and the angular velocity of electrons &. The relation is (1) W
=cv, 1- 0° , where Q = ZeBO 20 o mc HO In Eq. 1, Zis the ion atonic
nurrber m is the ion mass, e is the electron charge, Bo is the magnitude
of the applled magneti c fleld and c is the speed of light. There are three
free paranmeters in this relation: the applied nagnetic field Bo, the

el ectron angul ar velocity co,, and the ion angular velocity w,. If two of
them are known, the third can be determned fromEg. 1. Because the plasma
| ayer 106 is fornmed by injecting ion beans into the FRC, the angul ar

vel ocity of m@nw/andElectﬁ:tsaner'cami]eﬁgnttﬂneFRai ection kinetic energy of the
beam W which_is given by W= Y. Here, V, = arc,
where'V, is éwéasmﬁ?%e&ﬂ’ér(sqﬁé%éﬁag) Om@ﬁiglafgﬁﬁwﬁreéw et 1%8n’ f r equency
of i ONgeailonind tﬁe%uil@ﬁrfﬁc%%ﬁE&?th@ﬁlaﬁl%eﬂblhﬁ'ecﬁhh'ii@cﬁlgxﬁ (AQ@aiddnet i ¢ ener gy

of electrons Iin the beam been |8 ored because the electron mass ne i s

much snmlisb@smn hEdifferent m@hpdrméémmngﬁfe Gardiplasthairing detlomsrelpel)olsi ty of t he
beam (fi t hat
differe ati pl%s"@g alroie%e%[oal ng’g Angh e%e%fr@n Brb?t@ﬁli\?\ﬁeetﬁgm naaé)t he
extern alenéi@@ﬂﬁ einti arefriog!adiabaticathas) tigy mnsrensitevetto slibirf-avebmpth\icuettonef t he

el ectrostatic field inside the plasna |layer. This feature of the invention
i s il udhd cAUsRPATPMaleplEansiorton and | OB. Fig. 16 | OA shows three plots of the

electric fléindagxasﬁla\fgl& S0CImeAth R FREUnd Bhdet BRIMAE doRlRiGAd, @8 velocity, a =

1.35 x 10" s- but for three different values of the applied magnetic

field B@onsEiiv&tioﬁmﬁmommmgm@bses afdlalod b¢tBEyethe engubar velagity efionsetawd ty (co,)

154B0=2. 77k 156B0=5. 15 k 625 x 107s' 158Bo= 15.5kGae=1. 11x10' 5’

The val E}E’saﬂﬁ‘fard’\?@c‘i f‘?g@tr?’é"o‘?ee?ﬁeﬁ&@c’%\?re det erni ned according to Eq. 1.

One can appreciate that we >[] rral)eTs t hat 0%5 a, in Eq. 1, so that
1

electrons rotate in theirg, =a, where Q, = (1)

0 m;c

In Eq. 1, Z is the ion atomic number, m; is the ion mass, e is the electron charge, B, is the
magnitude of the applied magnetic field, and ¢ is the speed of light. There are three free
parameters 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 Eq. 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 #,,

which is given by

W, = e,y @

21,
2

Nlr—'

Here, V,= wyr,, where ¥, is the injection velocity of ions, @, is the cyclotron frequency of
ions, and , 1s the radius of the null surface 86. The kinetic energy of electrons in the beam
has been ignored because the electron mass m, is much smaller than the ion mass m,.
For a fixed injection velocity of the beam (fixed @), the applied magnetic field B,
- can be tuned 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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count erdi amagnetic direction.
volts) for the sane set of values of BO and co,
represents the

Fi gs.

10A and 108,
the graph in centineters.

Fig. |

The electric field

OB shows the electric potential (in
The horizontal axis, in
di stance fromthe FRC axis 78, shown in
and electric potential depend

strongly on we. The above results can be expl ai ned on sinple physical

gr ounds.

el ectrons,

is in the opposite direction,

When the ions
confined magnetically by the Lorentz
rotating in the sane direction as the
so that el ectrons woul d not be confi ned.

rotate in the diamagnetic direction,

f orce.

This was shown in Fig.
i ons,

the ions are

3A. For

the Lorentz force

The

el ect r ongAlse@wahied glop of Sivr:lda i, fiel(irvalie/ent) bbtained fot fHeamomjeotsi t i ve char ge

is created.

. This sets_up
from | edGlPply, ehe 1pPasPas™

an electric field that prevents,

rpidor threp didtereahvalyeg of he aprligA magprlic

el

el ectrons
s electric

field,

T EequTt

el ectrgstatic Floel d pl ay

rorTonT

s determmned by the

Conservatrron ol nonent

Apphedonagaaid 261d () e grelectien angalasysdgcity 642.) bot h

um The

el ectrons and ions. Acgordingly, an inportant aspect of this invention is
that ajfstrong 4ectrostat£' c L’?'gf is created inside the plasma | ayer 106,
the magnitude B this elletPddtatic field is|@nttolled by the value of
the app i i } egsiy—adjust-ed—As—expl ai ned,
the el ectrostaf4gc fiel d|ips=6asfdmni ng for el edty ensgrisf ve' > 0. As shown in
Fig. 1|{0B, the depth of [the well can be increased by tuning the applied
magnet iic— et Bo.—Extgpt for a very nmarrow|region near _the null_¢ircle,
the el ¢gctrons H8rays haydz18&&G 17 gyroradiw=1THet ¥ st e, el ectrpns
respond to short-wavel emgth fluctuations with an_anomal ously fast
diffusion rate. This diffusion, in fact, helps nmaintain the potential well

once t hghé valiednf L itthd @ble AboA Were defemingd heeordingtd Bqt 1. Omscanbei ng of much

hi gher ener gy,

| eave t he

pl asma. To mai ntain charge quasi-neutrality,

t he

fusi on ppryeniate thah@st 0 paans thas ez ta) byl diro that elepfeons réfafgdn Eif h t hem mai nl y

t aki ng the

eTectroﬁgmgﬁﬁﬁﬁéé%%?

alC0R, g

ace of

422

AP el Epor YOl B oo Mo T P

1 eave t b& oplAsRRIB] idd 4 Ehé hisizOmalkidindss. 1045 indHB, eptasandihe ot her wi se, the
Fig. 11 shows a Maxwel |l i.ap distribution 162

potential well

of el ectistsres fraop fhe KR&; axi

Maxwel |
f usi on

RREE bl et b B of

The above results can be explained on simple physical grounds. When the ions

rotate in the diamagnetic direction, the ions are confined magnetically by the Lorentz

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, a surplus of positive charge is created.

This sets up an electric field that prevents other electrons from leaving the plasma. The

direction and the magnitude of this electric field, in equilibrium, is determined by the

conservation of momentum.

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 field B, which can be easily adjusted.

As explained, the electrostatic field is confining for electrons if @, > 0. As shown

in Fig. 10B, the depth of the well can be increased by tuning 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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woul d di sappear. . ) A
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a;he surface of the plasma and |eave with

hé distribution 162 is thus continuously




created by electron-electron collisions in the region of high density near
the null surface. The energetic electrons still have a small gyroradius,
so that anomal ous diffusion permits themto reach the surface fast enough
to accommpdat e the departing fusion product ions. The energetic electrons
| ose their energy ascending the potential well and leave with very little
energy. Although the electrons can cross the magnetic field rapidly, due to
anonal ous transport, anomal ous energy | osses tend to be avoi ded because
little energy is transported. Another consequence of the potential well is
a strong cooling nmechanismfor electrons that is simlar to evaporative
cool i ng.gyfopddiex IHRkRre, El8ironategfont @o shoapedveletath iluctuaons whigaisuppl i ed the

| at ent heat of vaporization. This heat is supplied, by the renq'ning l'iquid
wat er arfgomeushyfart diffiiongatre Brg dTuspm. dm tact Beips Maiptan the potentis] Wif to a | ower

t enper alpand Rl Leab i bk RE TEAthsibd FOERRohs REAE P MM B rbfpgpace the
| y, tor h I well de

energy. Simlar el ectrons, e potentia pth T's equi val ent

t 0 wat edeaye thatplasna hEamainfain/cherge iquasi-nentralitfhtbe fusfoaprodunts nyaiilly t he ener gy

required, to asc t he paot. | al ) h her smal i,zat 1.on rocess that
re- supplele 'goﬁsﬁg % erng fmﬁ'hqéer%a@(ﬂlm/\@y Fakféiﬂlge tGg%cttrtoﬂsa o ﬁhé%e c(?torf % s can

escape. pla$ig ldvhe mie déBiy bhdlecho o fie siufate of B8 pldsma isvedy lo@y@id the ect ron
tenperature, as it is nmuch fﬁf@er .than, any heating process. Because of the
mass di FeFens et bayatbeplaunatdith Gn fusionprogdugis grist be repigoed phegsyise.tamst er time
from prﬁBt@Ht’%alhz%ﬂ%Ql‘dtdislﬁ%Qr.“ mes | ess than the electron thernalization
time. This coollng nmechanismal so reduces the radiation | oss of el ectrons.
18 This is phigtlicahbws & Maxwplban disttibdtion 162 obelestons. (Sily vemitensrgeticadi at i on

| osses ay.e_enhanced fuel i on i.t.h an at oni.c.nunber reater than 1; Z
0T T ElEraR APRLRE e o0 pifeMeRYE et A RO SRR BT 1y o
particl Qn(li)rebsietvlﬁilth fusion fohe Eieaﬁmd oa?mrl ldis:tﬂﬁ;tiaﬁ QGbBEl&ismOﬁﬁmbtﬁsil)t S 11|2. )
Large-angle collisions, that .is, collisiqgns, with scattering angl es between
90' ~and¢ged }C)y elafiroprelaqtien collisian in A regias higbdsnsewﬁraﬂ&wltswgfa% descri bed
above, | \ i ' W iolus | Lieed by a
corrpetitplhgﬁ %?\%Ellgﬁ{b%]ﬁgﬂ{%@&b@?} tmrgn S’?%%?‘%ﬁ?é’?ﬁ B%ft;ulﬁﬁlﬁ rImfll@t he f x fi
drift déhemtatresh thetshnfacd fisf enoughoto acqootmadats thedepitngl fusion groduétgordi rect i on. | f
the gradient dr.ift domjnates, the drift . orbit. rotat i n_the

count er APEHATHFTES F1 "‘E’P?L"é? {‘18‘6 en |?°?n$“§ﬁb%%9ﬁ“halﬂe£@ﬁieé‘)&e EHQ V9¥B. Fig. 12A
shows aliitle@Aériy.| Alhdupk te@leb@dm cirPitoRthd thagneti@fi€ld kdpidigidae fo due to a 180*
collision, _which occurs at the point 172, The drift orbit continues to
rotate PRPMIWESEBSRAK,ABPMalous energy losses tend to be avoided because little energy 1s

transported.

