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(57) Abstract: A system and apparatus for controlled fusion in a field reversed configuration (FRC) magnetic topology and con-
= version of fusion product energies directly to electric power. Preferably, plasma ions are magnetically confined in the FRC while
plasma electrons are electrostatically confined in a deep energy well, created by tuning an externally applied magnetic field. In this
configuration, ions and electrons may have adequate density and temperature so that upon collisions they are fused together by the
nuclear force, thus forming fusion prodacts that emerge in the form of an annular beam. Energy is removed from the fusion product
fons as they spiral past electrodes of an inverse cyclotron converter. Advantageously, the fusion fuel plasmas that can be used with
the present confinement and energy conversion system include advanced (aneutronic) fuels. '




Abstract: A system and apparatus for controlled fusion in a field reversed
configuration (FRC) magnetic topol ogy and con- versiongkebidgih@mdgysoduct
energies directly to electric power. Preferably, plasnma iohs are
magnetically confined in the FRC while plasma electrons are
electrostatically confined in a deep en

' wel | . created by tuning
externally applied naEWE 0/08287 A t MO AL B

el ectrons nay have adequate density and tenperature so that—upom —col | isions

theyﬁg&gkm”m tﬂﬁ&mngthﬁ clear force, thus form ng fusion products
thatm@ﬂgsggwmg @ Torm wfr e Iar beam Energy is removed fromthe

f UST o ofbd LA issud DRAPCBEuzdu ey splral past el ectrodes of an inverse cyclotron
converter: Advantageously, the fusion fuel plasnmas that can be used with

t he present confinenent and energy conversion system i ncl ude advanced
(aneutronic) fuels. 19 Sept enber 2005 WO 02/ 082873 PCTI US02/ 08370
DESCRI PTI ON CONTROLLED FUSI ON I N A FlI 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 nethods and apparati
for confining plasma to enabl e nuclear fusion and for converting energy
fromfusion products into electricity. Background of the Invention Fusion
is the process by which two Iight nuclei conbine to forma heavier one.

The fusion process rel eases a trenendous anmount of energy in the form of
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 For two nuclei to fuse, this repul sive
barrier nust be overconme, which occurs when two nuclei are brought close
enough together where the short-range nucl ear forces becone strong enough
to overcone the Coul onb force and fuse the nuclei. The energy necessary for
the nuclei” to overcone the Coul onb barrier is provided by their thermnal
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 10 eV ----
correspondi ng roughly to 100 mllion degrees Kelvin. The rate of a fusion
reaction is a function of the tenperature, and it is characterized by a
gquantity called




reactivity. The reactivity of a DT reaction, for exanple, has a broad peak
" between 30 keV and 100 keV. Typical fusion reactions

- He' (0.8 MeV) + n(2.5 V), D+T-a(3.6MV)+n(14.1 MeV), ll%gbllﬂleg‘%beg()b 3 7 Me\/)
+p(14.7 MeV), and p + Bll- > 3a(8.7 MeV), 19 Septenber 2005 WO 02/ 082873
PCT/ US®e® ©@88B% where D indi cates deuterium T indi cat@sudotodshum a

i ndicates a heliumnucleus, n indicates a neutron, p indicates a proton,
He indicates helium and B" indicates Boron-11. The nunbers in parentheses
in each equation indicate the kinetic energy of the fusion products. The
first two reactions |listed above - the DD and D-T reactions - are

neutroni c, . whi ch neans thamm energy of their fusion products is
carried by fast neutrons. nt ages of neutronic reactions are
that (1) the flux of fast neutrons creates many problens, including
structural danageCONTROLLEDFUSIONIN A& FERHODIREVMERSEB| s of radi oactivity

for nost const ( ne ast neutrons is
col | ected by Mhﬁéﬁﬁm@ﬁ&@&ﬁ%%@c energy, which is
~very inefficient (less than 30%. The advantages of neutronic reactions

ar e t hpikld(of the @htion’ €acti vity peaks at a relatively |ow tenperature; and
(2) their lgsses due to radiation are relatively |ow because the atomc

nunbers of Hedvertionielatseseerally tmibg igld of plpsmaa physics. apd dn PHUSWRE. 18t her t wo
equat i ABfods akd lagp%mmgr a%nﬁﬂm piify fohhftenRIAPRERH and febSvelist €ad Of

produci’ng fast utrons, n the neutronic reactions, therr fusion

produo&l@rwtf@ntprggmdmmtO(ﬂI@mClt@ne advant age of the advanced fuels is that

they create nuch fewer neutrons and therefore suffer less fromthe

di sad\/@g&gggﬁi& QG %d with them In the case of D-He3, sone fast

neut r T‘e—prgguwgﬁby secondary reactions, but these neutrons account

for only alrusibn kQhg@vcesetnt witth M1@nm®1 cmﬁbxhé]e: foums h Benvipk oskuct s. The p-B"
s free of fast neutrons, alt es produce some sl ow

reacti ﬁg: f-'u g&n
neutro FPfLRroGessfcpse PHW?E’BB%%?‘&? P BRMSVIRECh f ewer
pr obl gfBiiciANBEaRte ﬁ@lﬂ@&\haa@re ;S?stm%l? cﬁﬁgmefwﬁk proichsch@hinédhei r fusion

products conprise. charged particleS whose kinetic energy may be directly
conv erthe¢rpine—thereis e atnuiseierelectragtatin, aCoafopibe fr¢echebvagh thsor IonBygy conversi on

pr OCeSRwlet J&?us%nﬂsquu?sflve%%p&ﬁg be'ﬁ%rc&ﬂé TofhlichR c&q‘y &rﬁén t%%m@l%l &2 Il'ected with

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 char_acteﬁzed 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 — a(3.6 MeV) + n(14.1 MeV),
D + He® - o(3.7 MeV) + p(14.7 MeV), and
p+B" - 30(8.7 MeV),




hi gh efficiency, possibly in excess of 90 percent. The advanced fuel s have
di sadvant ages, too. For exanple, the atom c nunbers of h d fuels
are higher (2 for He' and 5 for B"). Therefore, their gggﬁggﬁgﬁ%ﬁ@gses are
greater than in the neutronic reactions. Also, it is much nore difficult to
- cause wbezomghsanced fuels to fuse. Their peak react pgtiub@Bspecur at nuch

- higher tenperatures and do not reach as high as the reactivity for DT.
Causing a fusion reaction with the advanced fuels thus requires that they
be brought to a higher energy state where their reactivity is 2 19

Sept enmber 2005 WO 02/ 082873 PCT/ LTS02/ 08370 significant. Accordingly, the
advanced fuels nust be contained for a longer tinme period _wherein they can

be br oWt Drindieaissdeweniue.d indisatentriivm o indisates a plumewiclens, windieatesi me for a

Dl as 18, § el ripibdte MRLE He ihicdes ol B ARATBye HAIROPY Ofheand D 15 a

diffusion c I Cl ent. e classical valu usion coefficient is
D, = aguMberslin pargntiMyesia each dgsationandicate thykiostednagy afitle fusion priutthe

i on-el ectr ollision time.. .Diffusi according to the classical

017 usi on d0efr prelsadion B s b P AR e ot AR o 1 usi on
coef f i whiiineana tiat mdstlof theleerg ) Of theiRi¥ioh PR isR&kiadby Fbi REtrodss DB = (1116) a?
52;, where 0, is the ion, gyrofrequenc D ffusion according to this

1 el at i Biedigadvantsgesafpgdrogicdfagtionsarg Mr(i}fb? flux pfdfpst pediopmCIEBEdNWons, DBl De =
(1/16) 195 Jep IR I | . r contai nnent

tine tlﬁgﬂr%&gsdé%c%g Imég si cal &Lﬁa&%é’f&%ﬁé?&gﬁh@@gé g@?%ﬁe]ggf%?%g%gg?how | arge a
pl asnmdformsst chystrietion niatesiabnandgActhe energyyof faseneutrenpis callvetad by hat t he
cont aicnman tine.for.a ggiyvten atrgrount of rl?m‘asmi mjlgﬁt bg | opger than the tine
for tHE"PI oif (resng) gretey {0 Sleg e chae SR LYY BRICFRLIS UL ¢l assi cal
transsend). ThOfHlialithges of Geulforie redetions aleltkat (1) tidvirredetiony pearecdtar, all owing for
smaller initial plasmas. In early experinents wth toroidal confinenent of
pl asndcleiveboleArmpREtre: andd2igheinfosses quertg ragadion preaelatisly lpw bgialiss in t he | ast
40 yeaﬁéa@a&mﬂﬁé@a@&&t&mﬁ@%ﬁw&r@@! time to At = 1000 v'/D,,. Cne

exi sting fusion reactor concept 1s the Tokamak. The magnetic field of a
Tokamak 68 Thattactantyisi thedtherawo eqlationsrbil-Hebnd peB'l +H wrs callet edvaneedFi g. 5. For

t he past rs.. f.uskon efforts have been focussed.on the Tokamak

r eact ettt pronneE S hefieerd 453 PR AU eeoBRR R ERE AR n ¢ ne

| nt er pagduen ate chigedpunicidse One BARAMEISNhEddvERRE Rls if thAERy credtd | ustrated in

Fig. 7. Recent experinents with Tokanmaks suggest that classical transport,
- much fewer neutrons and therefore suffer less from the disadvantages associated with

them. In the case of D-He’, somé fast neutrons are produced by secondary reactions, 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
convetsion 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 fuels 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

2




At =r'ID,, is possible, in which case the m ni mum pl asma di mensi on can be
reduced from neters to centineters. These experi rrentslélglgotlev%gridb?
injection of energetic beans (50 to 100 keV), to heat eppllnasma o]
tenperatures of 10 to 30 keV. See W Heidbrink & G J. Sadler, 34 Nucl ear
Fusi onwdbo$23294) . The energetic beamions in these pefagiigBRt S were
observed to sl ow down and diffuse classically while the thermal plasna
continued to diffuse anonalously fast. The reason for this is that the
energetic beamions have a |arge gyroradius and, as such, are insensitive
~to fluctuations with wavel engths shorter than the 1ion gyroradius (X < a).

The shart.-wave| ength fluctuations tend to average over.a cycle 3 19
Sept enBBHESTOAGE T R SIS RS hSTIR DS SR HTOL A ISEEHeo]  ect f ons,
howeV egherBia iRy dakbiokRld a%ﬁroﬁﬂitf’ﬁ@lé?'éénditﬁﬁs.t hey respond to the

fluctuations and transport anonal ously, Because of anomal ous transport, the
M ni num di Brspeainoéntttine fpi splamats 8t = béD avherd riggmigingnmplesma. Due to this

di nrensi.on, .t he .. TER was. creat.ed .3 ters, high_.and.30. ters in diameter.
i PR g 8 R AR Al A b ARG TR AR " G
- advancpdpfugl s, el oa8 Heibledrangins Blik, id theicAQKRIBK cdildiéh tirg@Ct or woul d have
to be mich lIarger because the tinme for a fuel ion to-have a nucl ear

r eact i Diffuision BttoRdidgd §RIclaséical GiTRisioN koAt @ called digsial trahspolt. mas t he
addi tional problemthat nmost of the energ% of the [fusion products energy

i s carPoluy diision copiiipienb aHRbIHY tofhATb Watekng® insadilien.dh danage and i nduce
reactiy w(l/f(lﬁ)a?h%%re%.!is tﬁgﬁﬁtg&%%é&g%i;&%i% %ccgaiﬂgn(’gitg g'e neutron flux. In

addi ti OA gonversion o ricity nmust be by a
t her | ' 1 oh ef i chen t ber proposed
toact oF "RRREEScalidlholohs Biepp A shollbotdiR Dy b F IR 251 nf “Boam
r eact orQ®, anoinsloksranspoet rpdults inta mschizberia caednhynt iernkanafoes dmsicalThe beans
conprise ions.with ap ener that is nuch |arger. than the thermal plasnma.
Pr otucFREPIS AR g wmws%wQfﬁain?ﬁswﬁw%%a&m%a@%ﬁ € been
i nf easjohliRnRAGAM IR HRGINBRANIEOMPE FRERENFUNESIPMEmMaIRNILE BRgdr Adnbeans. Various
proposal's have been nmade to reduce this problemand maxim ze the nunber of
nucl eathe fiwa faritesrmasmede havg ampélear fusio reaptiow ritheredore AlB6i5a13BaspPd Jassby et al .
di scl 05.6%1ifn g‘%ﬁ&@@’es%me Rnraofg%igﬁ Mcé&r%ll&ﬂg%{ §RMeP Ritfiplabdiisng beans of
deuterons and tritons 1n a toroldal

In early experiments with toroidal confinement of plasma, a containment time of At

= r*/D, was observed. Progress in the last 40 years has increased the containment time to
Ar=1000 r*/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 bearns (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 ﬂucmation§ with wavelengths shorter than the

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




confinement system In U S Patent No. 4,057,462 to Jassby et al.,

el ectromagnetic energy is injected to counteract the foS%CtteISn 8f2 gl Kk
equi librium plasnma drag on one of the ion species. The totol ga'i
confinement systemis identified as a Tokamak. In U S. Patent No.