Another consequence of the potential well is a strong cooling mechanism for
electrons that is similar to evaporative cooling. For example, for water to evaporate, it
must be supplied the latent heat of vaporization. This heat is supplied by the remaining
liquid water and the surrounding medium, which then thermalize rapidly to a lower
temperature faster than the heat transport processes can replace the energy. Similarly, for
electrons, the potential well depth is equivalent to water’s latent heat of vaporization. The
electrons supply the energy required to 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 temperature, as it is much faster
than any heating process. Because of the mass difference between electrons and protons,
the energy transfer time from protons is about 1800 times less than the electron

thermalization time. This cooling mechanism also reduces the radiation loss of electrons.
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direction because the t x ~ drift domnates. Fig. 12B shows anot her 180
collision, but 1in this case the electrostatic field is weak and the
gradient drift dom nates. The drift orbit thus rotates in the

count erdi amagnetic direction. The direction of rotation of the drift orbit
determ nes whether it is confined or not. A particle noving in a drift
orbit will also have a velocity parallel to the FRC axis. The tine it
takes the particle to go fromone end of the FRC to the other, as a result
of its parallel nmotion, is called transit tinme; thus, the drift orbits
reach an end of the FRCin a tinme of the order of the transit tinme. As
shown i ihisaspaeiiagy impdrfanFogadvauked firels, Where radiatiof tussee aretenhdneedhyds of t he FRC

is confining o for.dri rbltsr g in the dianmagnetic direction.
Af t er af"lhl?ﬂ%\vmlgl??@m%r}'fﬂ’ﬁ’gf%ggamﬁ%ﬁ% ?;1 Erl ft orbits rotating in the
count er di am[b%ldc&oﬂaﬂceﬁéld 04 aMebts iodSfanspbhi ThohejesfEsTpartRibamints for a | oss
mechani sm for ions, IS expected to have existed in_all FRC

exper i r’rﬁﬁtpéasmﬁﬂﬁ)’f"%lw afﬁ‘??”t“]%@@“é)lb:’erlrwle cpigiong that isaeqllisiPS nal f of  the
cur 1 ent yAidodiBinghnB el bARSen S khePHbob.ten OAMEL  Bitdon ol iR el L1 ons. the
electr| e I nSid e plasma was negligible, and the gradient drift

al ways Mdeaqab@chbo\l'ﬁetﬁcdmdtmndfmmlonOf-témd@ﬁozblltlls«m@‘lmmdfbwaorb| ts produced by
| arge-angl e col|isions were |ost after, a tran i t -IIEE These experinents

reporteEPmRﬁtiuﬁfWW%qn@i‘F £xBodniff png thegr e‘?‘é%ltﬁell th £ £ Hsifidominalisct ed by
cl assi Cﬁ%dﬂ Fﬂfﬁgﬁfés%ﬁ:\b Hﬁtnﬁ etid di écfuoﬁ hlgrl f aidht &ﬁdﬁ aﬂlﬁzngde?(fﬁer fatatic field,

the E x om nates t gralent rift orbits rotate
in the ombamgnemutbe GﬂlmierdﬁmlguetiﬂdnrsctwasThllammhomeg$ A2Acpdhddetion with Fig.

12A. When ese r e_ends are.refl ected back
"to t ek LY S CendidRer o bfren: By bbb ) HeRliddh e they
remai n Wﬁi&ﬁbﬁtﬂﬂ;atm&pbﬁlel‘mlsﬂlﬁmiﬂ-BHﬂt@hﬁlﬁieﬁtb&bﬁtdlﬁtﬁelcﬁirﬂ@nbﬁb the col li di ng
beam system may be strong enough, so that the E x j drift dom nates the

gr adi enﬂlra:ztnoﬁ becaibh ts, £ « Bedréft dutinated aﬁzg d 2Biskdwh anbthehE808 yeltision, bwoul d avoi d

ion transport th|5| | o ams i Is.simlar to a
| 0ss co ﬁasﬁ%eﬁ:‘?phf’s'% SW ?'}Bzfnﬂ ‘ﬁ@’éfr{e ﬁ? i*@%‘gﬁj‘?{gl&ap be
appr eci ﬁah@ﬂ:td@éé 1ﬁﬂi&%bﬂﬂérdllaﬂa§déﬁc elfrécﬁsﬁ Of smal | -angl e, el ectron-ion
collisions on betatron orbits. g 13A shows a betatron orbit 112; Fig.

&

13B shows t heheslifggtiogopratatipn of ﬂ%ﬁéﬁ Fhal detesmigpewhithes itig pentined @110k | si ons are
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 fime. 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 rofating in the

counterdiamagnetic direction are lost.

This phenomenon accounts for a loss mechanism for 1ons, which is expected to
have existed in all FRC experiments. In fact, in these experiments, the ions carried half of

the current and fhe electrons carried the other half. In these conditions the electric field

inside the plasma was negligible, and the gradient drift always dominated the E x B drift.
Hence, all the drift orbits produced by large-angle collisions were lost after a transit time.
These experiments reported ion diffusion rates that were faster than those predicted by

classical diffusion estimates.
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considered 174; Fig. 13C shows the orbit of Fig. 13B followed for a tine
that is longer by a factor of ten 176; and Fig. 13D shows the orbit of
Fig. 13B followed for a tine longer by a factor of twenty 178. It can be
seen that the topology of betatron orbits does not change due to

smal | -angl e, electron-ion collisions; however, the anplitude of their
radial oscillations grows with tinme. In fact, the orbits shown in Figs.
13A to 13D fatten out with tine, which indicates classical diffusion.
Formati on of the FRC Conventional procedures used to forma FRC primarily
enploy the theta pinch- field reversal procedure. In this conventional

met hod, a bi ﬁﬁhé?@ﬁ'&%&b% écléc%gaﬁcsﬁe‘l’d)me'ﬁgﬁb%ﬂ%ﬁﬁteﬁhegﬁﬁkﬁtcﬁﬂﬂtrroundl ng a
neutral gas back-fil chanber. Oice this has occurre the gas is

i oni zed aaththe 1N othita sotata imibe liempgnstieldirestion. cRanwasshowe almvayha Next, the
current I I I |ter

ori ent ed Iﬁlﬁ%&gtmgﬁflg IQ% w@égstﬁ cé%ﬁrr?ft?%h&v&}{ ¢ %ﬁ%{%f‘&l@?zggﬁ g‘&i% émgtggn lines to
f or m t héadk in el regipobbgdysed ficld iaestyEnd BarentE fogee; ﬂ))ls, tHdy remaif @onfied on pr ocess
is Iargel% irical and there exists alnobst no neans of controlling the
for mat | Fh6FYStHe FRC. The net hod has poor reproducibility and no tuning
capability a?h@elecﬁ@&hﬁctﬁeldsﬁn ﬁfé%l‘hﬁfﬂh beéﬁ‘%sﬁ%ﬁ%% d@éhoﬁl@i keehat of the
present invention allow for anple control and ‘provide a much nore.

t r anspaenk xandtift dqniagtercthe pradiptaici@ts Thus, mefdmtrostdtiaeﬁemtl&(lwﬁtemrred by the
met hods of . the present invention can be d and shape as wel |l as

ot her  PPBldaved don tragspogidy fliminating tisieR [oss %}ﬂsa’el BiIPBf the
magnet i gosk bdtleth fRRYdrQevibyy the outer fiel d COI I S 325 Formati on of the FRC
by met hods of the present inventions also results in the formation of the

el ectric fiefeptharaspsetadinn diffusien dan beanpresiatedrhyconsidsivg tsedfestof detai | above.
I\’gr fg‘e’lggfg?ﬁ Pngl F:l%ét?o’}.-mﬁ“g&ﬁé?&% g%%@% &B‘?J. lP\’{yg PheNGG Bc?z%u%ﬁ%?dfr ate the FRC

araneters an f'uel” curren
advant agﬁmﬁg YR stabdseﬁe dathe ortsif lasswmﬁbmﬂbmfglmmh-i@f collizns s .- Furt her nor e,

the techni an _be e oye ev ce.and is. very robust as
vel | asCg® f‘iﬁﬁﬁé?@?ﬂ Vystﬂ%qir ltﬁf@mmﬁw PEA g LIS JOEFY, oo f o

react or , giei 8f%n 196 aﬁd‘ﬁgpfﬁfﬁmvs %tom%"f Flfﬁ%ff&[o%wf&& thnfd BERFLY O the
circulating plasnma beam 3 can be appreciated that the cirtcul ating

pl asma béator gﬁwenwéd&ulst@an loe aesn ﬂaatdhn topology afibetatren orbifs desk opidhingsagnet i c
field, e t‘é@ﬁi ﬁaﬁg’fe,%ieg%n—foﬁ%lh& J ﬁ(%evetl? 13 a&ph&ldla aF th@fr faGial Inside the

oscillations grows with time. In fact, the orbits shown in Figs. 13A to 13D fatten out with
time, which indicates classical diffusion.

Formation of the FRC

Conventional procedures used to form 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

contro] and provide a much more transparent and reproducible process. In fact, the FRC
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circulating plasma beam 335, the nmagnetic self-field that it induces
opposes the externally applied nmagnetic field due to the outer coil 325.
Qut si de the plasnma beam 335, the magnetic self-field is in the sane
direction as-the applied magnetic field. Wien the plasma ion current is
sufficiently large, the self-field overcones the applied field, and the
magnetic field reverses inside the circulating plasnma beam 335, thereby
formng the FRC topology as shown in Figs. 2 and 4. The requirenents for
field reversal can be estimated with a sinple nodel. Consider an electric
current Ip carried by a ring of major radius ro and mnor radius a << ro.
The magiained b kel mktladds bithe pesdneinvadtion ban bel tgpdraad itathapeastwidl asioigri s Bp =
27<Ipl (cro)., Assyne: that_ the ring cuyrr.ent = Ne 2ic) .is.carried by NP
i ons t h&foPRAigEe eéﬁaﬁﬂaalﬂ%?eééw ulaliggpe %‘Pﬁljpékf"é apiien b ng at
radi us roﬁtefﬁ%(gé%%@as.omnﬁ@%ﬂ& thSFRA By b &R freRaUsMaMonsfale an ext er nal
0

magnetic fie Assune Vo is the average velocity of the beami ons.

Fiel d r esseltsinith foresion afte alsctppfield mpbmtentral welbin the manngrdestrivedt i es that NP
22 1O el Aol MoreRIER, nd bbb nr}&@oq_(s%%nnl?é%axmﬁéx‘?ena@o%&deﬁg@ﬁg 7 x 1016 cm

and the Tonh beam energy 1 t he “one- "di nensi ona el, the
magnet i ¢o feh@bdrdefel parahéters phdisiplaerengyr fecltcuirent8pnd-advantbgeopsipenablesthe ip i s

current per unit. of lepgth. The field reversal requirenent is ip >
eVol i rr &&ssical gp %ﬂ%&f’gﬂ? 10 egiore, thege uﬁﬁ‘iﬁ? © P‘fﬂ!@@*“i”oo eV. For a
model Wb hndepddvitdiafid {svagSoRiReasRellia§ casy @ maiaRen®\ ANl highl Rxiadle coordinate

(Br) = (271l cXlp Is) (s is the ring spacing), ifs =ro, this nodel would
have t hehasaptasistissdpragectoraptins. c fiel d as the one dinensional nmodel with ip

= iys. Conbi ﬂletﬂe B@?eﬂi Iﬁ&hg&sr 3.6 E)%%ﬂ rgﬂteg-ﬁactﬁg' j:igclﬂﬁaﬁngplasma beam 335.

It can be appreciated that the circulating plasma beam 335, because it is a current, creates
a poloidal magnetic field, as would an electrical current in a circular wire. Inside the
circulating plasma beam 335, the magnetic self-field that it induces opposes the externally
applied magnetic field due to the outer coil 325. Outside the plasma beam 335, the

- magnetic self-field is in the same direction as the applied magnetic field. When the
plasma ion current is sufficiently large, the self-field overcomes the applied field, and the
magnetic field reverses inside the circulating plasma beam 335, thereby forming the FRC
topology as shown in Figs. 2 and 4.