4, 894, Wod2hes30st oker, beans of deuteriumand triti ypralgyssieect ed and

- trapped with the sanme average velocity in a Tokamak, mrror, or field

reversed configuration. There is a |low density cool background plasma for
the sol e purpose of trapping the beans. The beans react because they have
a high tenperature, and slowing down is mainly caused by electrons that

acconpany. the injected ions. The el ectroris are heated by the ions in which

case t#W tysaRcely Elestons Bowevsrhare 2 muchsmller gyaorading 50 (hey FrsResd 5873

PCTI US@gfﬂgggaz@ng ﬂad'?ﬁﬂﬁ;oﬁfan&ﬂﬁéﬁl devi ces, however, does an equilibrium
I

electric fie pl ay any part. urther, there is no attenpt to reduce, or

even consi diecausapiamainglous tranapre dretmin@uiredimsasiemoSthe plaghaiapst 8¢ gict r ost at i ¢
confin i N i i nt of el ectrons.
s A PS s 00 AR o STy GE8G50s RRUESH hEFORR BRTRTY ' 21 S0t o
3, 386, A&@rstindikactas Vithid ib the\shnaltdst DI B Thlasnk-eypecticus that isdeasibienflonenent of i ons
and inertial _confine of, el.ectraons: U.S. Patent . 3,530,036 to Hirsch
ot al . Sdyippedfiel pp @ﬁ%&?ﬂdﬁ-@g&@a@&*%fﬁnﬂ;%t%twoamaa? f_éﬁ?i mlar to

Far nswWahdtarght beeausE @k Gite fONQ: fudl iddid have’a uRlcht FRARE Mekuchibhgeh Ai scl oses

el ectrostati'c confinenent of ions and magnetic confinenment of electrons
wi t h nigkemalprshetorusing D-Etfnad bey thejadditianst preiem thasmopif disrenemgy of the 826, 646 t o
Bussarg.. Wwhi ' i3 t O, 1L CRe [ I - DA ps. None . of
t hese %%?mog&édo%g%gggréﬁegg rlgs atic c{ésh i ng&%g%fﬁgpg%@%%%éand magneti c
conf i niadwa teactdfityivo altnostAllitdonsigbtidrivasteridtiade b demeneonyfliuxe Seadditionpr o) ect s on

el ectrostatic. copfi.nenment. of ions, ngne of them have succeeded in

o5t abl PEFHESOR 8L e Beini ek RS P b oy AT LB b REEF Bt have. ¢ he
requi rigered@AS0ieficdnta fusion reactor. Lastly, none of the patents cited
above discuss a field reversed configuration magnetic topol ogy. The field

‘reversed cdwothgiprepasedicegmepniigmationdtbodiiding besel asteraln ycolkidogrd 1960 at
e i R RBR PHAIR  Se BD60 RPRSATE R P oo P
i || ustioad with drenkigg thaBisamnah Farger thefl the taerthabpladnc |Feoducing usefulrfusio-RC ar e shown
o S oA DR S B Bl gRar e 09 2 ave

-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 fritons in a toroidal

confinement system. In U.S. Patent No. 4,057,462 to Jassby et al., electromagnetic

energy is injected to counteract the effects of bulk equilibrium plasma drag on one of the

ion species. The toroidal confinement system is identified as a Tokamak. In U.S. Patent

No. 4,894,199 to Rostoker, beams of deuterium and tritium are injected and trapped with

‘'the same average velocity in a Tokamak, mirror, or field reversed configuration. There is

a low density cool background plasma for the sole purpose of trapping the beams. The

beams rea‘ct because they have a high temperature, and slowing down is mainly caused by

eelectrons that accompany the injected ions. The electrons are heated by the ions in which

case the slowing down is minimal.




conprehensi ve revi ew paper on the theory and experinents of FRC research
from 1960- 1988. See M Tuszewski, 28 Nuclear Fusion 2 A white
paper on FRC devel opnent describes the research in 1982%3%%$%é§km5
recommendations for future research. See L. C Steinhauer et al., 30

Fusi onwbachsetsogy 116 (1996). To this date, in FRC mxashisents the FRC has
been formed with the theta pinch nmethod. A consequence of this formation
nmethod is that the ions and el ectrons each carry half the current, which

- results in a negligible electrostatic field in the plasm and no

el ectrostatic confinenent. The ions and electrons in these FRCs were

cont ai ned net| | n al nost, all anonal ous transport
has been a 8 %@é Xevéceﬁj howerL ARG eq%‘gﬁ}“ﬁﬁ eﬁg‘egi%fd%%ainﬁﬁ . at
page 2@%61‘%&'915%%%&?@@6 red06 o dVat corsidet, SncifAbusaRhgofto provi de a fUSl on

system having a contai nment systemthat tends to substantially reduce or

elininate 5ol C?ﬁsbﬁ?éﬁﬁ?“tos’éﬁc fapfaemeiy OBoRL MAORSOBAESE  ener gy
| Converﬁa@tléy&hﬁéﬂliﬁaﬁe1&gfex@ rmsélhau@mrsgyata{t N‘OU§ mm&educt s to
electric ficienc Summar | Aivention According to

one asEﬁenawouh anhy. SpPasmrNo B,ﬁ%@&&i torFamtswgrﬂe wlm:hmlanlpsdddcbastm hod of

converti fusion prqduct e t r rising the

ot ops. GPURe L Hy S i o of Praei Ty et 20 RER |

cyl i nofirgehlet 412400 10Y.S Fa%ntNo.3 mr@auﬁHfr@mﬁﬂ arbyindlaploWalswiish; @f.S.el ect rodes in
spaced rel ation with one another_ and haV|n& a plurality of elongate gaps

t her e BasanihNerh233m37 4o bunnasqher, sihycd discloses elecestaiccopinementalians gpd ( he cavity,

form rlﬂag’i‘n@nceéo%ﬁﬁédx&lt b @dcthord ¥t ﬁiul‘tﬂﬁ)l&&x\éb FefleRtaN Wiis2an) 4 ipaRRp € Structure
wi th nore than wo poles, and decel erating the ions through interaction

wth tiNe 4@26,6% tothtssa@ﬂ,dvlu@ is srnahstbdnmpapharea@mva!vmnt@usp@f Netee i on ener gy
N0 oot BB o6 BN AT UL IR A PBBRLD B iaREg ! Of L he

preseﬁf 1616 I'nverse c FYon ehergy converter
conpr igtiisig. Althbuphahdré Kavebedl rﬁﬁtyrrewmh f)tbjd&lsl’@@ electrgpedtie cadfingmentlof ndr i cal
cavity, the electrodes being in spaced rel ati on forn1%%. glurallty of

el ongdeRs. B thepyhave Bicoreded ineslablighing therpied glectsastaty figlds WA t udi nal axi s

of th i f s nore than two
or i ?gea fggé’lf;%vé %e‘&%{u%ﬁ Heﬁsﬁﬁfo?la%ﬁcln ﬂe%t& Lgétgrcx}cfn@@?&e QR Lif

_ Iti-pole electri I eld h ving nore than two
pol es abquxhtc@l&scﬂe@bldmdsal confighmaitonandgneticdoppdogyr at or ext endi ng about the

plurality %e %elﬁ éve?sgg 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. Thereis 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 research. See
: L C. Steinhauer et al., 30 Fusion Technology 116 (1996). To this date, in FRC
-expetiments 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 negligibie 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.




An enbodi ment of the present invention is directed to a systemthat
facilitates cont rgl led fusion in a magnetic field havﬁf?]ggﬁelgltgljﬁbgeversed
t opol ogy and the direction conversion of fusion produc nergies to
el ectric power. The system referred to herein as a plasma-electric power
generation (PEG system preferably includes a fusion reactor having a
contai nnent systemthat tends to substantially reduce or elimnate
anonal ous _transport of ions and electrons. In addition, the PEG system may
i ncl ude anTéReiigydestablo trrpvde a fusicaryeon evds o gonthiameriayston thatat directly
converts fuslon.- eperqgi e lectricit g th high.efficiency. In
one e?re%%sdtlo %‘Zgrf %@fy? %ié%?reeggﬁlg ha| a?]’eltél%lf} Psgrha,%gpgﬁé%ﬁﬁ%ﬁn\sﬁ eilercgﬂ%sg%(rl?n for both ions
and ekbeety adisecisdndgstén thecsvbied the bhaby of fsonpRduds toalldcdtgtat The
anonmal ous transport of 19 Septenber 2005 ions tends to be avoi ded by
magnebigB&ffigfenesnt i ning the ions in a magnetic field of field reversed
configuration (FRC). For electrons, the anonal ous transport of energy is
avoided by tuning an externally applied magnetic field to develop a strong
- el ect Bimamhivadfdhe émtion confines the el ectrons electrostatically in a deep
potential well. As a result, fusion_ fuel | asmas that can be used with the
present coAPFHding iR oneseechelibe iseend inyerios, g‘?@ ihpovidpdht fusthodio§ neut roni ¢
fuel s soal BV d i.c_fuels. For
aneut s anring fbrARAL SREAUTNG ARG EeR A e e AT LD C"  or m of
char gials plang i Gkl&al path within aqieacrgily ¢ydintoad cavtitydibviegn siidacedsrind| ated in a

magneé}iﬁc {Pirqj'd f]af‘gd ependi Eﬁg gqn, the fuel, cause little or no

r adi 0%t Py of gleckrqdesiia srasabiseating tithope s3128¢ Baing aRlurlineef, a direct
energ i i ] . L i gy of the

el o B R Bl e R AR AR AR Rl U <G08 % e char ged
part i biremgtanretegh fahl eithiotcsanmghetinga fhinki-ghlie Adwamnt agke owsd thant he  di rect
energy conversjon system of the present invention h he efficiencies,
par t i CT%PAUsFe? ec?lﬁ‘%lag??aﬁ]é&“sélﬁﬂugg]llé@fatc%‘? E’lﬂég]el eicfﬂ"'ta}fﬁﬂ‘iz‘i’j’nvert the frequency
and phagfor@ifa idg af;;a,awa@ﬁetieﬂEner@ﬂwosea‘uaa@)a&cénggmr >_rmatch the frequency
of an external 60 Hertz power -gri'd. 6a 19 Septenber 05 In-a preferred
enbodi ment Actdading sinother sspedtof the ppdsargnmveatod, diensis ptovédedtaeam conpri ses a
chamber, a netic field generator for applying.a netic field in a

i r ocE 7 STBLPRFLTEY PG rgmar HoF AERBHEY Bt dRORRPGAnul ar pl asma | ayer
that compnys &dﬁcﬂ!cﬁﬁ%ﬁ{éd&u@@é@eﬁ&iﬁ%&d fefiiSn Rlrmid}e pAlkAT Pl asma beam

| ayer are Substanti a
of elongate gaps there between, the gaps extending along a longitudinal axis of the

cavity, wherein the plurality of electrodes comprises more than two electrodes from
~ which a multi-pole electric ficld having more than twolpoles is produced, and a
magnetic field generator extending about the plurality of electrodes.

An embodiment of the present invention is directed to a system that facilitates
controlled fusion in a magnetic field having a field-reversed topology and the direction
conversion of fusion product energies to electric power. The system, referred to herein
as a plasma-electric power generation (PEG) system, preferably includes a fusion reactor

- having a containment system that tends to substantially reduce or eliminate anomalous

- transport of ions and electrons. In addition, the PEG system may include an energy
conversion system coupled to the reactor that directly converts fusion product energies to
electricity with high efficiency.

In one embodiment of the present invention, anomalous transport for both ions

- and electrons tends to be substantially reduced or eliminated. The anomalous transport of
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contained within the chanber magnetically in orbits and the el ectrons are
substantially contained in an el ectrostatic energy meligséqmgggzﬁagect of
one preferred enbodi ment a magnetic field generator conpﬁ?ses a current
coil. Preferably, the systemfurther conprises mrror coils near the ends
of the chanber. The system nmay al so conprise a beam injector for injecting
a neutralized ion beaminto the applied nagnetic field, wherein the beam
enters an orbit due to the force caused by the applied magnetic field. In
anot héens teadplode avfidediby npgadtieallyapninhethi mms insg megneticsjedd efffidibr ms a nagneti ¢

field havi t opol f.afield d confj tion. th
or of o FeL AR PR, B sirpty e bS8 Fou S el emp oieed T nvor se
cycl oby @ﬁﬁrﬂ‘g@ﬂ%%ﬁ@ﬂﬁap@li@xa@@ﬁﬂﬁ&ﬂtok@v&%bﬂ?el@dﬁ%sﬁ&ﬁ, whith fusion reactor.