The requirements for field reversal can be estimated with a simple model.
Consider an electric current I, carried by a ring of major radius 7, and minor radius @ <<r,
The magnetic field at the center of the ring normal to the ring is B, = 2nl/(cr,). Assume
that the ring current 7, = N,e(Q,/2n}) is carried by N, jons that have an angular velocity €2,
- For a single ion circulating at radius r, = V/Q,, Q, = eB,/mc is the cyclotron frequency

for an external magnetic field B,. Assume V, is the average velocity of the beam ions.

Field reversal is defined as

N, el
B,=—2—C>2B, 3
C
which implies that N, >2 /e, and
1,2, | 4)
pr1s4




A preferred method of formng a FRC within the confinenent system 300
descri bed above is herein terned the conbi ned beanf betatron techni que. This
approach conbines | ow energy beans of plasma ions with betatron

accel eration using the betatron flux coil 320. The first step in this
method is to inject a substantially annular cloud | ayer of background

pl asma in the chanber 310 using the background plasma sources 345. CQuter
coil 325 produces a magnetic field inside the chanber 310, which nagneti zes
t he background plasma. At short intervals, |ow energy ion beans are
injected into the chanber 310 through the injector ports 340 substantially
transvegsge 0= kN8, Lx 4 87 RaAlhYem aRIkhé R beﬁgaﬁ:}%'yqs fupepd e thbbe-t he chanber

310. As expl ai ned above, the ion beans are raﬁpe& wi thin the chanber 310
i n | ar gginRatistat HOdA) e hbglic Hal FofhBeshint dinehds B R@A/On wikea's may be
generated by an ion accelerator, such as an accelerator conprising an ion
di ode acwireat poinnxit o eregtlat The fieldseversal Bquikdnianeis £, eV fmga; 5@328 kdfem o t he

Physics of Intense Charged Partjcle Be .. (1982)),. As qgne of skill in the
art canVBppPeTPat& aqdki’"fgxt“eﬁ}%élk)l' 34 or %B’Baaséﬂthr?&ﬂﬁﬁ? T”&gsf"}“@%d‘svm |1 exert a
Lorentz force on the injected, |on beamp asysoon as it .enters the chanber
310; ho%@%?@F‘?oYeEthe@x’éb“é’loFdé‘&tec@ag =t(£'é&&efrﬁ)2§)‘§ éﬂgéB‘l‘c,mgg’dgs Thus not enter
a betatron orbit, until the ion beamr es. the circulatin lasma beam
335. Tothésdp‘?f%?‘fvﬂ‘flg Ha‘ﬁ A IVERRS W%ﬂ%ﬁ%ﬁ@aﬁ?@l}%’fﬂ@é}@é’& ‘%] &ﬁﬁel ectrons
and di r,eecqg_p_l t hrough a substantially constant unidirectional magnetic
field béfofe entering the chanber, 310. As illustrated in Fig. 14, when the
i on beam 350CqmbingdBeamBetation Egumation Tachniquer i at e nagnetic field, the
positively c I i : r I geparate. The ion
beam 350 thugﬁ%%?%gg%&?ggpgﬁﬂéggc ﬂ?ﬁlg%fb?_cpo aefr?ﬁ‘?@% %t%ﬁ%glue to the magnetic
field. ddscribedabpvetis lerdin @hdedthy cdmbingdrieatnbetdtrdn/tectmiqye, This ppproahent nagnet or

by an el ect.romagnet al on he path aqf .t i on . beam .\When, subsequently
i ntrodu n‘i‘eﬁll‘%)’gfl}?égy 118 ?@WH{?“ 1%%*{5‘&“{]"%011&“1?%@09% Eh?t*%r"éll ectric field
bal ancegyt & 33pgnetic force on the beamparticles, allowng the ion beamto

drift undeflected. Fig. 15 shows a head-on view of the ion beam 350 as it
cont acts t helhediry sien irgbis methopddwisiiged @ substaatiallyrmaulns dendlaer of asma 335 travel
al ong i i i I fRea , I t her eby

i ai s TRREpUE sty o el Bl gt iAo s Ry 00T

el ect ri edlf 32§ ppoanessianegnetictieldiagide the chresabeh® Ocwhich nagnetigesgth@asna beam 335 in

a betatrop orbit arouynd the prjnciple axis 315, as Q in Fig. 1 (see
al so Fi léac{g 1_1an ptlasma. %t g]onr}ntexe/a s,riow%nergy f(on%eams are 1n3ec§e nto the 9 (

chamber 310 through the injector ports 340 substantially transverse to the externally

1S

=)

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 accelerator, such as an accelerator comprising an ion
diode and a Marx generator. (see R.B. Miller, An Introduction to the Physics of Intense
C‘harged Particle Beams, (1982)). As one of skill in the art can appreciate, the externally
applied magnetic field will exert a Lorentz force on the injected ion 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 ion beam reaches the circulating plasma beam 335. To solve this
problem, the ion beams are neutralized with electrons and directed through a substantially
constant unidirectional magnetic field before entering the chamber 310. As illustrated in
Fig. 14, when the ion beam 350 is directed through an appropriate magnetic field, the

positively charged ions and negatively charged electrons separate. The ion beam 350 thus
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When the plasma beam 335 travels in its betatron orbit, the noving ions
conprise a current, which in turn gives rise to a poloidal magnetic
self-field. To produce the FRC topology within the chanber 3 10, it is
necessary to increase the velocity of the plasma beam 335, thus increasing
t he magni tude of the magnetic self-field that the plasm beam 335 causes.
When the magnetic self-field is |arge enough, the direction of the magnetic
field at radial distances fromthe axis 315 within the plasna beam 335
reverses, giving rise to a FRC. (See Figs. 2 and 4). It can be appreciated
that, to maintain the radial distance of the circulating plasma beam 335

i n the bejuaty oreletrivistlf-polarizaion duete slmyaghetid fredd. cHsembgretic fgldimagde nagnet i ¢

field fromt outer coil 325 as the plasma beam 335 ipcreases in

Vel oci t PrOSKCed Gty 4 RSFBHSR P e LY o BT HEERS AHR RIS 0 appr opr i at e
appl i edbediROWaEd fubddgBdntly iftodt@li @do B chifhefidfit chthbdri3n ouBdyebid@ntout er coi |
325. Alternatively, a second, outer coil may be used to provide the

addi t i oRketria gl belanoes s etageetivifergon abeamparédes rllavipgthe igl beeBIN t he radi us
of the BLiaSHRARAAI e A5RhdwAPhdal.oh 9ie R fletbimd 3500 iGhRASAo L e Vel oci Ly

of the cir at1 ng pfasma beam Ini1ts or betatron flux coil
320 i-s plesua 335d AsKepicted,ielgtroms fRingthe pBsma 33 Sctravelzdorgppagscticaficddilines at

i ncreasing a current throu he, bet at ron flux, coil 320 . by ere's Law,
 nucos mor o R BpouiFh ol bk S poltRnioRy VTR T
posi ti Velelesih Ar@e6hgePEltidally Bélaridel AR Beabiioiis Si3oiraulgtinggtetabedned by this

I nduced electric field, leading.to field reversal, K as described above. Wen
i on bead®® Bedenrenerbit groupdtie praciple axin dl ) pusherm gelig Bese alspFizdscri bed

above, t het E@ﬁ%l{@% B Beam BERALEK iR %et%ﬁ@h o tpfﬁggigf, fons Ethprist €l d

reversal , ating plasma beam 335 1s prete y accelerated to a
r ot at i oaetrreatevhiph infunagivesrist 002 poloida mehgpetisfself-dibldy TorpreducaihgEREf about 75 eV

to 125 eV., To .r.each.fusi el t diti the ci | at i |
beam 33 0PPIOEY itk Mg ghamber 10,15 peesany JO thgtsine g teloady oL BB o1 abl y to a
range ObeaaDsas! thidcle@ing the MagifvBdof thilbadrefid@iii fld Wasths plasestdi | Y

denonstrated utilizing the conbi ned beanibetatron formation technique. The

conbi ned3wHseshHBhar the magnstivaelf-Gpldivlargs eranghitbe dirgsion of themagneferi nental ly in
a chanb L 4l Y S I [ : al |y applied
magnet | SO PR RERAER 81 P e e e B TR 1

‘coi | 326 afRGP(StoFigs.RG@nd dpdt canbeeppracigéd hal tomdiftaintthe radial distarive obx per i ment ,
;Qﬁt ng rgﬁ&ﬁ&iﬁ}gﬁ&%ﬁgﬁ%@ﬁh #556}11 ﬁ%’%%%a&éfn gr{)it,]i 18 ngcrgssalaynt(cj) iz%c@gasé e beam was a -

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, E, 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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having a density of 1.2 x 10" cm, a velocity of 2 x 10' cm's, and a pul se
| ength of around 20 ps (at half height). Field reversal was observed.
Bet at ron Formati on Techni que Another preferred nmethod of fortning a FRC

wi thin the confinenment system 300 is herein terned the betatron formation
t echni que. This technique is based on driving the betatron induced current
directly to accelerate a circulating plasnma beam 335 using the betatron
flux coil 320. A preferred enbodi mrent of this technique uses the
confinement system 300 depicted in Fig. 1, except that the injection of

| ow energy ion beans is not necessary. As indicated, the main conmponent in
t he bet at r onFdrdichiatvapsal, ttiodimilgtirg plasmalpeam B33 Gtpreferablly aocelemitdd t820 nount ed i n

t he cent d al ong .t he x' of the chanber 3 s..separat e
paral | ef® %OH&%‘}%YBQ?@PW@ ofd Rreferablyiin a g5ge %Pﬁl&%\}gﬁ% ?% wi? nduct ance
and, whefclefuidh edeviat &Hdlﬁ&%%ﬁ@%ﬁ:uwﬁ“@ plaSRa!béagh 333§ prafek MYy dekelératg® const ant,
mhlch enabl es ra$|d ranp of the current in the flux coil 320.

Pr ef er alst 3pouti 290 ke |a@¢1pr@ferthetommgeeﬁab@%w§lﬁyt@ﬁérl‘é?\él ng the external field
coils 325 BROfontBlich PEMNEASTD MR Ml Wififind e Ltnfifede! | as radial

magnetic fiel'd conponents near e ends to a 'y con ne t he plasma

i nj ect etedmibasattondoratrtiniechiiqie. THevombinkd berngbrtatromefonnetivie tefingque wWas
establish he bac ound 45 are energized fromtheir
own powg;r?qg{}ﬁ%ﬁpggme slﬁﬁcgﬁﬁ im Ph’é‘%% ?ﬁrtaﬂ%?a lgx}gﬁb%}&g % ong the axi al
gui de fbﬁéxﬁallﬁ%bﬁhﬁﬂﬁ@@éﬁc sdld ghi lﬂw 50016, 4 Ragreic HAdPRIAtheb@RatrofFlikhe pl asma
reaches the | ane of the 2 chanber 3 10, a continuous, axially

ext endi Ayl 328rafup Eﬂr5 kGyead aghcugm of 1.294 tﬁMtyﬂnB\ﬁhﬁg‘ﬁPeﬂma@n*ﬁeb@ké@ti@ﬁ)l i shed. At

t hi t 1he bet Y di

cur  ent P P S 230" ol afithe ot SnERinRatAd il QALY 01 2T

| Nt er i Ohaviddya dn&ity T 10 x LGIU&ET, ia VElociBf fQGd B bdfssaddaiulkelldhgihedauhd axi al fI ux
causes them&eneratlon of an azimuthal electric field E (see Fig. 17),

whi ch pé0 hsf@bhadiheight. Sipktrweversadwatiohsprded.| ux coil. By Maxwel |'s equati ons,
this electri I ly. proportlonal to the change in strength of
the magneti Betie Fbrrrlof 18, R)'0| |, Le.: a faster betatron coil current
ranp-up W | | Anctized ptecﬁer&dsﬁat@dgéfonaingatﬁﬁh(twﬂhnﬁie(tonfﬁ![menruystemméﬁsy created

el ect . ﬁcrc];iln %el:ncrilet!l; thc%ulp tlrgns fO}:'Igatlto?l?GCﬁDlglEeg e[%léatggl{[n{q%L ‘lassbalserzl c;[nr}l%ving 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. 1, except that the injection of low energy ion beams is not
necessary. _

As indicated, the main component in the betatron formation technique is the
betatron flux coil 320 mounted in the center and along the axis of the chamber 310. Due
to its separate parallel windings construction, the coil 320 exhibits very low inductance
and, when coupled to 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
magnetic field 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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pl asma and causes a ponderonotive force, which accelentes the particles in
the annular plasna |ayer. Electrons, by virtue of their smaller nass, are
the first species to experience acceleration. The initial current forned
by this process is, thus, primarily due to electrons. However, sufficient
acceleration tinme (around hundreds of mcro-seconds) will eventually also
lead to ion current. Referring to Fig. 17, this electric field E
accelerates the electrons and ions in opposite directions. Once both
species reach their termnal velocities, current is carried about equally
by ions and el ectrons. As noted above, the current carried by the rotating
pl asma ghander 31G e cominaows edxially ertgmdthg, andulalayer dileeldc slewlyimovind t he actual FRC
t opol ogy, sets i vvge the self magnetic field created by the current in

t he pl a\élr?éf“?!ffé‘igblﬁ ifgrres conparable to the applied magnetic field fromthe

external fi ehfihaGiolns thdBetatrehix odil 320isenB@iz8d. TRABAElGisi@eMmeRai i on  occurs
and the open field lines of the initial extemally produced nagnetic field

begi n_t & ceil d@carg aifest phengiag o fupd ths el s dasiop B virug of induckiNg 4) . The
pase FRemeh Rlrlid fithet id B4t IR bOG EXBllalisy SRACHmABIREltieabye! d and

- particl e energié€s at are typically ndt at reactor relevant operating

" par anet &r(see Fifpu&) etich perineatesiiie epace aromtdethe flicccalc Byl Maxawdlitreqiateing, Wi | |
persist,.as lLon .the current ipn the betatron .flux coil.320 continues to
i ncr eas g”saeﬁecg“’r 'g%ﬁ % eét.?y Pfﬂ%or{l‘f'ﬁﬂg@tt SFHapgein s '?nggleqﬁhei WAgNRiG t%thhe ener gy
and t ot glsideR@netl] ik.: faifstd behttan@ilku@ént thep-IReillclent tb AU@engdeelgiudn. The ext ent
of this_ process is, thus, primarily limted by the flux coil power supply,
as cont iﬁﬁl_ded_ delivery of 25 current requires a massive energy storage bank.
However, 1t fifinbfifly BEkOMIecrichd RE O QT Bl drdBeiRARISTRIE L he system Lo
reactor relevant conditions. For field reversal, the circulating plasm
beam 33plasma prdeheseabpondawmetier fatcedwhich accelerateathiepaudicles nethggnnofar about 100 eV,

d ferably i . of t 75 eV to 125 eV, T h fusi
el ey anPlauaR AT DGO e Rt silpt sk B AR st Puto SRR
accel er adcelratib® PRGAHaIZB et EofmAd By BiSirBEad s i pimidh dfe Rfelakost 100 keV to

3.3 MeV. Wien ion beams are added to the circulati ng 5) asma beam 335, as

|
descr i bétpwenery efficiens agoelseation baa Arowd Suedsprds|of prigesecopds) withewawaly FRC

f or mat i i1z hela f hon: t ' SHG full
' dgimmra\slt?lg ié %Itl@ﬂ%ebtgleﬁ{ow n%foggg'al(r?%@gsﬁél%e\?eﬁg&:@h‘%ﬁ%ﬁ%@nﬁ%hangrglr?ssdiurre%si ons:

~about  lamdidnsimepmsite direstions. Oxedbih. species reach their terminal velocities, current is

carried about equally by 10ns and electrons,

As noted above, the current carried by the rotating plasma gives rise to a self

magnetic field. 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
occurs and the open field lines of the initial externally produced magnetic field begin to
close and form the FRC flux surfaces (see Figs. 2 and 4).

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
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Betatron coil radius of 10 cm Plasma orbit radius of 20 cm Mean
external magnetic field produced in the vacuum chanber was up to 100

Gauss, with a ranp-up period of 150 gs and a mrror ratio of 2 to 1.
(Source: Quter <coils and betatron coils). The background pl asnma
(substantially Hydrogen gas) was characterized by a nean density of about
10f3 cm 3, kinetic tenperature of less than 10 eV. The lifetine of the
configuration was Iimted by the total energy stored in the experinent and
generally was around 30 s. The experinents proceeded by first injecting a
background plasma | ayer by two sets of coaxial cable guns nounted in a

ci r cul arcufrers kkigoinesi ansassiee eivegycitagedrank. Bhavever @ilid, écprireipabf 8 guns was nount ed

on one of .t t mrror il assenblies, The ns were azinmuthally spaced
in an eﬁ&?‘éﬂg’t"‘ﬁ%ﬁ 9 %"gﬂf’réﬁ%gﬁﬁ's%ﬁﬁ% CtPrerF_gf &Y Pe ot her set. This
arrangement Béd fREEvdreul, thd\@rcalatis flsnidebefirh 388lisPirdTerablgac@bedidd t8ad t her eby
created an_  annul ar plasma | ayer. Upon establishnment of this |ayer, the

bet at r osotptiqn! eagrgy ofighou Hy gy, aucprefrgably i a rangs plabeut 73 aVhie 182e¥%t 1Bn coi |

wi ndi ng?faglgrl%ﬁg rﬁ&a?{hgfl@ﬁﬁﬁf .Fh@ c{r&ﬂﬁﬁng ﬁ%isxﬂ;?bé 39305 refemlf%ﬂ:c&@r_\iﬁd rise to an

azi mut ha ctric curling aro ne betatron coi’l. Quick ranp-up
and hi ghatour208keViand pleterdbiy mtarargefof ahout Hl0keprtod3ddeV.a Vhanaory el ectric

field, i ch acgel er.at ed e 26 annul pl asma, | ayer and,t by induced a
i sl St efies & iftelaiSs SR in 35 D AR Rl WEPUBEREN (mgnot: o
sel f-fi gbsldépontizaltheiofBednite externally supplied field and caused the
creation of the field reversed configuration. Detailed nmeasurenents with

B-dot | oops FR@&mmtionailizing thsdeiatron formatigndechnigne was susesssilln t he FRC. An
exanmpl e 40f AWk & indRiGwin pﬁﬁ&&%rféﬁfel&he traces of B-dot probe signals in
Fig. 18. %"ﬁe ata curve represents the absolute strength of the axial
conponent «f Vidremrehgmisdr idimenkiosd: dbaut 1 idhdiarasteral .5ma Bagthane (75 cm from eit her
end plate) of the .experi m%nt al chanber and at a radial position of 15 cm
The data curBeipncegradisnidOfle absolute strength of the axial conponent
of the maghei ' hanber axial m d-plane and at a radial
position %P bggmégﬁkt%lﬁcgﬁsc@?gg&ﬁ\ data set, therefore, indicates nagnetic
field strengMean ¢xsdrahd mafndtio €ieldpedduced ia theavatayrechafmbedt wasap tb#dat ron coil and

| asma) whil e the rve B data set depicts the
pl asma) ! Eauss, wi ua r\a(mp—up pe:iriod osf 1t50 us fnld an%irror ratio of 2 to 1. (Source: Outer

‘coils and betatron coils).

o The background plasma (substantially Hydrogen gas) was characterized by a mean
density of about 10* em?, 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 ps.

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 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
current in the betatron coil windings caused 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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magnetic field strength outside of the fuel plasnma layer. The data clearly
indicates that the inner magnetic field reverses orientation (is negative)
between about 23 and 47 Rs, while the outer field stays positive, i.e.,

does not reverse orientation. The tinme of reversal is |imted by the
ranp-up of current in the betatron coil. Once peak current is reached in
the betatron coil, the induced current in the fuel plasnma | ayer starts to

decrease and the FRC rapidly decays. Up to nowthe lifetine of the FRCis
limted by the energy that can be stored in the experinent. As with the

I njection and trappi ng experinents, the systemcan be upgraded to provide
| o ngelr | Eﬁﬁrl]dr ipfasihb Npercand (REDHES |11ﬁ]:i166di mshme GeRat. CSufﬁ(ﬂérﬁIy&ﬁbng mamnet er sd
Overa this tec not_anly produces a cqpnpact . F t it is idso

r obust awaeﬂtg%o#%egﬁma&%ﬁef -figld ﬁwgﬁ%ﬁ%‘ﬁbe emﬁlgf) 3%@@93 °3¥ed base FRC
cr eat ed gR¥erdalbPof RS ﬁé!&' rdveided &‘ﬁﬁ?ﬁ@ti&ny TRES6 ﬁ@ﬁhﬁﬁxeﬁ@ vAlB-8atdped | evel of

rotational energy and nagnetic strength his i1s crucial for fusion
appl i caideofedtheiextingstrengdl andalufatipeakthe FRE. hi gh energy fueI beans. Fusion

Slgnlflcantl h hn [ for . of, a

cont ai nnent sys’% ‘Rﬁ%ﬁtdypd atégﬁ gsﬁ&%ﬁ%{ﬂe esﬂ‘]ﬂ-%f)f"]ia(rg %lr? Srﬂggﬁr Ig’i n pl asmas
havi ng p]maﬂeﬂatcmes Asgpresehishe dbsolute mgm:fmbceaémﬁpmemrmfﬂhma@mw Mor e

parti cul t he FRC for t hese pet hods can be el er at ed to any
s r e i aLibe BH L BRRASKDA ce RUP Gy S HGH ek b SPPRPER S ChERE A 57 Thi s i s
cruci al af Hedihkieibn 8PP dnf 2t et AR BrefSfhdhe %@&ﬁﬂe@&&%ﬂ{oﬁﬁe fKigh- ener gy
fuel beans. I'n the confinenment system 300, therefore, 1t becones possible

t o trapcumppnewof mq@agmtgtﬁc&ﬁéﬂwhmmmalbe@@mmnd stwfrﬂtih@lmﬁtlmpefu ods of
time to S S u n, the FRC
f or med %@aﬁhggégc'ﬁn%‘kg%% Sg%%?@ d%g{egma ?g‘%ﬂgt%% mﬂgp&&%ﬁl dte |evels of

rotati ophtmzelapafrgbetaéaﬂ bemgoetdilcnt pﬁlsxﬁa)s;trlﬁlemidnr\b)ﬁ dmﬁaatwpwis thecel erati on.
hysi cal. conditions

Fusi on, hovvev S tO re part icu ar set
for anymaeye‘e SF‘?P 05%@ l{l?lm?aa’aa 18Py hhe data %leaﬁ Yé caéqsrtﬁwé fént bum up of
the fughe %ﬁl@r&@er%%h%ﬁt&%n?ﬁ% v%e%ﬁ‘ abdu 83 bied7 epnileo be kept in

this state substanti al unchanged Tor prol onged periods of tine. This is
i npor t athe putgsfi¢gld gthywoa@w,c e4 éqvpemawnr@ orlantdmr Tén@rrgy)f tdvensalds eri ze a fusion

rel eVanﬁmﬁéﬁfthe %-,ﬁ‘,a\]p Bt bl ¥ bR Bﬁéeeﬂcegk SurrenPH YRR in the

betatron coil, the induced current in the fuel plasma layer starts to decrease and the FRC

rapidly decays. Up to now the lifetime of the FRC is limited by the energy that can be

- stored in the experiment. As with the injection and trapping experiments, the system can
be upgraded to provide longer FRC lifetime and acceleration to reactor relevant
parameters.