The I CC have a hollow cylinder-like geonetry formed fromnultiple,
pr ef ecemfings fhgglecapnsabrcerogefisally in adaeb petential dvellcAs a edsels tfuderefieli t h smal |,

strai tendi n here between. . ln eration, an_oscillating

pot en? %T%ﬁgég%p eluggi ‘f'% tﬁ"ﬁ reséﬁne%qtnrﬁ%e el a%ﬁlgﬁ'il REPFFRY IRt ‘Egllﬁ on. The

el ect Kd Seuitomic dudks, b ddohdiiiadebisiPagivde BalahtedRR hfeutbhid Ghdls. Fopnd vani shes on
t he syrrrretriéwaxes and increases linearly with radius; the peak val ue being

at t habgyipuic fuslsglysipn reagtion engsey isaniagantiebsin therfargneficharséd parrtéklegener at or f or
appl yi pg i jrdirecti ti.c. field in.a direction

subst %%f 1 afﬁ‘b E)%%’r(;as}?# gﬁ P%infa ﬁ‘gﬁia%? ?I% ﬁ{e}ﬁgﬂ% EIIE (gi%Id arng’a(%f’ %I%dl%g %notiﬁef ai nnent system
At  an fief)dadsufittlb esio fdioatitine f usi on reactor power core the |CC includes an

ion collector. In between the power core and the ICCis a symetric
‘magnetic cls@ofrreiehodinaofifgmesentdnyentonya direct gpeTEYSAREFSIARRIICIBy St em ner ges

W th i I | CC. r 2d el ectron col | ector
IS pogsﬁlg?dotgg%g’g{%Ig%tﬁdteﬁ%gw?é’é)trfle%iﬁés%gﬂﬁ&gﬁgﬁ %ﬂt@g@?@%ﬁ?@ovﬁ;ﬁ%l ed to the ion
col | eslbwing down yteichapalpasiclep teduph ke dlegribnaindiificld PdosHigdeodlicthei  and
charge-neutralizing electrons energe as_annul ar beans from both ends of

the rSEEt SrergysRRYCES syt phthg pigasas infgntion hase hciensies, paislstanerey usp separ at es

el ect i : ekt g8NE: I . pt enber 2005 WO
02/ 08%%%0%?%@%%9%%@5 ect r%ﬁ%ﬁc?éﬁﬁg{\?fe nmggr%efﬁz%éqqﬁtpgf d lines to the
el ect powerobioect MHzanslath the ifieqeenpastan ckiamal AP Hdriagowergpidwher e the i on

trajectories are nodified to follow a substantially helical path along the
| ength of the ICC. Energy is renoved fromthe ions as they spiral past the

6a




el ectrodes, which are connected to a resonant circuit. The |oss of

per pendi cul ar energy tends to be greatest for the hig t .en Lons that
initially circulate close to the electrodes, where thzggﬂggpg?gXp#eld i's
strongest. Ot her aspects and features of the present invention will becone
apparent from consideration of the follow ng description taken in
conjunction with the acconpanying draw ngs. Brief Description of the
EXamnngs Preferred enbodinents are illustrated by way of exanple, and not
by way of Ihppiefesed enbodimentitbe fusigureegfordfplashne cooeomsarsysielg dr awi ngs, in
which i ke reference nunerals  refer o |ike conponent?, Fig. 1 shows an
exenpPSPV“%ﬁﬁFﬁﬁBW%ﬁF“@HﬁHBQFdé?“?ﬁﬁréféggﬁ?gFHW%H?W&W dingj g 2 shows the
g?gxél:;]r% ;one:.su (5::111[151ﬁﬁ1 alo%zi %rug:l%lcr:rgxds ccil an alamp Sl‘l(‘)l% €1 téélt\éan%fiésge 4 shows
the cql Alﬂcgﬂ nsg%&mﬁmt B effthé A g&@:ﬂ& bééﬁmpérla%ubstﬁﬁt&n 5 shows a
betatron orb Figs. 6A and 6B show, respectively, the nagnetlc field and
t he dicha@int®dwithin thdcham@peadag@iticAliid brbithaml thRelectfong gre sdbstamidily B show,
respectively, the electric field and the direction of the ExB drift

i naFREentRingd in @/klec8BstalrcnS@y vrediwin amg asirect of ope piefared Rnpedin@At and 9B show t he
Lorentz force at the ends of a FRC. Figs. 1 QA and 10B show the tuning of
the eAEPPYCI] SIngrasn GOPRESE PEEEFH embég@ﬁqablai the gysterm 8irdig | j di ng beam

Y oot pig SR Rl R 41%31?1513 K et SR e ipF AP "o e,
0| 9505080 Sl RERSHo 3005, NP 02LRRABEA, RETh 502/ 08370 Fi s,

13 sho etatron or en s angl e ectron-ion
beam enters an orbit due to the force caused by the applied magnetic field. In another

aspect of the preferred embodiments, the system forms a magnetic field having a topology
of a field reversed configuration.
In another preferred embodiment, the energy conversion system comprises inverse
cyclotron converters (ICC) coupled to opposing ends of the fusion reactor. The ICC have
ahollow cylinder-like geometry formed from multiple, preferably four or more equal,
semi-cylindrical eiectrodes with small, straight gaps extending there between. In
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
symunetry 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
reactor’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, produdt 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.
_ _ ;.




collisions are considered. Fig. 14 shows a neutralized ion beamas it is
electrically polarized before entering a confining ch§?§grmngi 00%5 is a
head-on view of a neutralized ion beamas it contacts '
confining chanber. Fig. 16 is a side view schematic of a confining chanber
accor dweog2toeeszs preferred enbodi nent of a start-up preogedwossz Fig. 17 is a
side view schematic of a confining chanber 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 plasna-electric
power generation systen1conprising a col l'iding beam fusion reactor coupled

- to an i r |.otron S9nv t shows an end

Vi ew o?‘ﬂ%lglgaﬁﬁglkegrﬁgg ‘%afg“ gl'gdclmc?% i g’ a&‘b& gqgfsasgwc shows an

or bi t dfro@h theanasp Whérk &el:dsn/tef@&)r@yﬁz‘e aioﬂm&d ofoUeWtagibstdntigily lidals hO\INiS g
partial | ectric r generatiqn systemconprising a, colliding
beam f a%tﬁaﬁns the Jongih of E@d ey 5 Tamp A onLig KBt SHEREPTR DSHBe | nver se

cycl ot éﬁehode@mhfaﬁercon@c&d tc29§s<§iaﬂt\/&cﬁﬂ ﬁ{eqoéélo?pergéndﬁéa&r bR se cyclotron
converter in Fig. 20A. Fig. 21A shows a partic orbit inside a
conventeunéwalbe@sﬂ@ﬂe@tf@rdhe highegt enpp ltmmlmmmlmsuculatapm@oéheect ric field. Fig.
21C sh \g@ i accelerating particle. Fig. 22 shows an
azi rmtgl tdl%g %%?:i%ﬁrﬂ% agcﬁég%inggsgt ween the electrodes of the ICC that is
experi encethlhyr aap'cctsmndfaahﬂresalﬁgmlpBﬂSem?eivemtimyadlllﬁb@me&’ﬁpahﬁ\mma f ocusi ng
guadru doubl e ns.. 24A and 24B show auxili ar

magnetF SIGPIRR of qt%@%% H?Sgﬂzréiog takeg inyGopipmOtipn W wagegfmng Fig. 26 shows
react OfiraGAtpport equi pment. Fig. 27 shows a plasma-thrust propul sion system
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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 dlamagnetlc 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 driftina 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 wlliding 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.




Det ai |l ed Description of the Preferred Enbodi nents As illustrated in the
figures, a plasma-electric power generation system of res

invention preferably includes a colliding beam fusion ﬁéeggqtglpg%r%é?ed to a
direct energy conversion system As alluded to above, an ideal fusion
react owwo0ky€3 t he probl em of anomal ous transport fegrrakeidesteons and

. electrons. The solution to the problemof anomalous transport found herein
- makes use of a containnent systemw th a nmagnetic field having a field
reversed configuration (FRC). The anonal ous transport of ions is avoided
by magnetic confinement in the FRC in such a way that the majority of the

ions have -ad| abat c orbit.s, theminsensitive to
short - vvavelllé ?ﬁsqo u‘g’t]g% etz}q?gtor@tgdg@n 'ﬁ‘gﬁﬁ!‘ Ern]‘icF%fHE’Bort of adi abatic
i ons. ‘Ld]hm{stafccc%gaemg he exi stence of a region in the FRC where the
magnetic field vani shes nakes it possible to have a plasma conprising a
maj ority ofFigidA sheivstueuirdlizedies bearp s ibisedactrivally pelarized hefore eptesng # ansport of
energy by tuning the externally applied nagnetic field to

evel ocanﬁmng\ré@dr?g)%el ectric field, which confines themelectrostatically in
a deep pot efig.i14lis avedall- onl?mmafmnkut&iliz@iashmnhﬁ&to%ts;ﬂamﬁed with the
present confinenent apparatus and process are not |imted to neutronic.
fuel s %"lﬁ'@ﬂmﬁg r%"(Deuteri urn-Deuteriuin) or DT (DeuteriumTritiun), but
al so advantageeisd ddd ek behemakbFacestimig eatiber R6d:din lﬂ@é efeded
asD-He' (Deuterium helium 3) or p- B"(hydrogen Boron- 11 (For a discussion of
advancebodinegnsof assast-wp prpeddd8acher & M Hei ndl er, Nucl ear | nstrunents and
Met hods '“F%’mﬁg fﬁa&é@%ﬁ&@%}%&ﬁﬁ@dﬁ% £t gutmohﬁpd Arst er dam) . )
For such aneutronic fue tt~1o reaction enérgy 1s alnost entirely
i n t hepreforred ofbodivaen efth shat-op phedprei . €., energetic ions, that can be

rranlpulate net| field an de in ueI, cause little,

no radi gié%{}?g]?qvg; B“ﬁgpmi’% %Wfﬁp ?g"&{ﬁ'g‘é gtr"i‘qﬁé on and an He ion
vv'th 18. 2 A Y98 RRévEYa Petaidl la§ielBetit d’vﬁb’tl Ehepation sPsidih esmpr¥ipe He ions and
8.7 MeV eneFr;%y Based on tgheor etica gel ing for a fusion deV| ce

utili z¢qligiuzﬁhsemrfmwxbreaw@p@ edtpan WPTEEPYCIWrdw“@BW%P@WB‘FPIef fici ency may

be as high %ﬁ'is 9 Nonma and Y
Yanmanmoto in u5| on %@rﬁ%ﬁ%‘é@%‘%ﬂg‘gﬁ%ﬁ@é‘ c}%}%}# E?‘V% e. Such
ef ficienci ddg. dl%\ﬁh?dwscaaloﬂytddnmmanthehm/epse@ycietmmcm«artmneut ronic fusion, in a

; 8 8'5 a\t;\loe 0 (Z#Eﬂ% g@g ghoM/sva par‘txaliTBIgsma eIec%'IVg p%(\)nrse; ggn%pgtllog sys?e[nrli gor}npnjs'glg ]{19 Sept ember

colliding beam fusion reactor coupled fo an altemate embodiment of the inverse cyclotron

convertér.

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

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

FigA 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.

Flg 25 shows a 100 MW reactor. '

Fig. 26 shows reactor support equipment.

Fig. 27 shows a plasma-thrust propulsion system.




PCTItJS02/ 08370 In a direct energy conversion process of the present
I nvention, the charged particles of fusion products c be s] o down and
their kinetic energy converted directly to electricit@?sﬂgggh?ggﬂgusly,
the direct energy conversion systemof the present invention has the
ef fi ciwoehegs7particl e-energy tol erances and el ect r gigipfiysadaigbjot y t o convert
the frequency and phase of the fusion output power of about 5 MHz to match
the frequency and phase of an external 60 Hertz power grid. Fusion
Cont ai nnent System Fig. 1 illustrates a preferred enbodi nent of a
cont ai nment system 300 according to the present invention. The contai nnent
. system 300 %9 pLLi Ses . %g.nber al.] 305 that defines therein a confining

¥ top obihe SHEREINCNS1 0 js cylindrical in shape, with
principle aidiflusthRddh BREghRE aGRRelklcRircphRe AR s34Pm oF@e appl ication of
this. contai nment systen]Sod to a fusion reactor, if IS necessary to create
a vac uprasestinpation pigesadhlvine idgsaeolidmg bsamiisiongetor Coupdestie pidireaki t h t he

princi ' LS,..a eOj & L.Lhin the chanber
B0, Ry @birdihdn” AR on (60! iRkl fhe i, © 02 TURTC
medi unofadepsleds transghirt fectotic ions amitelatronsy Tha sélothan to dikd protdem shiown,  whi ch

preferably. conpris al.lel w ndipngs of nmultiple separate coils and, nost
pref er#8 !ouf)ggrﬁmrgfo“aﬁﬁﬁ?lﬂﬁ?kﬁfusﬁﬁrg% o"?agﬁ?e“é_@'ﬁgﬂna‘f’gb 56‘?%?‘% o forma |ong
coil . fR3d RO a HHd tdvaded ddnfif\Ratnl(FRC). | TIRRRGAMLE kil of ok ient through the
betatron coil 320 will result in a magnetic field'inside the betatron coil

320, sareiiedhy mapnefic confingmentiin Bie FRErin srchaveaythat the mwierity akthg iage5.  Around t he
out si Cif‘w@i@;“&:ﬁﬁﬂz{ﬁ?ﬁé orBd hxaﬁﬁgrg{ge& {An S Eho gﬁﬁ%'wagé"ié‘,gfh-rﬁlﬁzuﬂg&ﬁr coi | - 325

produce a refatively constant netic ving f1ux substantially
par al | thkt canse lanompalousdrapspertaf edial2lib ionThinpanwghe thecexistapbdlofiagegan mut hal | y

symet [i . ,The. appr oxi ion, th the netic field due.to the outer
oo s FRC vl ERRER B v Engt mikes SHRaTE B s plabd (st 1 1 om ¢ he
ends of mijbety@fasbediabaiidioné F@akbiraRothe hndubous handek oBddrdySs @ mirror  coil

330. The mrror _coils 330 are adapted to produce an increased nmagnetic

field avaidediby tuning thegxtasaally anplied magngtis fislddo develpp artieng plectinBeldagnetic fiel d
l'ines R di‘lﬁﬂ%& %Qlle&{:bqtaﬁﬁaﬁ?%lgh&ﬁ oftn@i%efO0- ) As explained, this bending
he Tie efps to (I,’

i nward of t I nes ontain the plasnma 335 in a contai nment
regi on w t Fusion fuel wihsurds dirat Ghbegemevit thy plesimveefinethent apparatrandoi | s 330 by