Overall, this technique not 6n1y produces a compact FRC, but it is also robust and
straightforward to implement. Most importantly, the base FRC created by this method can
be easily accelerated to any desired level of rotational energy and magnetic field strength.
This is crucial for fusion applications and classical confinement of high-energy fuel
beams.

Fusion

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 causing 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.
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‘si zeabl e i nput of energy, which can only be recovered if nost of the fuel
undergoes fusion. As a consequence, the confinenent tine of the fuel has
to be longer than its bumtine. This |leads to a positive energy bal ance
and consequently net energy output. A significant advantage of the present

I nvention is that the confinenent systemand plasnma described herein are
capabl e of long confinenent tines, i.e., confinenent tinmes that exceed
fuel bumtinmes. A typical state for fusion is, thus, characterized by the
foll owi ng physical conditions (which tend to vary based on fuel and
operating node): Average ion tenperature: in a range of about 30 to 230 keV
and pr efTasabérycialforafusion appdicationaidutasfitel kaMfineme 30 high¥nsigefuehe el ectron

tenmperature: .in a range of ab 30 10 .100 keV an referably.in a range
of aboubtae i heGenfigeeluePBAl dres . bhenes poaP B BB e on
beams ahfhnbrgy bRbhiBearlsdsMaficRaesBtiodd o titad 18 888 @ FusAQbetidD0 keV to 3.3 MV
and preferably in a range of about 300 keV to 3.3 MeV. Total nagnetic

field: F}W“‘é"iﬂlange of about 47.5 to 120 kG and preferably in a range of

about 95 to ’i’chcﬁlﬁ‘gx&)g%tE s Flethgﬁié &‘&ﬁiehléy g&?éal.g@tﬂogsig?%rgfc%glya range of about

2.5 to 15 kG an erably in a range out kG . dd assical
Conf i .neaweleratédrie apyomatedevelsufmotafonalf anedgy bodkmegnetic feld spergftdryably in a  range

of abouf 10 to 100. seconds. 28 Fuel, ion.densitv: i range of about 10"
Lo | oos PRASER Seertign BNRPIPRrEFa s torei f Riediaree o d0:4 o ol | O 1.
‘Total FusidtonBPestahy reiétdhed ARd paded Itaddan@etodbhiswitiiciént BuinQupBPthek W cm ( power
per cmof chanber |length) To accompdate the fusion state illustrated

above, fusbandmblaina prsitive camey balaee dicdpelthasitoths kepyin thés state substpatialliit r ot at i onal
oref o abl s i pRLgS P Bl s bl s it Mot " ©
magnet i end/drenergy thagavtsirize pfusioarelipayt state. SCroativgent difis stiveuherefbret wqditd® kG, and
ener gy PE e oF ey R eonly Witss Vet § oo A BRIS A o il asa
- beam | aygya suissgeénde, thecoRfifdmioat a5t thOfs! [k € baBagEe tHafi Ak by €igRf | ned and the
pl asma beam el ectrons are el ectrostatically confi ned.
: This leads to a positive energy balance and consequently net 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.¢., confinement times
that exceed fuel burn times. A typical state for fusion is, thus, characterized by the
following physical conditions (which tend to vary based on fuel 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
arange 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 externally applied field in a range of about 2.5 to 15 kG
and preferably in a range of about 5 to 15 kG).
Classical Confinement time: greater than the fuel burn time and preferably in a

range of about 10 to 100 seconds.
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Preferably, the electron tenperature is kept as |ow as practically
possible to reduce the anount of brensstrahlung radi ation, which can,
otherwise, lead to radiative energy |osses. The electrostatic energy well
of the present invention provides an effective nmeans of acconplishing
this. The ion tenperature is preferably kept at a | evel that provides for
efficient bumup since the fusion cross-section is a function of ion
tenperature. Hi gh direct energy of the fuel ion beans is essential to
provi de classical transport as discussed in this application. It also
mnimzes the effects of instabilities on the fuel plasma. The magnetic
field is conBieionmiensidyt in 4 lasgdadabout @0'Atd less tleand 0l ym™hhd prefephhtinal | y creat ed

by the plas be sel,f- field) and in turn provides the support and force
to keepeﬁnﬁ%g%bagﬂ@4&%g¢:1%'the desired orbit. Fusion Products The fusion

product s ar erQaPukion PHRePPraRiabsone riige dORToResT o M5O RW crh (Rowetipdr surface 86
from where they errergf by diffusion towards the separatrix 84 (see Figs. 2

and 4). cmpfickambsr lgogihk o col 1 isions with el ectrons (as collisions with ions

do not changg, %ggmﬁﬁh‘étgﬁm?q&éqnﬁ&ﬁfiélﬁ&%e‘ﬂ%&&f&E%R%sﬁ&?;%r se themto change

field lines). cause o net1c’ energy roduct ions have much
hi gher eselegiyedttt atevtld cohesdnt rotatiohal ehdrgy praferably ip modhge bf atwanl 00rkeddi | y cross

t he separ | X, 84, Once .t . are beyond ratri-x 84, they can | eave
al ong t%?%%ﬁ F?@P?f%fﬁﬁ%&%@_ap‘%&ﬁ%&go“{ h@%eﬁ/ﬁtﬁ?%& ﬁ&%vet%%t tering from
i on- i oNpRPnefielikiaStraipth prifciabBUA B ringk 8f sRld 4536 9PALG R aRESpRablyiat [ ead to
diffusion, it can cqqz)ag%e the direction of the ion velocjty vector such

I

that it apasnebabout o9 k@ Ahkesedeyisls: hish eneggydon tgas ean bpsieced intey | i nes 80
connect I f j : ' MARpl ied field

provi de&%%&iﬁggaﬁﬁgtg%n?%% gé’gﬁﬁ%ﬁ&%{ |oﬁgﬁgl£1r§§ge oﬁé‘g?ffer ent field

| i.nes, wiagweticallylvenfifedlahdtie plattha beati eleatiohsidre electrbtatcedly gofined Advant ageousl y,
t he product n‘%foés B{n&ﬁgpar e- neutraljzing el ectronﬁ ema{l?&e in the form of
-otating anrtiPEFOReBTS FrOPBRTHUEAREDPLTS 1PN &S PREISRILPESINE o ES¥C%exanpl e for
a 50 MNdasiotit o?bresitrablung Rafatib® Whidhas L iReES 164tk radAVee shergyadi us of about
50 centineters and a thickness of about 10 centineters. In the strong

magnet i &sses.eTaiseléctasiaticomersy shell of the pegsent dnventiongrovidey g efectiye meaind 100 kG),

the pro I . e an associated distribution of gyro-radii that varies
froma g#%h%@‘gﬁﬁgé{of about 1 cmto a nmaxi rumof around 3 cmfor the

most ener getThe ipi Reiperaturedin preferably kept at a level that provides for efficient burn-up
since the fusion cross-section is a function of ion temperature. High direct energy of the
fuel 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-
field) and in turn provides the support and force to keep the plasma beam on the desired
orbit.
Fusion Products ’

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 than 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 field lines 80 provided that they experience scattering from ion-ion
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Initially the product ions have longitudinal as well as rotational energy
characterized by % Mvpa,)z and % Mv,,)Z. vp is the azimuthal velocity
associated with rotation around a field line as the orbital center. Since
the field lines spread out after Ileaving the vicinity of the FRC topol ogy,
.the rotational energy tends to decrease while the total energy remains
constant. This is a consequence of the adiabatic invariance of the

magneti ¢ nonent of the product ions. It is well known in the art that
charged particles orbiting in a magnetic field have a magnetic nonent
associated with their notion. In the case of particles noving along a slow
changi negoltisigmse talihodgheahid collikienad prabase dees nst Isadatn diffidicajiatanchangedhe ant of t he

notion describ by %2 Mvp,,P)Z/B..The proguct ions orhitj around their
r espect AifeetipR gf1 fgél i m%éw@foa%é&w&# P@nﬁ@ﬁeﬂ? i g Al s gt |

i nvari aghen RRSRHel 85 6hn¥dt i HRTiopolBB) ¢1UHb coR WHIEHS udlBsrhepphead fiyd a fact or of
about 10 (indicated by the spreading of the field lines), it follows that

v , p Wi brovidedewtbidethg EREderaiogyy Prasuettions emergpionliffereny figlddings, whickhe product
lons ar i he L: ' ' ' ' / woul d be

| ess thgﬁﬁyg@? Fc')vf‘}“t ae‘?i%]th[ng[[og}offgﬁéég %S;?Q%V%R%éeﬁg}i’m%%@dgfﬁgésatnﬁgﬁ@%he energy is
~in the ntumalizibgieeouahs anrpoindin forftnEogyinganmmuiar béanrs fonebalh erelsof tmer gy

conversi_opn syst of the. pr i nvent i conprises,an inverse cyclotron
convert QPP?IF‘% %?éa‘agwg’mp? géﬁ%g?ﬂ : a'&%l ?Wg\ggbtﬁﬁegam?somlﬁ(’ﬁea?t ially

i 11 ust r gidedbr RRMES0 GRfiBetdd Gndi thitkR&E bf Moidl 0ReAimétS] Bithé @aagor (CBFR) 410
to forma 30 plasma-electric power agenerat I on system 400. A second | CC (not

‘shown) magnetie fields foynd eufsidg thaseparaiy §4(typisathheonnd 100&0): thepiegichions 0. A
] oS t .0 3 420 and i
?ggprgdl \i}\ﬂgﬁéﬁfg ﬁé‘g%ﬁqzﬁs%?%ﬁg%@g@mnég%eﬁg [ eugq;g}r%pgggog@ef or ean >

descri btimgo 4 imexinGf efathuadd cintfor thpmostiteherpeticpratiuttaiphs, a revi ew of a typi cal
cyclotron accel erator is .prqovided., L.n conventional cyclotron accel erators,
energetic i Mlaﬁﬁﬁrﬁé?td&s&a‘égl%%?’ﬂ@ﬁlcﬁ%‘ﬁﬁéf ro? Oﬁalr?éﬁrﬁ%t ic fieldrotate in
ci rcl eschaffaRrivédtyty, MGL Pon®f: MIRE, )2 enerig telagimivBs vélsciebRElicaqathby the
magnetic field st rengtfh and thefT cHarge-to-mass ratio, and increases with
" ener gy. ratgigeamund ¢ field line ag theerbitalceniern Since thetlield lingp spread qupefisbendent  of

t heir eper. ks, fact | ' | : | ot ron

accel or hpgpd te el of il rRE PG, HRbGElerbily il RRLAL MMIENE 2 1 el or
700 i nctodl emergywemains 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 magnetic 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 % M(v,)"/B. The product jons orbiting
around their respective field lines have a magnetic moment and such an adiabatic invariant
associated with their motion, Since B decreases by a factor of about 10 (indicated by the
spreading of the field lines), it follows that v, will likewise decrease by about 3.2. Thus,
by the time the product ions arrive at the uniform field region their rotational energy would
be less than 5% of their total energy; in other words almost all the energy is in the
longitudinal 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 coupled to a (partially
illustrated) power core 436 of a colliding beam fusion reactor (CBFR) 410 to form a
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mrror image C-shaped electrodes 710 form ng mrror inmage D shaped cavities
pl aced in a honobgenous magnetic field 720 having field |ines perpendicul ar
to the el ectrodes' plane of symetry, i.e., the plane of the page. An
oscillating electric potential is applied between the C shaped el ectrodes
(see Figure 21B). lons | are emtted froma source placed in the center of
the cyclotron 700. The nagnetic field 720 is adjusted so that the rotation
frequency of the ions matches that of the electric potential and associ ated
electric field. If an ion | crosses the gap 730 between the C- shaped

el ectrodes 710 in the sane direction as that of the electric field, it is
accel er @Iaelg\;-elsymap@\eér%eﬁératm syslmln a@em Asecﬁcﬂ(ﬂ(ﬂ?g&mﬁﬂﬁnwﬂﬁ t radius

i ncrease en the i as . trave alf-circle are i.encing no

i ncr eas dispesed W@V?ﬁglt? ﬂ’&r‘%% fﬁ%? 6g’p Ay HAEnSHC AU 48@&@%{%&{’%@& ric field
bet wveen y R $11ARE the Ietﬁ@braﬂ&lﬁ%r&é@vdnaﬁmemsm afld ¥E@C 13 PMagndlie ion | is

again accelerated, and its energy is further increased. This process is
repeate@éﬁvamywtlne the ion crosses the gap 730 provided its rotation

f requency C tl8r eﬁcg%{)r\gherlﬁ% Q%d Rgopeﬂﬁpgﬁlcdekaﬂa; bV %h“%f%?%ﬂlagof' eld (see

Fig. 210. a part e crosses when t he
electri eydl¢t&in¢c¢e$eratar ik brbwde@pmssm\enﬁbnab@tlo&nn actcewaJtdrs eaergaicedmr at ed and

returned.to the sourc alt t he cent rti ﬁ’ .h | tlal
vel oci t "8 VBleriHesReRepfigy a‘t%*‘ﬂ?@"‘?‘r’ﬁ%@ﬁf’@“"f‘?@?‘g‘e i Teqius oftheoss the  gaps
730 in bhg, dﬁ&@&ﬁﬁs RbaRe®by iHh i |ﬁ’eﬁ"s’tr@n%ﬂ?hﬁ%élfﬁ aﬁe%-%a‘éé Ilaho be

accel er at ed Thus, proper” phase matching 1s essen for acceleration. 31
In pri nemqotnereasas wyh; eustgyo Howensr, dhdyetation ftequienay,af thedensids méencedashel gy from a

penci | @ﬁlarrgg gy, ’['h{ efgct;hgsa!leeﬁe Esg)licgt%& nthé ?&? qr?ggc? tleornaatc!: %?at&fs ions with a

cyclotr ener g rac een observed for protons, as
descri bed byr&twgb tca]hg i, ﬁ.b¢1ﬁ’6ntlonalRJyMstroaneleraﬁﬁ70(Bﬁaude%9\56)) The ions

coul d be i nj.ect (géf'l theCV|t such, that t %are broul% into a
decel er BFGmasesahape slestipde ngSTRivior Hpagh &-haped cavities Plaged ftha i ons woul d
then r eH@rﬁ&g,%n&t&‘?n fhét?df?e@&ﬁomaa'mgﬁelﬁﬁ‘iﬁeﬁﬁﬁﬁh%ﬁﬁﬂ tB%hd dltroR@Wlankedf Fi 9. 21A

As the iIons sl ow due to interaction with the electric field, their
ki net i cswmetgyie.sthe pb,nts@ﬁihmelfmgscdb@ng Plertiinpotensiabistapplicd dpldicey in t he

-electri @1 %ngfaggpt%ftrpqeslggeeF eve lIQxﬁ gﬁén’?ltt @ﬁ_&m a?oﬁrgg;%lﬁc%arﬁ/ﬁgs' on to

el ectri 0 occur w

effihci lelﬂﬁll"erofﬂlg}ayc&@fdrl]lmo Tﬁeenalgﬂélﬁﬂe}]dmmmmésﬁmwmwotmer the cygl ](c)tron
W t a 0SSl € . phases Unl ess t he var 1. Ng _pnases re.c sate or in
o Sl felfd?

the des ﬁ@‘ﬂle&?y qfte ipnsamedehics that of he elechic pofratighand gesogigld accel er at ed
and t he p§0¢troBdk thedas P3PSl & theAS sifpbEattilodest?16 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 tréveled a half-circle 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 osciliating 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 returned 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 field will be accelerated. Thus,

proper phase matching is essential for acceleration.
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maxi mum conversion efficiency woul d effectively be 50% Moreover the
annul ar fusion product ion beans di scussed above are of an unsuitable
geonetry fbT the conventional cyclotron. As discussed in greater detai

bel ow, the I CC of the present invention accommodates the annul ar character
of the fusion product beans exiting the FRC of fusion reactor power core,
and the randomrel ati ve phase of the ions within the beamand 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 fornmed in part due to a magnetic field
appl i ed by omtEingiglef i 8lcdtbRtduld Y2Bed harkdREindifOenctdyGtondeperneliosad i el d

| ines 482, a separatrix 484 and open field |jines_ 480, which, as noted

above, @EVenticalrasgetirdopy dseelerpidap oonspdthatyclotipn, bulHheITensteYt he fusi on
product §xt}'1a-m@n 120 6Een ofb'se%ég flzlﬂ é@&%ﬁ gsodegt%ﬁbg@g BYRY 2hd RAAENSR APYREy.COT e 436

towards the magnetic cus _noted above, fusion products energe from
t he powde, 306588 6lhaliam gowd bainjacts dhtd theesvigyadch that théyears bronghdintam annul ar

beam 437 ¢ risin ner i C 1.ONS arge.neutrali zin ectrons. The
goonet r §eG e BiRxefalgt bt foelBla AF SITBE B A WolR b e of “about
five mahjestory TPsfaheicadlériting/ionishods iffBige2 1] UAS the $m8 stowaiowhnidde iccal el ect r odes
494 with small, 32 strajght g_gps_497 make up gﬁ%yl i nder .surface. In

oper at i mtem&ﬁna%téithqe&ftcrrﬁgl% Hikingfic prergy 4 BrnskgmedintqRsclping r odes 494 in an

al ter nagjengdc s ithe elddRicir&fit &fvthid & ﬁycl%tfm;}sa& et GRAYQEL B has a

quadrupole structure as Indicated in tHe end view illustrated in Fig. 19B.
The el eclgetiic erergyl woulkl besavhisiasls teoding toeoceyrrmitit veyy bigh effialencyi ncr eases linearly

with the radius; . the.peak value is at the,ga 97. . addi.t.ion, the I CC
120" not udesngielrleiFERLaBh peerk Balh B pARRARE b HBOGIM Wi ¢ hi'h ¢ he
| CC s hphdsew hidss the @aryBg phmks Me chinsaabdal fohid theidesigh bf theBgcléthunphgh the |1 CC
field coils 488 in a direction opposite tofcihe direction of the current

r unni ngokthe elgRiophwouldBe-pecrleried apdhe othephalf deglerpied| 4s Aol 06 in the | CC
420.1 U”%@n@%ﬁﬁ%@%ﬁ&%ﬁ?ﬁ@ﬁ%%c ARy bH 008 OlbiRbve? thel difui¥88od | €1 d 11 nes

480 of | urthest fromthe power core 436 of the
CBFR 41 frodudh éonlb€@nsi@iSeussed hibnve sreand ait omsuigatile geomstry 4@ 2he donvdpgionaden t he CBFR

410 andcj;c?o%oln'cc 420 is a symetric nmagnetic cusp 486

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 magnetic field applied by outside field coils 425. The FRC 470

_ includes closed field lines 482, a separatrix 484 and open field lines 480, which, as noted
above, determines the properties of the annular beam 437 of the fusion products. The open
field lines 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 ibns and charge neutralizing
electrons.

The geometry of the ICC 420 is like a hollow cylinder with a length of about five

- meters. Preferably, four or more equal, semi-cylindrical electrodes 494 with small,
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wherein the open field lines 480 of the CBFR 410 nerge with the field |ines
496 of the |CC 420. An annul ar shaped el ectron collector 490 is position
about the nmagnetic cusp 486 and electrically coupled to the ion collector
498. As-di scussed below, the magnetic field of the nmagnetic cusps 486
converts the axial velocity of the beam 437 to a rotational velocity with
high efficiency. Fig. 19Cillustrates a typical ion orbit 422 wthin the
converter 420. The CBFR 410 has a cylindrical symetry. At its center is
the fusion power core 436 with a fusion plasma core 435 contained in a FRC
470 magnetic field topology in which the fusion reactions take place. As
not ed, kiRagh ERRUOT makEhethe aylthdehmrface: meo;ierambn zanrmgcﬂlairgqabremm ienerge as

annul ar beans 437 fraom both ends qf u as 5. For exanple for a
50 MW déenlightoghe glegitogdes 4944 an Jiernaiing éﬁ-&%ﬁc E\ﬁw us of about

50 cm ag&h»%ér%g@ﬁ 8@% sRRLh aslﬂdﬂfbd ihike AARwATuREAR 8. BoElensity n

=10' - density, the magnetic cusp 486 separates the

el ect r oftbe eleatri¢ elé E vmdleebaﬁk:rsmsletri ofis v indreasesdlipsanly with fhelradiusi nes to the
el ectron. col.l ect or 90 the ions pass through the cusp 486 where the

i on trafr]’&l?%(r ?tgh rﬁf‘al ?Ted to follow a substantially helical path along
the length o atidliciod, @6 1¢2%20 Etudgy oitside Belduild 488 @nfoide uhifsrm fiedd t hey spi r al
past the, eI ectro 494 connected fo a resonant CI cui t shown). The

| oss of Wifhin Cc‘ﬂ1 pW SElindaegegineiry %‘?‘é‘éﬁeé‘%et"“ff@i‘ Ly Pé‘h@éf&éner gy ions

that i ”EEIH%&'IMS@ lif EH’iL'ééh& PRSIt th theldiBctRn @t QB8 ritBihe t%ﬁ%ﬁh& he electric

field is strongest. The ions arrive at the magnetic cusp with the
rot at i o6BFRdislragils 435ptheficlddines §96 lectiwdCCt‘BOﬂhJemlamﬁlmtm oppasifk tadher gy, i.e.,

Y2 WP .= L
Vadii v Sogighoteonc RETiosg a0 i GRIRHE Al sh BB oY 1 P T
radii r gork 836t thedXCBER 4P tICTRM20 linchydeog@oiod balleetor 492.t he initial velocity v..