PUSTT Ndodeks AV MR ks MGtrEme RueltdiHtas's D®RutE SaR el iy T4 NN 11

* (Deuterium-Tritivm), but also advantageously include advanced or aneutronic firels 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)11-64 (North Holtand 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 aneutronic 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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19 Septenber 2005 WO 021082873 PCTI US02/ 08370 system 300. The m nor coils
330 can be adapted to produce an increased nagnetic fi]edg z%t btgﬁﬁinds by a
vari ety of methods known in the art, including increastng R A r of

wi ndings in the mrror coils 330, increasing the current through the mrror
coi | s w8Wznns73 overlapping the mrror coils 330 w thckheogsgr coil 325.
The outer coil 325 and mrror coils 330 are shown in Fig. 1 inplenented
outside the chanber wall 305; however, they may be inside the chanber 310.
' In cases where the chanber wall 305 is constructed of a conductive
materi-al such as nmetal, it may be advantageous to place the coils 325, 330

inside the_chanmber wall 305 becauseﬂége tinme that it takes for the

magnet i c f &P AIEH CUTH QUECTTION BiQETS tHBe prssant ByetinRyhoEharesl BEFIGET y | ar ge and
- thus cYeGod REaRKITLEHR sTAPed R wn@aE theftIkiRAL &ngco%énehaﬁémr t¢ he chanber 310
maybe of the shape of a hollow cylinder, the chanber wall 305 form ng

al ong,elestifly ahdviaptageously, thedirecbenetgysenversion systemtod the prdsent iygntion320 coul d be
i mpl e Jt Si f .t er I L0 r of that annul ar
ring. r%?‘e@%%é{eg? ﬁéeﬁ‘:ller?ﬁgrﬁ? \E\Lg%’r B%%e#gcg?rﬁ%hﬂglé Etggonggl@h%e annular ring
may cdmgnese aad plase afdindiisivn ogpurpbeet aflabew SIMHS toghatdsthe Asquenty becone
'apparené, t he. chanber %0 must bg of sufficient size and shape to all ow
the cidPgahast Pha 0 HedaRyyer 8%y er 335 to rotate around the principle

'. axi s Fhdiod Coptabimé8iBysRe US. The chanber wall 305 may be forned of a
[

materi al having a high nagnetic perneability, such as steel. In such a
case, the Efakibilustroied 3 prefeyed erodinent atecathinmeant sstercifOnessrding 19 t he

mat er i : . Il i I r i chanber 310,
o corrprtg(l’s%rf%gi'lﬂﬁnFlg?'f hgh@ﬁaﬁgeﬁ%mﬂéll%@\?\g{?%&sf g%@%a%ﬁg%dsgﬁ ar%at erial having
| ow niefimstthareip e cordmiig| chbmyber $U@ hPraferadlye Mieghaslser 3 dnsichlindridavn ce f or

cont ai phi ng_the.magnetig flux  would ecessary. In such a.case, a series
of ol G VR R, Do e et e BETOR G0, HeePrigeof fige. known | n
t he archntamndehibystelg300td £fusion Wastbe itb@nd@ééaa&g@te&eaeeﬁbmmmenea@ut er coils 325

. but outside the circulating plasma beam 335. Further, these flux delimters

coul d vBeupLinsis the ghanmter 31 Coppratriq with the peraiplo axis pLds abetaiien 8% woul d be
dri venoiisbd IGtatel Rﬁtﬂﬁhlﬁén éHtaEng: P! T berlyhathg 2l 824 &Qﬁ\ﬂgsés%e the contai nment

of magnefi ¢ ux wt cha ternati y, the outer coils
325 t kbusehesentcarydngsmediemadapfiddir ditedt cavrdnearsundislopx pdihaswhdwinn f urt her

det ai | bel i | at i I 35, i Si h d ticles,
my - be RSB S ien b BT TS el o arS PO SRET by Co causod by ¢he
magne?gegerﬁmﬁ,lﬂrmspwih&ngmaewt%m@@afat@&ﬁs, teorMUAbng dofle Pe@Bss | N the plasma

beam

O

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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12 19 Septenber 2005 WO 02/082873 PCT1US02/ 08370 are nmagnetically contained
in |arge betatron orbits about the flux lines fromthe ter coil . _325,
. which are parallel to the principle axis 315. One or ngfgqggaﬁ?ﬁﬁpéction
- ports 340 are also provided for adding plasma ions to the circul ating
pl asmewbean835 i n the chanber 310. I na preferred epbegkémaie the injector
ports 340 are adapted to inject an ion beam at about the sane radial
position fromthe principle axis 315 where the «circulating plasna beam 335
is contained (i.e., around a null surface described below). Further, the
I njector ports 340 are adapted to inject ion beans 350 (See Fig. 16)
tangent to_and in the direction ofg%he betatron orbit of. bgggcontained

pl asmeYBERA0838he miras cojfs 3P garbecAdapt ‘QPBQ‘i_uFﬁ)‘F’e‘“Tfﬁﬁ yFaeRTEc sour ces
345 fofe s B9 b VRSt Rof hbRAH REWABNKERE LR ldidz iRiraR IR thdYutbehsf chanber 310. 1In
a preferred enbodinent, the background plasma sources 345 are adapted to
di r ectwiplliagsria t338irton veils@30Hucregsing|thecaaryent throngh theymircdigede?303%0. 1t has been
f ound di recti . [S,.: hel ps to better contain the

pl asna‘;‘ggéjpé“ﬁcfﬁﬁfég%gc§l§%gemh%;$l§éer%gl¥%s'of pl asma 335 in the contai nnent
regi on wi t Hihe otitbecoillBatiand madd coilsiB30) gecth&au in Kif.dsmplengenfeRGufklg. 2 shows a

magnetjc field qQ RC 70. The stem has cylindrjcal s try wth
respedf® W%F%W‘QL??@;;QYW%&FH@W ,"‘Sﬁﬁg'reé’ﬁ%ﬂl r?\‘ll\fg 1]r"‘é@?"‘f')P’fé‘r’j‘g{;ﬁ‘cmagnet ic field
l'i nes: chaREE walG08topitReRd o?écon-ég%v]? ateiaBsuth 3 rilbeMOit k@ bt WO regions i s

called the separatrix 84. Th ornms a cylindrical null surface 86 in

whi ch adsantzesegsde bleced thepeils\33h 33A dnside|the chpmberawal308 beqsusertha@methat he FRC t he
i ; _ _ : \ $ Cerotion At th
ragne dggsk%;@l tﬂr% glgg.feflgﬁ{ﬂfig({nglﬁg& @RREEEHE AR08 Ao gﬁema& kﬁgé fmgction e

ends oes change apprec y int axi al
di r ectthascauskhtie: systgmei0D to feret shiggikidpgSitilerly, élet chamberi3d 0 By bevfthses directi on

in the, FRC, ich gi,ves rjse to erm "Reversed” .in _Field Reversed

Cont 1 gmdtaopasrey hopr e clyibes vl A toffe Db oM O JPAEGr ¢ ho pul

sur f ac@se theibStairéh Auxf doiiS20 dbil1& 66 inflemdbd ohRRIcTRMBRhArRber Wall do3 si de the nul |
surface 94 is in a second direction 98 opposite the first. If an ion noves

i n t hetheipaniss of thef anmwar ringe Preferebly, Ahg iner avag dorming the centeriof theanitlay t owar ds  t he
nul | f - TN S .S 1eaSd o] | L.ght - hand

rul o, g b HobcoBa RA5) ko BARAANLIEE RYuiliRL ekl B0 " [ ent 2

f or ce chhmbarS1musttbe of sufficient size and shape to allow the circulating plasma beam or

layer 335 to rotate around the principle axis 315 at a given radius.

The chamber wall 305 may be formed of a material having a high magnetic
penneability, such as steel. In such a case, the chamber wall 3G5, due to induced
countercurrents in the material, helps to keep the magnetic flux from escaping the chamber
310, “compreséing” it. If the chamber wall were to be made of a material having low
magnetic permeability, such as plexiglass, another device for containing ﬁe 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
predetcnnined current to greater facilitate the containment of magnetic flux within the
chamber 310, Alternatively, the outer coils 325 themselves could serve as flux delimiters.

As explained in further detail below, a circulating plasma beam 335, comprising
charged particlés, 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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 axis 78gn thegliregtgpof ﬂlsh§taﬁrw Qi of the ganfained plasma beam 43

the null surface 94. This phenonenon gives rise to a particle orbit called
betatron orbit, to be described below 13 19 Septenbe §005 WC#®§/082873
PCTI US02/ 08370 Fig. 3B shows an ion noving in the coun %

direction 104. The Lorentz force in this case points away fron1the nul

sur f acw®eb/o8BE s phenonmenon gives rise to a type ofpcardspinssml | ed a drift
orbit, to be described below. The dianmagnetic direction for ions is
counterdi anagnetic for electrons, and vice versa. Fig. 4 shows a ring or
~annul ar | ayer of plasnma 106 rotating in the ions' diamagnetic direction
'102. The ring 106 is |located around the null surface 86. The magnetic field
108 created by the annul ar 1,0 C nblnatlon th an

ext er n&f°l gaﬁﬁgl}ye@ma A fclpseg B?taléqnd’r{i%(?%o‘fttjgli‘%uél% o e over 8? havi ng t he
t opol 0gys, @hich afffardidine tnegmhpwxﬂs 315.SOdt nhdie btagh idjectiobpRrts 340 beam t hat

forms the pl asma | ayer 6 has a tenperature; therefore, the velocities of
t he |oﬁi§ alsepmv&eﬁ/ﬁmédmg Ripsaipps o F‘%?r?‘rP‘Hatﬁ'Eleaéﬁ”é beaik 433 Mdh&at t he average
angul ag 1'otmf,re ofied LiftbdiRathd o) el:tbls];;&&%«;@%cvaﬁ ed B §echn di f ferent

vel oci |es ead t f'usi on react’i ons hi's reason, the plasnma beam

| ayer mnlqomtrabomrth:sa@:@radsaipadlﬂmcfrcmthcphhmplemgmbﬁwh@yﬁl@em Fig. 5 shows

the main e 1.0n Lts In col li S ed a betatron
or bi t ili"éla%ﬁgﬁlg‘f"é %8Ebs°t°mﬂ'§3g r’la'%“exg'flgélglmﬂe% nasPeﬁ ve centered on
the nRirhet; ltlid‘ihﬁct&r]#brtsm £ @da@teawmfaanmbemessamesﬁg a6ftasdesit ton t he nul |
circle 114 vani shes. ane of the orbit 112 is ferpendl cular to the
hei r di amagnetic

direction %&E&ﬁﬁé@méBﬁJ&r'xﬂﬂe%kﬁBmhé@amﬁ@oﬁ:@&3'49f&m9«§ﬁ1gtarOn orbit has
two notions: an oscillation in the radial direction (perpendicular to the
nul |- célowd of npa-dergetin glasme mmtbb ahambnr 331100rlirga pm&wﬂbmb@dlmmethqm Fig. 6Ais a
graph of . t he etlc f| Th Qr ntal ks f the graph
repres %F%romé’ %r“éts% 3% glrresc 3 %hsrlo eamal e magnetic

fiel d hs chdnibek3100@ctas ’o‘een&'&mﬂhlﬁit gmnhg dﬁlpla@xhs thl§ hsy lﬁmig;nebd:tter f ield 118
vani shes at the null circle radius Fig. 6B a particle

movi ngcamta the plastd 435 aad ,quqi%to\ﬂ,,hpghers@gmg qule?a%ﬁ%S 11’2%‘9 PRIt ragnetic field
Poi Nt RE AWMl thORatB& 310] | surface 86. The magnetic field outside

Charged Particles in a FRC

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 field 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 direcfion 100, the Lorentz force 30 acting on if points towards
the null surface 94. This is casily appreciated by applying the right-hand rule. For
particles moving in the diamagnetic direction 102, the Lorentz force always points toward
the nuil surface 94. This phenomenon gives rise to a particle orbit called betatron orbit, to
be described below.
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the null circle is in a first direction 122, while the magnetic field
inside the null circle is in a second direction 124 ogggsu;e tqz e first.
The direction of a gradient drift is given by the crodd BRiEHREE24x o8,
where QB is the gradient of the magnetic field; thus, it can be 14 19

Sept emper028808% WO 02/ 082873 PCT/ US02108370 appr eci atmcl img2/epml yi ng t he
right-hand rule that the direction of the gradient drift is in the
count erdi anmagnetic direction, whether the ion is outside or inside the nul
circle 128. Fig. 7A is a graph of the electric field 130 in a FRC. The

hori zontal axis of the graph represents the distance in centineters from

the FRC axis_ 7 The electric .fl.el d i.S . vol t.s/ cm e graph depicts,
t he el ectri%g'flﬁesfhgwi%m\r}ggﬂvs el%lhglcgusﬂet&fl%&[a ee'?lﬁhlﬁc lg?rl@?'efﬁ%r adi us 120. As
shown ELbrefizdorcd’#, thik b&e pbiastawiag fibmahiechullfsarfaded®s This pleearhomging;, it points in

directioons 132, 134 y. fromthe null rface 86, The mgnetic field, as
bef ore?sq@aitweé’ﬁﬁé’é‘icﬁ@e\ﬁaadh%g‘]ﬁéﬁge @eg%*}bféﬁelpwsief&ggaw&%@?@g%f the nul |
sur f acgr@&s id douhteRliRfARR TRERLGE, £M vi*RRli ng the right-hand rule that the
direction of the Ex J drift is in_ the diamagnetic direction 102, -whet her

the ion is Hatdshdws sring prangelat laver afplasma Ko geletingig thedppss diagiagratid 8B show

anot e LU 0 SOTIPRORLRichih ot REnuf Arhelse i denidida 1G858, O Ef

orbits can be oufside o ace 1 own 1n Fig. 8A or
i nsi decreited Bysthe mowdar phasii ByerdB6, ibDcorhtiinaiohivtith ah3Riermallptppliecd t he di amagnetic

i 1 ot Tt SERE1, B atichpd TR b GPoIoRot G (LR FPLEY £35. shown | n

Figs. SRwandrgB)rotate in the diamagnetic direction 102 from starting
point 116. A drift orbit, as shown in Fig. 8C, can be thought of as a small
circl e rol | Thegorobaam that foras dhe plasmy layey Hf¥rhag p tempsraturpdherefare, thej r cl e 142 spins

around_ it S,: aXk S, . o] | |3 big circle 146 in
the di St ohe i SGRRFet i rbuon ) £ Bat RitBeBEE bl O T ELE 10
138. Fampslar Sdodnych{ &8 iehimamt Igelidionebdtwesn iofs dfldéffdrent e¢lbaitidsdeadao at t he ends of
a FRC 151. In Fig. 9A an ion is sho noving in the.di netic direction
0% i Fion repeions For Rigieanin. 1 Dasn BT Py OF 0T 50re 108 K BER npor oct at od by
appl yi pgtidiRebdaindybteiand rul e that the Lorentz force 152 tends to push the

ion back into the region of closed field |ines. In this
Fig. 5 shows the main type of ion orbits in a colliding beam system, called a

betatron orbit 112. A betatron orbit 112 can be expressed as a sine wave centered on the
null circle 114. As explained above, the magnetic 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 orbit
112 move in their diamagnetic direction 102 from a starting point 116. Anionina

* betatron orbit has two motions: an oscillation in the radial direction (perpendicular to the
null circle 114), and a translation along the null circle 114. '

Fig. 6A is a graph of the magnetic field 118 in a FRC. The horizontal axis of the
graph represents the distance in centimeters from the FRC axis 78. The magnetic field is
in kilogauss. 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 Bx VB , where VB is the gradieht of the magnetic field; thus, it can be
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case, therefore, the Lorentz force 152 is confining for the ions. In Fig.
9B, an ion is showmm noving in the counterdi amagnetic ﬁ}gectlg %ﬁ h a

vel ocity 148 in a magnetic field 150. It can be appreti SPRHBS Bglying
the right-hand rule that the Lorentz force 152 tends to push the ion into
t he r egoewogR730pen field lines. In this case, therefparasezdst®m Lorentz force
152 is deconfining for the ions. 15 19 Septenber 2005 WO 02/ 082873

PCTI US02/ 08370 Magnetic and El ectrostatic Confinenment in a FRC A pl asma

| ayer 106 (see Fig. 4) can be fornmed in a FRC by injecting energetic ion
beans- around the null surface 86 in the diamagnetic direction 102 of ions.

(A det e . Scussian o r form RC and pl asma
ring f%ip ecijat‘:’dbé'lag %}?“gﬁ’ﬁga“é’?%sﬁ'fl‘g?‘gﬁﬁ“gﬁ°88ﬁ& Iga(}betu lsm €t of the ions
have baﬁmterdiﬂna:gh&idcﬁre&tioa, Wheker fiedon Boutsile@r in€ide tgduil Circla rm are

non- adi abati c;_thus are insensitive to short-wave] ength fluctuations
that cause éﬁdﬁa‘ﬁé@ﬁﬂpbf)g%éﬁla?‘fw 2 13 Theharizewy) ais in a FRC and

under WJePQEén&%&&E\%cE'nP&%ﬂmE@& ﬁo%?tii% ERVALIsOR. The Qi@&ﬁ@ﬁblmé ifPoses a
rel ati on between the angular velocity of 1ons w, and he angul ar velocity

of el evdlisioms Ag the grgh depicts: the leptsic field 30 vamishegiclose tm@rm;il@lrclze Bo . (1) S2q
mc In %lethelonatomc nunber, m is the ion mass, e is the

el ectron charge B. is the nagnitude of the applied magnetic field, and c
is the speefd; shbwh lfgihlg 7BTﬁ|eebctac fcltiiordensfis a@onﬁlﬁng;mmmﬁmldire&ﬁms rel ation:

the ap Id Bo eelectro | ar., vel oci.ty co,, and the
i on an&gk ﬁf“"‘\)‘@g P’c eE‘%} surfage § P‘algﬁ%ﬁé g‘W‘r‘Sl“H’@p‘?Wrd can be

det er ndiR8ons 129 MFMsidd andBRERIDE thie hE11 BArBREB6| RYA! belddBrebiateli 8y Med by injecting
ion beans into the FRC, the angular vel ocity of iohs co, is determ ned by\

t he i ngppbiingahe hgmemmmmg;e didecticnefitealix ¥ drift istih ctie dignagheten by W' 1 MA
1 miw.r the injection velocity of

i ons, Oﬁ)@ lgfﬁ W@%ﬁrswwhww@&aemﬁsﬂw & Surthie 135

_ Figs. 8A and 8B show another 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 directioﬁ ifthe £ x B
drift dominates or in the counterdiamagnetic direction if the gradient drift dominates. The
drift orbits 138 shown in Figs. 8A and 8B rotate in the diamagnetic direction 102 from
starting point 116. |
A drift orbit, as shown in Fig. 8C, can be thought of as a small circie rolling over a
relatively bigger circle. The small circle 142 spins around its axis in the sense 144. It also
- rolls over the big circle 146 in the direction 102. The point 140 will trace in space a path
similar to 138,
Figs. 9A and 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, thergfore, 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. It
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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ions, and r0 is the radius of the null surface 86. The kinetic energy of
el ectrons in the beam has been ignored because the el ran i's
much snaller than the ion mass m. For a fixed injecti &%9{8?‘8&%@05? t he
beam (fixed co), the applied nagnetic field B. can be tuned so that
di f f erwotozwakides of w, are obtainable. As will be shewisododsiong t he

external magnetic field Bo also gives rise to different val ues of the
el ectrostatic field inside the plasna |layer. This feature of the invention

~.is illustrated in Figs. | QA and | OB. Fig. 16 19 Septenber 2005 WO

02/ 082873 PCT/ US02108370 | OA shows three plots of the electric field (in
vol ts/cm btalnedfr the,s ctiQ vel ocity, ev, = 1.35 x 10" s-',
but for thr2sngt H c=appEi ed rragnetlcfleld Bo:

Pl otApplleCk faé%lf)G el c%ﬁﬁ&fohﬁéﬂﬁﬁqiﬂ@ﬁ i dnkr, @&o)l

1548022, 77k Cheage By L6 15&% A BERLAN AATHCRY MR AR ol |0 s
The vabqaelg arplndyihe ppll susface %m@g@m%@%@qre%qﬁmma@%dmleﬁg to Eq. 1. One
can a t hat

ol ect r SRS el pRBocof oA FAC sl et e ellobbeldy) 8 1B (1 o ¢ e
el ect rihe cqimilmngpbkmi lamer\/IOG,tmost bithe toheh:sfarbetamm orbits Mal(smflg)fs),aae and co.. The
hori zont al .axi gs.. I OA'and L OB, .represents t i stance from the
FRC ax et Sadiss o pRifke: ey fre sFpi b o wayelea B Spithion o) o' and

el ect r ihgt dANe@RGhAbusdRBGRE. Strongly. on a The above results can be expl ai ned
on sinple physical grounds. Wien the ions rotate in_the dianmagnetic

direction, InAplaspnleyerlfo &smed ﬁeﬁFRq%gmfbmdéranqu}lbsymtcnedlLWeth@z force. This

was shown in Fi L ectraon t ction as the
i ons, Eer[ag? %ﬂﬁmm?l%r ce |%°% aﬁeLglO%betcgg%nt%é%%P ?lgcﬁty ogg’% i %’é{n%el ectrons

woul d ﬂﬁ@hnéggrogaglgymgq1emo‘ﬁb@, e'n@c,ua@aﬁlsl eave the plasma and,. as a result, a
surplus of positive charge I's created. This sets up an el ectrlc field that :

prevents ot her el ectrons froEE I g%ag? pZa‘igma The directi ogland t he

magni t ude of this electf& % i Lum is determ ne )oy t he
conservation of monmentum Th trostatic tLeld plays an essential role

on theptgansnRite 6 atbRichuRbaC I R BR ié fass! OR$he NHBA SidngH ¥, mm i npor t ant
aspect” of this invention is fhat a strong electrostatic field
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 @,
and the ion angular velocity @,. Iftwo 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 W,
| which is given by
W= %minz = %mi(mira )2 _ | | (2)
Here, V; = @r,, Where V; is the injection velocity of ions, &, is the cyclotron frequency of
ions, and r, is the radius of the null surface 86. The kinetic energy of electrons in the beam
has been ignored because the electron mass m, is 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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is created inside the plasma | ayer 106, the magnitude of this electrostatic
field is controlled by the value of the applied magneiég field % whi ch
can be easily adjusted. As explained, the el ectrostati PRIFOFIZUBNT i ni ng
for electrons if we > 0. As showmn in Fig. | OB, the depth of the well can
be i noweasedshy tuning the applied magnetic field Beerukpept for a very

- narrow region near the null circle, the electrons always have a small 17 19
Sept enber 2005 WD 02/ 082873 PCT/ US02/ 08370 gyroradi us. Therefore, electrons
respond to short-wavel ength fluctuations with an anonal ously fast
diffusion rate. This diffusion, in fact, helps nmaintain .the potential well

once the fusign ac n ocgu .The fusion.pr.aoduct ions belng of rnuch
hi gher n)é’h%&" ci’re %@%}'{?ﬁ%“’ﬁp‘éé% (‘nT'Sltﬁm)rfg’ﬁuﬁdg‘?féﬁ%)%dﬂg? “Reutrality, the
fusi on,ggad %t‘sl §313§07RY Jut fo? \tlﬁ&“ﬁi?&ﬁnt%ﬁe@éf tlﬁeh%lpﬁédaﬁ eid fidlaphem nmainly

t aki ng_t he ectrons fromthe surface of asma layer. T e ensity of
el ectjrons at e surf {b L3S I aw, Q ectrons that
| eave| t he pl awf& W th E%%Pq usi ne(ﬁﬁrogﬁ t's rrus Ctrt? %‘pﬂragﬁe) ?y% rw se, the

pOt en Sappeat— H & 1+ shopws—a—MoeneH-Han—di-st++buti on 162
of ellectrons.1sfnly verypenevpgeGi c el ectronsgf£gmthe tail 160 off the
Maxwel | distribution clan reach the surface pf the plasna and | edve with

f usi jn ions.” The tail {60 of the distributipn 162 i's thys continyously

creatied by ellé8tron-el BtTORW ESI i sions in |#He 9637 940 hi gh derfsity near
the null surface. Thel energetic electrons still have a small gyrioradi us,

- so that anomgkgus dlffu§l_0f5§3 mts themtp r_eiirfp Ee asurface fast enough
to -accommdate t he depar“tl ng usi on product Pons 'E e energetic |el ectrons
| ose thei+r+—ener gy—asSt Aeh 6 the 'JUL ental—weH—and—teave v'\ﬂ’_t"h'_V'efy little
ener gy, hough .t he rons an Cross the ic field rapidly, due to
anonal 0% §’a{"‘F§i s‘f;éﬂh"tagﬁ?%ﬁm)‘ﬁ%re ?f%‘?’ljﬁ}ﬂdlaﬁ%cg‘@ggpgl%h FBEyo0i ded because .
U] SpBRehd: %, > f i8S ofAIBGNESo BRNGRH %ﬁé’&%ﬁ.\t@iﬁtﬁéﬂe potential well is
a strong cool i ng°mechani sm ctrons t Is simlar to evaporative
cool i nguntEwianmegaatip diectibor anaIOB shpw's dw&hommetenﬁal (mrmkst} fthrethfsup}gl ied the

| atent heat. of vap s .he remaining |iquid
‘wat er 5§ Wés%ftﬁif"b‘t %%ﬂ%ﬁ S ‘ﬁsslﬂgﬁggllnéﬁ q!sz. ﬁ?pl dly to a | ower
te g gpg;cﬁ&tgciﬁf)%ﬁejncg ggm REoiERithd FrAfSIR ChrdtinRiRE eRRQTeckR TeldPlace the

electric potential depend strongly on @..

The above results can be explained on simple physical grounds. When the ions
rdtate 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 ﬁgld is controlled
by the value of the applied magnetic ficld B, which can be easily adjusted. |
_ As explained, the electrostatic field is confining for electroné if @, >0. Asshown
in Fig. 10B, the depth of the well can be increased by tuning the applied magnetic ficld B,.