The radial _magnetic field and_ the_radial beam vel ocit roduce a Lorentz
force in thelnéiﬁ“f?ﬁ%ﬁapBF&ﬁlQ@P‘il@ﬁICéﬁ%Oﬁ&@ﬁ‘@ﬂe@"f“i“’épﬁl‘éﬁ‘gﬂ% cusp 486 does

not chapg&eihi Pblﬁ'hﬁes%@ro%e@ﬁm A0S @d witih ﬁi@ﬁbﬁ'linbﬂ%&if'ﬂfb' vel ocity vp
=- V. toareS| ual axial velocit . an azi nmut hal L, where v' = V'

v2L. Th&@ézmeﬁnﬁnnulheshamdmlﬂctm cal t9t4ﬂ0ys positionabaws theanagneiiorae vel oci t y y 0
Z from E%e and SleeIic Mﬁ/ coup Hed {o 188 '?:olfecior Wﬂstdi's@uf ed gel{n% the magnetic

field of the magnetic cusps 486 converts the axial velocity of the beam 437 to a 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 a FRC 470 magnetic field topology in
which the fusion reactions take place. As noted, the product nuclei and charge-neutralizing
electrons emerge as annular beams 437 from both ends of the fuel plasma 435. For
example for a 50 MW design of a p-B' reaction, these beams will have a radius of about
50 ¢m and a thickness of about 10 cm. The annular beam has a density n = 107-10° em”.
For such a density, the magnetic cusp 486 separates the electrons 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 irajectories are modified to follow a 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 circuit (not shown). The loss of perpendicular
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Pa = MOv.L - LBOO4 = gBO O 2c 2c (5) A beamion enters the left hand

side of the cusp 486 with B. = B., v. vo, v-L =0 andr =ro. It energes
on the right hand side of the cusp 486 with r =ro, B, - BO v.L= V~ =
4V2~ ~V2  “1gBordMc and 0 1 V, LOv O vo 110 (6) where Q, =1 B O is the

cyclotron frequency. The rotation frequency of the ions is in a ne range
of about 1-10 NIRz, and preferably in a of about 5-10 MHz, which is the
frequency at which power generation takes place. In order for the ions to
pass through the cusp 486, the effective ion gyro-radius nust be greater
than the width of the cusp 486 at the radius ro. It is quite feasible
exper i memdrgy ﬂsgrehtastrfedﬁehighéseemrgyédmsvhﬂt ontiily chrgulate tlasd orthedlectrddeso t hat t he
resi dual xi. al be reduced by a factor of 100. Then 99% of the
i on ener%@“(ﬂe’felmeb"g ’tséH‘mgf’?f rotational energy, The ion beam has a

di stri buti onT@fioNadriasat iiRmagRetRdsy 486NaMaHEfotatiohd @adiSPagpRoximatplyopor t i onal
to v. as previously indicated by the propertles of the FRC based reactor,

the conegrbiodhe ipitial iabersyey, be.r ‘6847 ol diveregya dismibutionofing @omicsor al |
ions. 34 As depicted in Fig. 19B, the symretrical electrode structure of
t he | CCambion éfitial radii rpwhecthe ionsweach thomagrietie erspHBe. HQ’\'@IVGFd'@ﬁ ifidalr el ectrodes

494, At%ﬂ ﬁ({S%J 'fl@@%ﬁ%@ﬁ%o@naﬁ%@ Bzﬁq/elto gﬁ%‘[ode structures

494 so f ages a elec S are as
i|lust ratagacbnc]iblﬂ ad theagital dagin trddeclttyq:rdduce abmnentzﬁﬁea 1hlthaetammttha frequency of
[ eld at the 497|5|Ilustrated

co:SZo. azi mut hal el ectr aps
in Fig. o%nﬁ“’m%!@mt?’zta telgptdhe °“§Iég§qfdoﬁ§‘i‘9t§ e fbr‘?é’agﬂ E FEPY el d in the

gaps 49&&@%%@& FJ! %ﬁ&l%ﬁ';%ﬁy é},%v atada raé?&ai h8l19eRBit} ©ind 8% PARLMACES as it
rotates wth angular velocity O I's apparent” tthat in a conplete

‘velocity v,, where v = v2 +v2 . The value of the azimuthal velocity v, can be determined

from the conservation of canonical momentum

qBoroz _ qBor 02

c 2c

Fy=Mryv, - ()

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

gBy/Meand v, =\ve -V’

Yoo 1-(&9&] (6)

Vo Vo

where Q, = gﬁ-"— is the cyclotron frequency. The rotation frequency of the ions isin a
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 to pass through the cusp 486, the effective ion gyro-radius
must be greater than the width of the cusp 486 at the radius »,. 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 v, and r,. However,
because , is proportional to v, as previously indicated by the properties of the FRC based
reactor, the conversion efficiency to rotational energy tends to be 99% for all ions.
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revolution the particle will experience alternately accel eration and
deceleration in an order determned by the initial phase. In addition to
the azinmuthal electric field Ee there is also a radial electric field Er
The azinmuthal field EQ is maximumin the gaps 497 and decreases as the
radi us ‘decreases. Fig 22 assunes the particle rotates maintaining a
constant radius. Because of the gradient in the electric field the
deceleration will always dom nate over the acceleration. The accel eration
phase makes the ion radius increase so that when the ion next encounters a
decelerating electric field the ion radius will be larger. The decel eration
phase wi || dagtepadiel inFie peBdbedynietiidabelbatiotie sttucpibasfthofCQ 428 dafde because t he

radial gradient . of the aziputhal electric field Ee .is always. positive. As
a resul P{esqnﬁ@veﬁangpef%biwwgﬂs%ﬁmﬁwre_ 4 ﬁéﬁ&f&f{%ﬂf el LavEE*5006 due t o
the ini Ebﬁka@&l@sége &E&%h@mu@&%%@&&ﬁat\l’ﬂtﬁ RstaR VRN JI9pRlanENBHAE rONS.  The

electric field is also inportant. al so oscillates and produces a net

ef f ect ifinlds fre as Hlstedtedd Theottiaganand et tanketitenit oscillate 4adrequanay elc®s7Ys-t 0 t he
original_ radius wth zero vel oci t% in the plane perpendicular to the axis
as in FiTe azigwthakelectsic Beld Eot thy sonsi ﬁlﬁlBﬁ%t‘aﬁﬁléﬂEugwg‘*}?swd@é@%-r Kiged is sinilar

to the HNG i j i re of nmodern
hocel or 2f USRS Hecttd AR hOEHEUIMocn danbls SR EMARI BRI B O Ton of
a posi t experiédcocastt rgesavith angdatvieloeity €hys It i dppfacentithatigh complpesi tive if the

magnetic field has a positive gradient. A strong focusing quadrupole
doubl et rdvelntion the phrtighs twith expérienee Fitqynatgl acceleratipn gt decelergtionsinp e1#st ng i n t he
x- direction d defgcusing.in,the y-direction. Th ecqnd | is simlar
with el e h b SRl e BB ER R s o0t ha
axi s of t.r. h . DESILI Il radi ent.. sults for
an ion a%m%%%éﬁﬁg%’hﬁzlﬁ%imul@?#ﬁ%%é@"‘?@é@%ﬁgﬂ’gs 4??1@% (P’Elt ?{egcti ons

| ndependent rifus WBed! g 2 asHARS Mparctle rolalls nbintdifif b Lonshifi@aagen T eport ed
for a beam passing t rodgg a resonant cavity contafning a strong axi al
magnet i Bedangd of tergtadigne iethe elgetiinfi¢lh e epclerativnddll @bvews Yosinateavertea  al . ) .
This device i.s called,a peniotron. ln.the,TE nod e resonant cavity
ot st aRtiFRitomaTeore SR M ke hlich o taorsel S Bl WP PRy ot v
The 1 espdxk sncdifted ddbddaddting @le¥iric Held thédon kAl WIR be fargdn el ds¢dldratiodescr i bed
herein. There are quantitative differences in that the resonance cavity is

much | apigee withdainte nfependant et theingishphasepitheion batass the radishgragienthi gher
i enuensyin damudbilecBithdRenghivin hilifhel A0afoou TR SERIAGH 07 TTOM | he

h f requency waves requrfes ener gy™’spectrum of the beam
reduces.fibfncy 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 perpendicular to the axis as in Fig. 19C.

The process by which ions 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
quadrupole 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 with x and y
properties interchanged. The magnetic field vanishes on the axis of symmetry and has a
positive radial gradient. The net results for an ion beam passing through both lenses is

focusing in all directions independent of the order of passage.
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efficiency of conversion. The existence of two kinds of ions is a nore
serious problem but the efficiency of conversion is adequate for a D He3
reactor that produces 15 MeV protons. A single particle orbit 422 for a
particle within the 1CC 420 is illustrated in Fig. 19C This result was
obtai ned by conputer sinulation and a simlar result was obtained for the
peniotron. An ion entering at sone radius ro spirals down the length of the
|CC and after losing the initial rotational energy converges to a point on
acircle of the sane radius r4. The initial conditions are asymmetric; the
final state reflects this asymmetry, but it is independent of the initial
phase so t haginfilat repats hiwd Ren fepertadegord Eantpasking Threuglearsatant daeity on  col | ect or
end of the ICCis agaj annulﬁr and of sim|ar _dinmepsions...The %xial

vel oci tyontmsastb@gﬁéaﬂ%@eﬂy gld pa oRsratigg iny eiﬁdt p (Efé:%s awae

cor r espandirRg idvide 16 64128 8 HenibiRdn. B thé TB), Snodedhd renfntivis tas dahdimyg ef fi ci ency
of 99% is feasible. However, various factors, such as  perpendi cul ar

r ot at i omavesamwhigh thefelechiis fiekHus gradimsle syemsing The resaltears qualatveliiver t er, may
reduce t.hi. ffici %: tri | woul d be at
about 1° 1%1'%: %Iﬁ?mgﬁﬁ&%%/eé\megr(%gﬁ%ygda%%% ET&S%@: W&%ehﬁa%gl?ct%% 1(%)-lﬁllat reduction in
conver s tiereshince taitg js mebhdarger ip sine(10 et ildnigthiiand opavatesmin@oicht 0 a power
grid. .shown in Fi 0A, and 20B, rpati ve enbodi nepts.of the

el ectr é@@ﬁersffeﬂ%%ﬂég apd,magpetip g@diﬁ) r%'&‘i"@&@“tdijﬁ%“&? rical

- seni - Ci fghleAly WAvREIh@IHRS recidiild. Athe bAREY SdctRIneotthOBRm B@ked 8t taper towards

the ion colléctor 492. Adjustnments to the jion dynam cs inside the main
magnet i efficieatycbfepmversion; TE existenceefiwe &indspf iontis & spreseriavs rroflemdit| i ary coi |

sets 50Q and. | Las. hs g 500 and
510 i nvgﬁex?ggcéeg‘]‘l'g%fe‘%ﬁ"%%ﬁ%ﬂu%P‘%ruggﬁtarﬁgrgp%y ré‘?“ﬁﬁr&d?%%tlggﬂ .C%r?frég%t s, so the
nmagneti c fi eAginglapueicie osiins22 foraygetclewitlig etlCC4R0 & ilugntediieFilg, as 36
B dnbsos B b i R vof ARG A oL,

11 ustr al-gek deRiofrbll- And6iBentéMilglat RInRAEGEs R YREIN dWm th@Rngth ofthe IO 8hd

accel erator.” Reactor Fig. 25 111ustrates a 100 MWreactor. The generator
cut awagftérllgsingitheinitis] ratatioral erergyeomeersesde e ppisterorcirelaafily ssmgesdésnduct i ng

coL L. B FREpH DL DRIE b ani byt bl hor oL o0 f 2
fusi on pRewndantfthe Bitiabphase s thiiGllgagiclky aedasehritad. Thé beandlatrtiecibn
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 gbout 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 510, as shown in Figs. 24A and
24B. Both coil sets 500 and 510 involve adjacent conductors with oppositely directed

currents, so the magnetic fields have a short range. A magnetic-field gradient, as
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conversion of the kinetic energy of the fusion products to electric power.
The support equi pnment for such a reactor is illustrated in Fig. 26.