Except for a very narrow region near the null circle, the electrons always have a small
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el ectrons, the potential well depth is equivalent to water's |atent heat of
vapori zation. The electrons supply the energy requi reg 0 ascend. t he
potential well by the thermalization process that re- 35613%6%@6% ener gy
of the Maxwell|l tail so that the electrons can escape. The thermalization
proceswahm8sresults in a | ower el ectron tenperaturecrasoidsstos nuch faster
than any heating process. Because of the nass difference between el ectrons
and protons, the energy transfer tine fromprotons is about 1800 tines

| ess than the electron thermalization tinme. This cooling nechani sm al so

reduces the radiation | oss of electrons. 18 19 Septenber 2005 WO 02/ 082873

PCT/ US 370..This is particularly inportant for advanced fuels, where
r adi at %ﬁgﬁ%.s’&er P& %ﬁ%ﬁﬂ%@?oﬂé{o %%1 v PqRualipnsy nunber Z greater
than lanofatoudly fAsbeifRakies taid) Siha difudidreindiadt] Setpsahdi@aih $hd pofentislangpor t . The

majority of%ﬁarticl_e orbits_in .the plasma |l ayer 106 are betatron orbits
112. LSRsGihefuyprreaciion osush sThedysian nreductigns, paipgplmudly highesengi@ver i ng angl es

bet weepaQ0napdsnlB0r, xﬁé;ﬁtaﬁmﬁg@qﬁsmm&r@nh@ﬁgh% R%eoaag? gtﬁé:%glgpr bit. As

descri bed above, the directionof rotation o it is determ ned
by a celegieons eutohthoeiamme with fenk maindy @king theztedtronsdrogn thdswfice dfthét . 1f the E x

B drif i nat .he ift orbit rot s i n the di,amagnetic direction.
Ut 1 hoafBT e T denbiBfprdeclrineal Rp ki St e plalhd B9pSuaP AR ©\ S
count eeledtmnnthaictdve tich plaaiaivith. thelfibisn podediOmbistibs rdplaged; oldrvigthe12B.  Fig. 12A

shows a tr.apsition froma betatron orbit to a drift orbit due to a 180
col | i sPUsptial ell woplddisgppearat the point 172. The drift orbit continues to

rotate in tie 1qisaRAE bk wellid i@RuioN 1 OEGFUR Rl Dy Yerb eflfdelit doni nates.
Fig. 12B shows another 180 collision, but 1n this case the electrostatic
field ¢lectigasior e teihE6Gpia Maxwelldistibutomtarat e thelwefachrdf the pdasimat ~ t hus

oL Bl e SRRSO IR A LR ot ion of

the dritt orbi erm nes whe contith

moVi ngereatedebyciidcfron-eledtidn collislonginske Bgive ofhipled @ity yeapthe abill lrfak® t he FRC axi s.
The tjnme it takes the particle to go fromone end @f the FRC to the other,
as ar greghe l‘icg"“sp%‘lug‘PYeeqs reyBadiysesothatapemalpug Miffusion peEmity hus, t he

e, SR SadaRehuAh B8 Snlah i Re bk fo dhlReeblifoBh O, The' nds
of t hellrreegeticalasirpns lngg theit gnefgyasadnding tho pofential well and legvciwithivesy di amagneti ¢
0 ecRDe Sl Okl 0L G B B, 01 D15 Toretins

~anomalous transport, anomalous energy losses tend to be avoided because little energy is

transported.

Another consequence of the potential well is a strong cooling mechanism for

glectrons that is similar to evaporative cooling. For example, for water to evaporate, it

must be supplied the latent heat of vaporization. This heat is -supplie.d by the remaining

liquid water and the surrounding medium, which then thermalize rapidly to a lower

femperature 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 ﬁmes less than the electron

thermalization time. This cooling mechanism also reduces the radiation loss of electrons.
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Thi s phenonenon accounts for a | oss nechanismfor ions, which is expected
to have existed in all FRC experinents. In fact, in these experinents, the
ions carried half of the current and the el ectrons caﬂ?%@@ﬂFﬁgr%ﬂﬁer hal f.
In these conditions the electric field inside the, plasma was negligi bl e,
and t hwogreashsent drift al ways dom nated the k x B drmckiusoz/iddence, all the
drift orbits produced by |arge-angle collisions were lost after a transit

- time. These experinments reported ion diffusion rates that were faster than

those predicted by classical diffusion estimtes. 19 19 Septenber 2005 WO
02/ 082873 PCT/ (JS02/08370 If there is a strong electrostatic field, the E x

B drift,..dom nat the gradient drifi, ,and.the drift orbits,.rotate in the
G ammg R R ERy e Pt inced sl o atatin Bl e BRBHEU L H o' 1A
When t hebienOwith irbatbieRGRAmbAEZ geds thin It e FRC, they are reflected back into
t he regi on of osed field lines by the Lorentz force; thus, .they remain

| .
confined iYhewlfetresfaticdigld alyafiesiviop tigaspart; Ehe majodly of gartigle OF¥S i1 di ng beam

syst ey %Jégrﬁ@la Exrl@@gre%ﬁﬁgﬁ'orbﬁﬂth?,Tgrég]E'ﬁFlﬁ gzsuiﬁioﬁ!s{ it is0QMisHAL es the gradi ent

S
drift. T the electrostatic fie system would avoid ion

t r anspwith sdatferésigi anzleabdtwepntoi? andi 18A°, carsehangsohitdtomorbigtp edriftortét mi | ar to a
| 0ss C R0 Geshihed allbve! Eel dg'gc\(iloff ﬁii_lroégﬁ gﬁ[le (%?Sfp gl%h i0<$ete| a0 eg 'b;f ];1 usion can be
appreciated oy considering the effect of small-angle,” el ectron-ion

col |'i sipfhaiash RakahiRNE QBidPandthderadiaf dSROYSHhA FRER AlifBmAkist  112; Fig.
13B shows the sanme orbit 112 when snall-angle electron-ion collisions are
consi dibe ddft ottt roEteg in the Gampgngkic dirpstier:. Uf the gfadigntydrift gmninges, thadidfif or a ti ne

that is.,)onger. a_fact f n 178.. and Fig...13 ho he orbit of
H o PR e Bkt ahEod Bhis Aol Brridd AR D, 0F O P1L O
seen tigl12iAehowe p ehditiondfortxebetition Brbdr tb ialdsifidadsduaad a CEERRORIsiodUe t O

smal | -angl e, electron-ion (ﬁol I_hsi ons; .however, the anplitude of their

r adi al WhigReqonssgf 1 peimp | Hnd oA ottt centiqugs ogptate ip fhe dBmBERUCs hown i n Fi gs.
13A to,.] f.atten | tl. i i,ndi cat.es assi cal i ffusion.

For o et RSP 8 b qobdies. $1U T3 WORVSRNES, B0PRT Rl YO0
enpl oyintthiecdse dielcpirsutdiic fitldds Weakame tRPradin0de dsdinates) Theidsiftwerivent i onal

et hOdthusarogite%?n the %thtteir 'atIlzi:lg%L:t?c (iiirsect? nF.)l ed by

The direction of rotation of the drift orbit determines whether it is confined or not.
A particle moving in a drift orbit will also have a velocity parallel to the FRC axis. The
time it takes the particle to go from one end of the FRC to the other, as a result of its
parallel motion, is called transit time; thus, the drift orbits reach an end of the FRC ina
time of the order of the transit time. As shown in connection with Fig. 9A, the Lorentz
force at the ends of the FRC is confining only for drift orbits rotating in the diamagnetic
direction. After a transit time, therefore, ions in drift orbits rotating in the
counterdiamagnetic direction are lost. |

This phenomenon accounts for a loss mechanism for ions, which is expected to

have existed in all FRC experiments. In fact, in these experiments, the ions carried half of
the current and the electrons carried the other half. In these conditions the electric field
inside the plasma was negligible, and the gradient drift always dominated the £ x B drift.
Hence, all the drift orbits produced by large-angle collisions were lost éﬂer a transit time.
These experiments reported ion diffusion rates that were faster than those predicted by

classical diffusion estimates.
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external coils surrounding a neutral gas back-filled chanber. Once this has

occurred, the gas is ionized and the bias nagnetic fi is fro in the
pl asma. Next, the current in the external coils is raﬁgﬂ;}eﬁ’%{‘}%@gd and

the oppositely oriented magnetic field |ines connect wth the previously
-frozerwbiopegs130 form the cl osed topol ogy of the FRCpEsasodsgn 2). This
formation process is largely enpirical and there exists al nost no neans of
controlling the formation of the FRC. The net hod has poor reproducibility
and no tuning capability as a result. In contrast, the FRC fornmation

met hods of the present invention allow for anple control and provide a
much nore transparent and repraoduci ble gro_cess._ In fact, the FRC 20 19

Sept enber BBV Bmng glegirostabefeldahe Foss Aoifrdominatesitie lent8ifods of t he

Pr esenindithV&{H 6:8fs ik iR thel didRnaRilebfonS NBRGYR ShoMl dbo@Sin0t her  properties
can be directly influenced by mani pulation of the magnetic field applied by

the owneectiph with Figoil 24 When thEsprazeits roash dlie enfeofIRIRY, thevtanowfeaiéd t he present
i nventy -re i bt i f.the 4 el d and

pot ent VSR TP Seeidn lohd ks b bl e T Yol bl Rl B Gopeh 7™

pr esenh thredybteds can be easily extended to accelerate the FRC to reactor

| evel paraneters and high-eperqgy..fuel currents, and advantageously enabl es
the cl assinig‘ﬁle{eﬁtf)‘f?faf'ﬁgﬁ@ﬁ? tg‘fc ng DAY SYREm (¥ PREFYNS enpuehy %’gcjtﬁ‘ﬁi que can be

enpl oy, i NE 3y aC evl g S Very [ |1 easy to

i npl er%ggtg ){1{? %gpldaﬁrgﬁﬁts&ﬁ%ésdﬁﬁégﬁqg JH(?: &ér%%tgltecet?c’llg{é1 1|E gglﬁf) }oAﬁlers %Sg%f or systens. In
t he prweaddiavoitioh adsspoft RCeliminatiig this iondbatneshinisn, hidkiis sitnfilattoag pl asma beam

335. It can. bemi%pF eci ated that the circulating plasma beam 335, because

it is 95SEOReigRmine ‘ieé'fcés a pol oi dal magnetic field, as would an el ectri cal

current | nﬁaqomef&raéc%fmhagfusibﬂaéxﬁ%dpﬁ%cia@awb&ﬁm%ﬁ&rﬁé agsmoeam 335, the
magnetic self field that it induces opposes the externally applied

magnetsoelliangle celepiren-ian collisiogsierebetaronorig s Fignld A shpavsratbetappmetht beam 335, the
magnetq:g. gl fapf 4 LS. | hecti A | J magnetic field.
vnon thg I DEAEME Serhdorbld 120 PhaiiSbie Rt B EBRBF, TTICR

over c anndddritel 7dpPigi B showk the osbitch e 13Rdgiveled forfaitidedthatéylongedy i nsi de t he .

circul ating pl T m 335, thereby farmn he .topol ogy as shown in
Fi gs. a%ﬁ%ﬁ?“%@ﬁi‘%i‘?ﬁﬁ’éﬁ%ﬁ? gt of Blecl plpeed ggaﬁmsimggr_t Ymated with a
si npl g fARERIf 1wl $781 QT caftBe SdcR Mk tHe t6PHIdEH BE bdtRronibils@Bedhbt Bhanbhg Of maj or
radius ro and mnor radius a << ro.
due to small-angle, electron-ion collisions; however, the amplitude of their radial
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 neuntral 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 (se¢ Fig. 2). This
formation process is largely empirical and there exists almost no means of controlling the
formation of the FRC. The method has poor reproducibility and no tuning capability as a |
result. '

In contrast, the FRC formation methods of the present invention allow for ample

control and provide a much more {ransparent and reprodﬁcible process. In fact, the FRC
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The magnetic field at the center of the ring normal to the ring is Bp =

2rcIP1(cr ). Assune that the ring current |, = Ne(f /2i IS, C ed by N,
ions that have an angul ar velocity K2,. For a si ngl e fé EAI%IFIPB a%?P#ng at

radius ro = Volfo, SZo = eBolrnc is the cyclotron frequency for an
externgbopsgsetic field Bo. Assune V. is the averagecyek@meizy of the beam
lons. Field reversal is defined as Bp = NpeS~o0 ? 2Bo, roc which inplies
that NP >2 rota, and Ip>eV. Ira; (3) (4) 21 19 Septenber 2005 WO 02/ 082873
PC/ US02/ 08370 where a = e2/ ne = 1.57 x 1046 cmand the ion beamenergy is
z mVo . In the one- dinensional nodel, the magnetic fleld fromthe plasm
current is Bp, = 1§/ , re i.Fis .curr er unit I ngth. The

fiel dnf}”é‘%fé‘rbgéﬁ‘eTéﬁg?ﬁsrogk\?ﬁfes?lglqvﬁn@“é’%% Pgef o détp °W8‘ ere Bo = 69.3
G and gdrop¥his éan HeQfrebil inftidned ByRABlipuMtioh 09@16 hﬁ@ﬂéﬁc'ﬁcﬂ&% ReihyREe i S aver aged
over the axial coordinate (Br) %52/>r/ c} (I | S the ri ng spacing),

if s -oufey ﬁeldtcml@%naenn%u pﬁthnﬁ&g iethogdpal thme@@émmjw& 0 field as the
_one di m’:flizgﬁh ﬁﬁﬂig ligQngor mati on
Techni g%?kqg%f‘g"# ‘ﬂiceﬂacgi %femfa(k%1 Otﬁg a e confE| nenent system
300  desdrbedMatrove, uhspheanemnthb@rqanhe cdsiy @chdﬁdhenhcb@amelﬂ@tﬂiﬁ on techni que.
Thi s roac conbi hes | ene eans, of ns, bet atron
accel 385 tBBE&eéPW@mFtﬁ@ aﬂg TBH F‘Fﬁ (Q,Btf’lang% {f;a%ougl ess'?lép inthis
‘et hodtldsicdl Qor ket oftheidis! Ridtlieahdry, thRbhniqueChiobwlethysiyyd u@i backgr ound
plasma in the chanber 310 usi n the background plasne sources 345. Quter

coi | w@paﬁtém@@@dasmwé%ﬁtésw ¢lbasgasyie implempnt —AHAwghdy desiaple whi ch nagneti zes
t he gggéﬂﬁggﬁp}egagpsystéhs_short intervals, |ow energy ion beans are
e

injected 1nto t
In the present methods, FRC formation relates to the circulating plasma 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 r, and minor radius a <<z,
The magnetic field at the center of the ring normal to the ring is B, = 2nl,f(cr,). Assume
that the ring current 7, = N,e(Q,/27) is carried by N, ions that have an angular velocity €,
For a single ion circulating at radius r, = V/Q,, Q, = eB,/m 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 ‘
B N, e,

» >28,, . 3)
r,c :
which implies that N, >2 r/&;, and
2%, @
;ra. . .
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chanber 310 through the injector ports 340 substantially transverse to the
externally applied magnetic field within the chanber ié% As . ex SI ned
‘above, the ion beans are trapped within the chanber .3 PPF‘W‘Q?Q@O etatron
orbits by this magnetic field. The ion beans may be generated by an ion
accel ewotoong2ssuch as an accel erator conprising an i eardizadeoand a Mar x
generator. (see RB. MIller, An Introduction to the Physics of I|ntense
Charged Particle Beans, (1982)). As one of skill in the art can appreciate,
the externally - applied magnetic field will exert a Lorentz force on the
injected ion beamas soon as it enters the chanber 310; however, it is
desired that the beam not deflect, and thus not enter  a bet atron orbit,
unti| VhEe pehebaa HeAsAls cfrl"?é‘dél?er@%up%!’]“r?@fgﬁll%s e‘érﬂ‘@?@' To solve this

problem the jon beams are neutralj d with el ectr directed through
a subs‘{“&ﬁ’ﬂﬁ‘%’la]‘?" el M?@ﬁ@cm % chuﬁﬁgﬁe@n 084‘?%’1” q’ﬁ’?f’:o‘?e entering

the c I daveaiik ggge heohoa Regm 350 is
directe Fgég lan gglp[;[‘ri%t[t)ir@l:ag%%r nggﬂlete%gn%?lé’l ﬁﬁtgjmpog?tl vely charged

i ons mr@Bgﬁ693/61a)idGJ%ﬁVQQQQOQEVCFB%O@&M@E@G&JMSIaﬁMBbeam 350 thus 22 19
Sept enber 2005 WO 02/°082873 PCT/ US02/ 08370 acquires an electric self

pol ar i #ata Em@me tfialtdoerdiREN @, ) < (d7/e)H./s T iis tienmp ehdcing), il <rmay be

pr oduced e.g., a permanent’ magnet ‘or by an el ectromagnet al ong the path
of thethismdelbmaﬁﬁhdﬁéere saib seeppe niagyetic Mictded tiwadie idinhensiohd nwdelfwitherent  chanber
310, the resultant electric field balances the magnetic force on the beam
parti dbey“' allowing the ion beamto drift undeflected. Fig. 15 shows a

head- on vi @Hnﬁine&@%mh@%ta&a@?&r%ﬁﬁo@?e&ﬁl gontacts the pl asma 335. As
depicted, electrons fromt asna travel al ong netic field |ines

into or outAmﬁfeﬂbibmngﬁanﬁ\hFliﬁWlthérfébs?ordiﬂamﬁﬁsﬁﬁ@nﬁ ms electric

pol arl zal ] gE% I Ljzed, the beam
j oi ns & bg??bcwgﬁeﬁeéﬁgwge?%@ do@‘é’mﬂ%db état%ng&%hh{q(r&gn%%l? %ﬁ){r &afrl ound t he

pri ncideh®ingxlosy ehtszy basnssdipluemi fonkinith batatr@ercelbratiorhising the betdben t he pl asma
beam 335 trgg s inits betatron orbit, the noving ions conprise a

curre ux“\% i.n turn gives rise to a poloidal magnetic self-field. To

produce t hgpERfst stte;pmhl@g;\ém\smshb ihjédass agddlar didudilfyengcessary to
increase the velocity of the plasma beam 335, thus increasing the

magni tha@i@@mdmhémﬁwg eeliagbercd 10 using the bagkgroung plasma seuscas 84 OWE5 causes. Wien
‘th th t
(e IS8 o £ LA 55, SO ) R L1 et

rever Slﬁskgr@m\i iplagmi.i Aeshort intervals, low energy ion beams are injected into the

chamber 310 through the injector ports 340 substantially transverse to the externally
applied magnetic field within the chamber 310. As explained above, the ion beams are
trapped within the chamber 310 in large betatron orbits by this magnetic field. The ion
beams may be generated by an ion accelerator, such as an accelerator comprising an ion
diode and a Marx generator. (see R.B. Miller, An Introduction to the Physics of Intense
Charged 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 beani reaches the circuléting plasma beam 335. To solve this
problem, the jon 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

22




to a FRC. (See Figs. 2 and 4). It can be appreciated that, to maintain the
radi al distance of +the circulating plasma beam 335 in e bef at orbit,
it is necessary to increase the applied magnetic fi el élégf’?)tﬁﬁ"i)ﬁrei(@gt er coil
325 as ‘the plasma beam 335 increases in velocity. A control systemis thus
provi dgg obw2s3BI Nt ai Ni ng an appropriate applied nmagaeiusedsi®l d, 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 beamis orbit as it is

accel erated. To increase the velocity of the circulating plasma beam 335 in

its orbit.,, the hetatron.flux, coil 320 is jded. Referring, to Fig. 16,
1 rvptites 36 Pleetfe palpeitization drpetie Frgney (BRI s ienalr i WM at r o 11 ux
coi | %%Qducm’%g]ggra%éﬁnah@:ﬂﬂmdgﬂd%ﬁ@ﬁa@dkctr@ﬂlhﬁl& Nohg @k pathbf Mefdnel d, E, inside

t he chamber The positively charged ions in the plasm beam 335 are
accel epeatre fVisp S#WW"-M%@@@@%‘F@&‘F‘? eonfingpent chavsher 4P, ths el r eversal as

descri . ] r t ' ' pl asma beam
S5e. " LABHANY il baoRP R e FARG A i ol bldific? oM e 23
19 Sepdrifimbdei@@05 FigD1 Hehoss 28e8l-RCitwedht 083778mBE6Y af it edntkctséher sal , t he
circulatin | asma .he 335 i.s ef.era accel erated .t . rotational

Cner oyptoran S, &S TBadel Redipe sPulhr AT a8 B9 2loie stk SR R Ly o 325 ev.
To raaehbr bt e esth 8@ REhicARettsy d4is the beanCs elesttiapolmgzapdrasWherbeam 335 i s

preferably accelerated . to about 200 keV and preferably to a range of about
100 kethe begms no Igmger efaciicplby pplarizesh thedhsan yeingtls pirgwlaling @RERa PSRt ed uti | i zi ng

the C03’@9iiﬁsﬁet%@%%ipﬁsamrtggﬁ@;pﬁg%&ms,tﬁ%ﬁmﬁ%ﬁr@e&%@igw beant bet atron

formation techni que was experimentally in a chanmber 1 min
di amet er arVhet the plasma bean §8 htravslsny itabetatepntagbih e ovappionswmpagmhet i ¢ fiel d of

up to 500 neti.c field fromthe het | ux . cQj O of up to 5
kG an%uge&%ﬁﬁﬁ'%mg‘ﬁes%si -aEPOEO(S s ﬁ%ﬁfe“%@e&? H%’rqfl?e%%}?eﬁgac kgr ound

pl asmaoprckyavitiineik cantter 10U, & i€itcessard fdintiagseitiveleyofis plasmeut r al i zed
Hydrogt(;n beam having a densit% of 1.2 x,10i3 enB, a velocity of 2 x 10
cm's, teAw 335.thnsdecreasing the taagnipds ph ghe magnefic selfriejdthst theplasmabearty o) § 1 ever sal

was obggryed: ﬁﬁéﬁ% Hltg edt 5@%1‘19@53-[ OBALE N REREdn JTuRS Righest met hod of

formng a FRC wt e confinenent system 300 is herein terned the
bet at rfouid 4t oadwd distmcdsdiohnthe exds 3 Hwithin the ipkisopa dedns 3 Harcwatsesygidng Bseng t he

to a FRC. (See Figs. 2 and 4). It can be appreciated that, to maintain the radial distance of

the circulating plasma beam 335 in the betatron orbit, it is necessary to increase the
applied magnetic field from the outer coil 325 as the plasma beam 335 increases in
velocity. A control system is thus provided for maintaining an appropriate applied
magnetic field, dictated by the current through the outer coil 325. Alternatively, a second
outer coil may be used to provide the additional applied magnetic field that is required to
maintain the radius of the plasma beam’s orbit as it is accelerated.
To increase the velocity of the circulating plasma beam 335 in its orbit, the
 betatron flux coil 320 is provided. Referring to Fig. 16, it can be appreciated that
increasing a current through the betatron flux coil 320, by Ampere’s Law, induces an
azimuthal electric field, 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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betatron induced current directly to accelerate a circulating plasnma beam

335 using the betatron flux coil 320. A preferred enb?gi ment of this

t echni que uses the confinenent system 300 depicted in fgﬁl’te‘f}’efe%p@ pt that

the injection of |ow energy ion beans is not necessary. As indicated, the

‘mai n cwopenents in the betatron formation techni que ipgTii3a/08B®@t at ron f1 ux

- coil 320 nounted in the center and along the axis of the chanber 310. Due
to its separate parallel w ndings construction, the coil 320 exhibits very

~ low i nductance and, when coupled to an adequate power source, has a |ow LC

time constant, which enables rapid ranp up of the current in the flux coil

320. Preferabl for ion qQf.the F co nce energj zing the external
field coils §‘>z(1 ,‘e"§§*gf Eh?ﬁffﬁs‘a?a‘}f'é@%‘a‘é'gg%“ %ﬁapfe&a%eaﬁﬂﬁsfﬁ%éa%g wel | as radial
magnet jofatibha lefiler SOMBOANTOE VI d prefdisble ilSrahge dhibalt 7y evanidsney.the pl asma
I njected_into the chanmber 310. Once sufficient nmagnetic field is :

est abl featkdusion wlevant sppsitansdhesircuizing plasmaheam 435 jsmaclenbly ¢rLER8d om t hei r

own p%ﬁoﬁ‘i@@k&\e&dﬂ%f@éﬂgt@E’Eaﬂ?é&ﬁGoﬁtﬁ@ﬂkW&) fJyRR\etreams along the axial
guide field and spreads SlightTy due to Its tenperature. As the plasna

reaches t h&RE fnpitemevasbucctrsiufly damensatpd witizans tROGBBAGI02/ 082873
PCT! USD 2L AAT0 PRI e e TS BB S Rk B4 b GO Ry A ar | ayer

of col & Wy noving plrasma I'sS es I'spol “fhe betatron
flux cmiforndelexparimdneligiiz @ thambeel mdp didhigter aigi NPYmAw lehgthtusing ant he coil 320

causes a fast changing. axial, flux in the coil's_interior. virtue of

i nduct‘?x\t)eéna%éfﬁf’%ll:"fié"%(gﬂ%g’ nfap it%iqﬂe%s"én?&‘?e'&x‘%i%‘?&?‘iﬂw '2%?&'9%5};1‘ he generati on
of an [ | ' ' ( [ B ol %des t he space
ar ound‘%t¥l r?gy %Pﬂi(w?oﬁ%%&'{%@v\gﬂgg 1?33055 ilgrtg%% dl@t’gﬁbeﬁc%?ir&'g c field Eis

di r ectplasnpriopedenstpaf 1(I'%:rm"rmzdMuugbeaimvstarrengalhed)ﬂy&hgemWet ic flux

inside the coil, i.e.: faster betatron,cojl currenft r -up Will lead to
a st rﬁwéls adlensi of L2 1B o> o Oqltﬁéfgéf‘il@e?“)’/s’&“géﬂ’é]de lenaf Fpelnd'c o

coupl efy fsQaiHaf n6idR IEMId &Ykl BDbldtvdghe.  pl asma and causes a ponderonotive
force, which acceléerates the particles in the annular plasma |ayer.