Propul sion System Fig. 27 illustrates a plasna-thrust propul sion system
800. The systemincludes a FRC power core 836 in which a fusion fuel core
835 is contained and from both ends of which fusion products energe in the
form of an annul ar bean 837. An |ICC energy converter 820 coupled to one
end of the power core. A nagnetic nozzle 850 is positioned adjacent the

ot her end of the power core. The annul ar beam 837 of fusion products stream
fromone end of the fusion power core along field lines into the |ICC for
ener gy edhmani@lle Nustediel ih Fgn4d) evilbtinese tﬁadmoétaﬁdie&mmy anubplm.salﬁong field

| i nes out of the nozzle for, thrust susceptlble to
vari ous "HSHPYS Elég‘}e@}ﬁgelénaé sehematieal |1]3;@tr‘|‘t6‘i W&lg gﬁ f? “é’e B&“&h‘& t her eof
has beeps §hqBariabeeidifodr aW Nngs and is herein described in detail. It

shoul d be understood, however, that the invention is not to be limted to

t he par Restdrar form di sclosed but to the contrary, the inventionis to

SO eT g "o A RRRR e 1S RS e oBRG ERTR IR ARLIRT LN 1 AN

spirit and scH pée or fhie appende asnma-el ectric
power gpmrabre(z:fgmmﬁx@sqmmmngcm}s t@t@tﬂmumfoanmmgnmcme[dmﬁ[al e axis, a

first gnhet, |eld ner at or r.cr i mut symetric

magnet i 9% ?‘?Jquﬁl %?S“E@Fﬂuf@ﬂ%r"ﬂgﬁf%?f} g‘f‘%& ‘U\’F h a flux

subst anppakiny eﬁ@%ﬂﬂe%sﬂn%owaﬁcdi’é feBfoh RicSCCR%b eénvteﬁ&s shamgbgr . a current

coil concentric wth the principle axis of the chanber for creating an

azi nut hednvetisien of the kinkiés enexglytof the fesian rpdintsée clectrie povear. Bhewuapety of

el ectrodes _fo n inafirst end region of the

chanmber “4WHHET éfnﬁ '%Ilﬁl p%’ltffaqﬁ%&&{c?‘wga%eodes conprises nore than two

el ectrog @ulslﬂnsmed relation formng an el ongate gap between adj acent
netlc field generator creatln n azi nut hal Iy

el ectrodes G
symetric rm%l&ezte’ ﬁStrF‘ie% Blasipa thrust prapdisipn gystem &9 Q@S’l%’ﬂe‘ﬂfm S%€hanber with a
flux 5“?1%&?6%1%@’83@%{ #hicB b AlsPontiia cofe/BB5 & BhtaineXhifl Mfm b&E ehdddrber, an

el ectron collector interposing the first and second nagnetic field
gener at whish fisstbn products emerge in the form of an annular 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 susceptible to various modifications and alternative forms, a
specific example thereof has been shown in the drawings and is herein described in detail.
It should be understood, however, that the invention is not to be limited to the particular
form disclosed, but to the contrary, the invention is to cover all modifications, equivalents,

and alternatives falling within the spirit and scope of the appended claims.
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adjacent a first end of the plurality of el ectrodes, and an ion collector
posi tioned adj acent a second end of the plurality of electrodes. 2. The
systemof claiml1l further conprising a second plurality of electrodes
formng a cylindrical surface in a second end region of the chanber,
wherein the second plurality of electrodes conprises nore than two

el ectrodes in spaced relation form ng an el ongate gap between adj acent

el ectrodes, a third magnetic field generator for creating an azinuthally
symmet tic magnetic field within the first end region of the chanber with a
fiux subantially parallel to the principle axis of the chanber, a second
el ectron collector interposing the first and third magnetic field
generators and adjacent a first end of the second plurality of el ectrodes,
and 38 a sdecond fdasEwrelecitiopopyeneBHeR ST EPRPIES econd, end of the
second pl urali . : :3. The systemof claim1 further

conpri si ng agéh?}éléglggﬁ?ﬁ%??%gﬁ Eiagbsgl ed to the electrodes. 4. The system of
claim1 furdfirermagryic fisldgenarataite @eatingiah acompghaty symrhétec megaetior odes. 5.
The system of claim 1l wherein the electyon collecior is. annularly shaped.
6. Thé‘iei%fft@mwn%ﬁq%mqo %Pla@er b ity S@ﬁ@n@@d}%ﬂlﬁh@ﬁﬁ? panGiPlg)

gener r SRk annul ar field coils disposed about the chanber, wherein
t he f%'ie(f%ﬁldlférzes (l)jf%fe’ the magnetic field generated by the field coils of the
first magnetducrefticoildcapeerdriawith thaprincipleaxisiofthe thasnben fyesdating aw t he fi el d

i nes of t netic fjel nerated by the field coils of the second
mgne@?@?tﬁéleﬁgﬁ‘?@% }ng'e%%{gbegyst emof claim| wherein the electron
col l ector st Mrafif)) dfefdcBoddy BrmPisQClin@ddal Yurfkdth & dirst 8nd Tddgorsyfst em of
claiml wherein the el ectrodes are symetrical. 9. The systemof claim®6

wher eitie ¢ambes, mdicreimia plurality pé ¢lactepdatecmpises mordiban temelpitiodesing j r st and
second sets,of mrror cokls dispesed i tion about the chanber
and ng?Cﬁfi ﬁedatéorggagirngcagregonrgg& %lﬁ %te ﬁ'veereJ 2 %g]\ég \‘%‘é %%_c{rﬁ%e_%, The systemof claim1
further conpeédhdighgpb@siEldigoheabofos creatityl #chzimuthally symmetric magnetic

field within the first end region of the chamber with a flux substantially parallel fo 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 electrodes 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 first end region of the chamber with a flux substantially parallel to the
principle axis of the chamber, .

a second electron collector interposing the first and third magnetic field generators |

and adjacent a first end of the second plurality of electrodes, and
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to the chanber. 11. The systemof claim 10 wherein the plasma injectors are
axially oriented to inject plasnma toward a m d-pl ane of the chanmber. 12.
The system of claim 1 wherein the first magnetic field generator is
tunable. 13. The systemof claim 12 further conprising a control system
coupled to the first magnetic field generator. 14. The systemof claim1l
wher ein t he QLIHIEBH c6ctoripdsifioal ARk  dddnd; @hd of the seddhd phitafigBrof claim 1
wherein the current coil includes parallel wndings of a "plurality of

separ &leetroddsl s. 16. The systemof claim 1l further conprising i on beam

i njectors coupl to.the. .ch er. 39 17. The syst.emof claim 16 wherein
Lhb "t on beam | nj RESOHEn Pfitcs iEbsrsamensipg & Raeter rcky Srpede Bl ecr' ¢

char gelefrodehe i on beans enmitted fromthe injectors. 18. A plasna-electric

power generation systemconprising a fusion reactor having a first
magneti c fidel d Jgdweysemopf claipdl Arhenepmpseng g sk cirait coHRledlp Bonver t er coupl ed

to a f'}r {)d nd of the fusion reactor, the converter conprising four or
nore electrodes formng a cylindrical surface and in spaced relation to
forma gap. bet vighe Ryt afeliiin lewhetin dttadectran sellvotdismmanaty shapedel d gener at or,
an electron collector interposing the first and, second n'%gneti c field

gener at or s %and T&’.stmf’fﬁmﬂ lrwhergip dhedirstand secgnd magneip figlde| ect r odes, and an
lon € &&Bﬂrogngx_ﬁﬁ%dlﬂﬁﬁpﬁé}@bﬁ&%ﬁpg?ﬁ%%&% ?ﬁ%bglf, whbir A& fiellinBPse

el ect rodes. e systemo r conprising a second inverse
cycl ottheomagretiefigly gemanated byethe Geldpbadofithe firssmagmetic fnld geferstbervhusaon react or.

20. The system of c] ai 8 f her canprising a i j cal anber. 21.
The SyTeiROPRT SIS SoBreshibe Raerdonl aeadue bY e is ofBFl ces

Curr eRteohlaghQRARM dnCrairt h @ principle axis of the vessel and positioned
Wi thin a power core region.

7. The system of claim 1 wherein the electron collector and ion collector are
electrically coupled.
8. The system of claim 1 wherein the electrodes are symmetrical.

0. The system of claim 6 wherein the first magnetic 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.
10.  The system of claim 1 further comprising plasma injectors coupled
to the chamber.
11. The system of claim 10 wherein the plasma injectors are axially oriented to
- inject plasma toward a mid-plane of the chamber.
12.  The system of claim 1 wherein the first magnetic field generator is
tunable. _
13.  The system of claim 12 further comprising a control system coupled to the first
magnetic field generator.
14.  The system of claim 1 wherein the current coil is a betatron flux coil.
15.  The system of claim 1 wherein the current coil includes parallel windings of a
plurality of separate coils.
| 16.  The system of claim 1 further comprising ion beam injectors coupled fo the

chamber.
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22. The systemof claim 18 further conprising a resonant circuit coupled to
the electrodes. 23. The systemof claim 18 further conprising a tank

circuit coupled to the electrodes. 24. The system of claim 18 wherein the
el ectron collector is annularly shaped. 25. The system of claim 20 wherein
the first and second nmagnetic field generators conprise annular field coils

di sposed abgut t1i@ syhiamticlaimhervitidicih e ibh 8L likjB@srs@hcluddememast i ¢ fiel d
generated by the field coils of the first magnetic field generator run in a
di r ectieyfialippndie electris chegefof éhedon bparas eritied dromnthganjeetorsi el d gener at ed by
the field cQils 3 0 ’ el .d tor. 26. The system of
claim 18 V\/rc11§'r ei rﬁﬁéﬂ§|ege§§1%é%%g§%2%§%0§” ﬁt Jnl%%ﬁ)glgh ector are electrically

coupl ed. 2% fudibe rayel &aviag adirginmaghStivfieldgenerhfog aplect rodes are symmetri cal .
28. The system of claim 20 further conpri Sif‘?\ﬁ]@ | asma i njectors coupled to
the chanberd Bsrsegyclpfian eResgecAnyeriercappled o edptihetupipp ssactordhet i ¢ fiel d

gener abMertes b Le. 30. The systemof claim 21 wherein the current coil
is a bet aqtror% #Pﬁg %oi | . 31. The system of claim 21 wherein the current

coi | i ncl udew qramca¢ klettrodien firmiyge oé¢yladrigll surddcetapd of spaegariatien wabtsa 32. The

zﬁzhggag grt%vle%r'l%j%gen]; 'é'lre}:t?c? eS,corrprl sing ion beaminjectors coupled to the

a second magnetic field generator,

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

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

19.  The system of claim 18 further comprising a second inverse cyclotron
energy converter coupled to a second end of the fusion reactor.

20.  The system of claim 18 further comprising a cylindrical chamber.

21.  The system of claim 20 wherein the fusion reactor further comprises a
current coil concentric with a principle axis of the vessel and positioned within a power
core region.

22, The system of claim 18 further comprising a resonant circuit coupled to the
electrodes.

23.  The system of claim 18 further comprising a tank circuit coupled to the
electrodes.

24.  The system of claim 18 wherein the electron collector is annularly shaped.

25.  The system of claim 20 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.

26.  The system of claim 18 wherein the electron collector and ion collector are
electrically coupled.

27.  The system of claim 18 wherein the electrodes are symmetrical.

28.  The system of claim 20 further comprising plasma injectors coupled

to the chamber. .
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29.  The system of claim 18 wherein the first magnetic field generator is
tunable.

30. The system of claim 21 wherein the current coil is a betatron flux coil.

31. The system of claim 21 wherein the current coil includes parallel windings of a
plurality of separate coils.

32.  The system of claim 20 further comprising ion beam injectors coupled to the

chamber.

41