El ect r ons, Bs(atron Fomgatiof Tedhnigne snal | er nmass, are the first species to
experience | er.at i on he. 1niti L1 e hi rocess is,
thus,  pri mA RS HEER ) Pahad Piriht b RRCRHIR AL o AR b A BL OO0 T
(ar oungreiwreneiitie bétattindoimations RethiqueWThis telirigidia bhsed on driving the

betatron induced current directly to accelerate a circulating plasma beam 335 using the

betatron flux coil 320. A preferred embodiment of this technique uses the confinement
system 300 depicted in Fig. 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 windi'ngs consiruction, the coil 320 exhibits very low inductance
and, when coupied 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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~also lead to ion current. Referring to Fig. 17, this electric field E
accel erates the electrons and ions in opposite directions. CBC§H@Oth
species reach their termnal velocities, current is cé?gﬁgﬂn B 5equaIIy
by ions and el ectrons. As noted above, the current carried by the rotating
pl asmawgiozewsTii se to a self magnetic field. The creafrivsmeszot he actual FRC
topol ogy sets in when the self magnetic field created by the current in
the plasna | ayer becones conparable to the applied nagnetic field fromthe
external field coils 325, 330. At this point nagnetic reconnection occurs
and the open field lines of the initial externally produced magnetic field
begin to .clgse and form.the FRC. flux surfaces (see.Figs. 2 and 4). The
pace. FriembE 10 ERtwogy Hbcoriina uRt B E ST Ryl elPhudRine Tl u and
parti cplgsnelieegittisheiihat are typically not at reactor relevant operating
par anet ers. However t he inducsive eIthri%mgcce eration field will

t

persist, ad\tithingoinithe brtationfux seil 330 i prergiaddaThg Fapidly GRRgEHTeS80 conti nues to

| ncr eagg c&t 37 dafdeh 5'%‘a&ﬁ%h?gin%ia@hﬁfﬁ%mQ%oeﬂt’%h%ﬁ% a5Pasud sFihdidtivd he  ener gy

and total magnetic fie strength of t contiinues to grow. The extent

of t hi effecisitie mpil inarease imagial vt erusdsthe generitioncdflay azimathel dlsetricoiald power suppl y,
as cont i nhued livery of 2 9 _Se l .20 aﬂg PCT/ US02/ 08370
curr e%‘ tsr"3 gﬁﬁir Swg&n%eg%l Fa\?e&éelhsé)ra ‘g%ya?é@(%gﬂe‘&ﬁgﬁkwa@mvg:r%,%%ng%, in

pri nci fPilelectrivtiichl Bisdiresthypeshottivpnalac dleehaige i suength of twmiagnetiedlnkor r el evant
conditions, For field reversal, the circul g ing &Iasna beam 335 is

pr ef eri@#ifig/ths cib i.er & fasgr betation cpil purpsntramp-up vl dspd 49 2 stEgET el6B%y, and
preferghhy in a range of about 75 eV to 125 eV. To reach fusion rel evant
conditions, the circulatin? pl asma beam 335 is preferably accelerated to
about 200 K induetivslyeteatedisleptricdicld B epvgles torthe phorged padickeir the 3.3 MeV. When
“ion be r - Gl | 3k | - scri bed above,
the pi oumas R Tthe rohfin ek o BederAaTe PR e ARUBRSTH, PF7, DOV R
bet at rglasnfadsiyent Elecirong bl virtpa ef theis ssuldsr amss, alelthe firdiesperiatto atpedemt t he

foll ow ng paraneter._.levels: Vacuum chanber, di nensjons: out 1 in

i arrottErcrgion (Roe G Rirent fepne] WoATE OO R S B Ot ot a o bi ¢

radi us gelvevd, saMcienfRederStdntA ardMBIRGIdAs bi Bicto-Rcadidp Rl dventhdly vacuum
chanmber was up to 100 ) )
also lead to ion current. Referring to Fig. 17, this electric field E accelerates the electrons

and ions in oppdsite directions. Once both species reach their terminal velocities, current is
. carried about equally by ions 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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Gauss, with a ranp-up period of 150 ps and a mrror ratio of 2 to 1.
(Source: Quter coils and betatron coils). The backgrgﬁgd pl gs
(substantially Hydrogen gas) was characterized by a meah>RiER ?r%(}éf about

- 1033 cm 3, kinetic tenperature of less than 10 eV. The lifetine of the
confi geoatinsmzwas |imted by the total energy storeg@gcrmsézugsrexperi nent and
generally was around 30 Irs. The experinents proceeded by first injecting a
background plasma | ayer by two sets of coaxial cable guns nounted in a
circular fashion inside the chanber. Each collection of 8 guns was nounted
on one of the two mirror coil assenblies. The guns were azinuthally spaced
in an equidistant fashion ar}d oflf)asngt HrBeIeati.ge 1o the.other set. This

arran PTeIUER MBASSTVS SRTRYE SRS DAk HRWeYen AL, it Palneousi y and t her eby

cr eat effraphtfordaritb abceRkAS B systeto. reddp® Fel@ahadohdisibment of this layer, the
betatron flux _coil was en_er?i_zed. Rising _current in the Eetatron coi l
wi ndi ngs cdgsbeld syersplcthe sisaiatine plagia beray 333 it prefesabily acclepeh Qdve rise to an

azi mut dakio6h Sehdy o abdik 180 O¥r dnlt ?]ﬂ:féi‘ilﬂ}'ﬁqa &Jll:g% og%a& FORY§Pid5 cVQiCk Tanp-up

-and high current in the betatfon fl'ux coil produced a strong electric

fi el d,reguhifediorareloring condgipns, ke cigulatngdpmartisem 330 6prefpyably ao@iestal

PCT/ US02{ O nul ar ma_la b | o . si zeabl e current.
Suf f rf‘?@%{fﬁg@fﬂ?@aﬁé %"rf%{g'l?rlg?" %B@F%ﬁab@g%g%é%?%%g’gt Bfhedich 22701 § Thit

al t er esbaink gre @ddedrdmeik kircidating Iplaenia béasd 38 5anddesaiteé dboveihe plaead beam of the fiel d
reversed configuratigon. Detailed nmeasurenents with B-dot | oops identified
t he e><3t3érﬁ1PP°I"§"czg%'itiﬁfqli #85-durati on of the FRC. An exanple of typical data is

shown by t@@\dfsﬁﬁa%neﬁli&-.%i@re bR TR AR e hhifudhad sudBssfulifhe data curve A
represents the absolute strength of the axial conponent o0f the magnetic

fiel d demonsieatedyat the folloting pereanctereveln f rom ei t her end plate) of the

experi nment chanber and at a.radial,. position,of 15 cm The data curve B
represenfs@Pﬁ%{:}gﬂ%‘ﬁﬁ‘gmg?stloé]ﬁ‘gatbﬂ&gfmfl}?g“eg%Ia mlnglonent of the nagnetic
field atot pRushabhpadiaxbadodgi d- pl ane and at a radial position of 30 cm
The curve A data set, therefore, indicates nmagnetic field strength inside

of the fwelPlasplazshibraing ef 2Qdmt ween betatron coil and plasma) while the

ol e | Ay bfesh SHE R4 TGS s e B WaCut Bble of The Tue

Gauss, with a ramp-up period of 150 ps and a mirror ratio of 2 to 1. (Source: Outer

coils and betatron coils).
¢ The background plasma (substantially Hydrogen gas) was characterized by a mean
density of about 10" cm™, kinetic temperature of less than 10 V.
¢ 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
' énangement allowed for the guns to be fired simultaneously and thereby created an
annular plasma layer.
U;;on 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-typ and

high current in the betatron flux coil produced a strong electric field, which accelerated the
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I nner magnetic field reverses orient atlon (is negative) between about 23

and 47 s, while the outer field stays positive, i.e., does not reverse
orientation. The time of reversal is linited by the rafgeeipuser £09%rent in
the betatron coil. Once peak current is reached in the betatron coil, the

I nducedrogaiaiogetd in the fuel plasma | ayer starts to degngese&sand the FRC
rapidly decays. Up to nowthe lifetine of the FRCis Iimted by the energy
that can be stored in the experinment. As with the injection and trapping
experinments, the systemcan be upgraded to provide longer FRC lifetine and

acceleration to reactor relevant par arret ers. Overall, this techni que not
only produces a conpa . but it al so ro and s rai ghtforward to
i npl en@Lar 1"13‘??!(%‘3%{6 ny ‘F’F’é‘atf’é@@’ FeyEept %&WSWH@ #¥fhod can be

easi | yarnehetrbed nia@neﬁ@)!elﬂﬁ@lﬂ Etﬁ@alle?éd@he &fterﬁé?lty%hﬂy RalfeRNed sasand nagnetic
field strength. This is crucial for_ fusion appl |cat|ons and cl assi cal

conf i néwereatiof ofthefielérraprggd conbgurasivanPetafledsmensiremiena withSadnt l9pps t hese two
t echni O % d Jnf”s@gh SR Gudals gthé)lg RE& cont ai nnent system 300 descri bed
ofr?tﬁ?eﬁe ) nge: caﬁﬂlr esuﬁ I'n

~ above, asnmas having properties suitable for
causi ng nucAgexanipitsifoypidahéateis rshoWoln;eth@aades ofB-aot probd dienaBBRCFigol8red by t hese

nmet hod an be ccel erated. t |red | evel of ati onal energy and
magnet (1be FHBFYvE Arergers ts A et e suEooroe oEBE meRaT Usoz) 08370

Thi's i felgbttfb ahalfxﬂa-pwé (B end et leRRdr bmataﬂsttﬁd ?ﬁﬂuﬁéﬂtal%ﬁélﬁﬁeﬂﬁ@nt of
hi gh- ener@g fuel beanms. In the confinenent stem 300, therefore, it

beconed agadalipgsition of k5rcap Bisdaasnivie Baepipsenls sqjyte strenghheofithcaawial f or

suffic [ h. To

2ccormesiont ok 88 nahork R & (e Aiate: Buip Aok GRF ARl BELAYSE

accel e3€h¢deh®cua@p4& dgin et therbfoxegingdicaits megratic ﬁcidlsh:mgﬂnggadwfdhmgnet ic field
t t I d t '

i N T T A A

addi t i pRmeti@fid8 Bir&igth &&ﬁde@fﬂ&tmaglﬁsﬁma?&r Tﬁ@dataf dledrlyandceddtiait thea positive

ener gy, bal ance, the fuel has to in this state substantially

unc hanigaer magnetisfisidisyaers geenteios (@mesﬁnw betpreen abosit 2hpngr 4748t Whites hi gh ki neti ¢

temper gl Yher field stays positive, i.e., does not reverse orientation. The time of reversal is
limited by the ramp-up of current in the betatron coil. Once peak current is reached 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 onlj 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 1s 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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and/ or energy characterize a fusion relevant state. Creation of this state,
therefore, requires sizeable input of energy, which can_only be_ recovered
if nmost of the fuel undergoes fusion. As a consequencé,g Sensmbet i Renent
time of the fuel has to be longer than its burn tine. This leads to a

posi ti w® @nersgy bal ance and consequently net energy mtigidinessf Signi ficant
advant age of the present invention is that the confinenent system and

pl asma descri bed herein are capable of |ong confinenent tines, i.e.,
confinement tinmes that exceed fuel burn tines. A typical state for fusion
I's, thus, characterized by the 'follow ng physical conditions (which tend
to var sed . fuel an er at.i .mde).. Average ion t erature: in a
range gpgg%% ‘f"ﬁgﬂ ﬁ%oré@ﬁg%g'@“saﬁg c%%éﬁ?%%iﬂ‘f}nfrﬁ Ogﬁgﬁlﬁﬂ%—@’ @anabout 80 keV to
230 kebkamsehnge cifBeiestBystaipey, ettfre, it BecBmeamgableto @4paiati catfide0 100 keV and
prefer y in a range qf apout 8Q to 100 keV Coherent energy of the fuel
beans ]eg%rgiéalwwea@a?% suthigiept nedodsaf G D FASHBIVSIVBAFAHFHOT n 2 range of
about #RRwkgY 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

pr ef er abl y Toacgomesadpse fugibn,dhelRC GBmed by thesek®:thiads igprefemblyxt er nal | y appl i ed

field ] ' refenably j1n a range of about

5tol ﬁlgr)a&ﬁgf %)Sp gépé% q%‘)ﬂr?f%lf goet%%(:@%ﬁé%fi ?rg%?“%g]’g%ﬁ’teg‘i E?lﬁg%éﬁgﬁe% Yfuel bumtime and

pr ef er bdwdtyoni aoceteratiodrBigionf howaoer] teldd td eeqiilda patianadset IPhsabept enber 2005 WO

0 210 8 28. 73_PCTI USQ2/ 08370 Fue| ian density: in.a range of about 10i4 to

| ess t HEHHPE @r@mrgacgﬁatoptﬁléeﬂ%?caphﬁdﬁﬁloa, ' achifis oGt buT-tLler o 1015 cm 3.

Tot al  FidFdn@RBbRANESositRE BictgyAilaticd, heFud BROB bR ket RPIs 2 LBstdrfiyWIcm ( power
i)

per cm of chanber |ength) To accommopdate the fusion state 1lTustrated

“above, unchangeRior prlonged parighs of tinge ddiisale impedtantpaghiglekipgticdémpesitaneent r ot at i onal

eNeT Yo e CRLAPL Y e § ARAR MuaOBN. AOBiOK BY id 8 i M. AL 0T €

preferably I'n™a range o out A 'EVE magneti c
fiel d stabladgipnt pfcatigyatilish dan oalyiba ngevaid id bt of 4 i€l uhdfgdesfusiond nor e

ip(r)(ra]f g;%%é%eéﬁgqggcé, ﬁ]%gg?tg{yn}%ﬁt?tﬁrtle o%(%het t%eljh]és5 to %lozf\gter {l’lgglstse buln(le \t/ige.s .+ high energy
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.e., confinement times
that exceed fuel bumn times. A typical state for fusion is, thus, characterized by the
-foliowing 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 in a
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: ina fange of about 47.5 to 120 kG aﬁd 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 fo 15 kG). _

Classical Confinement time: greater than the fuel bumn time and preferably in a
range of about 10 to 100 seconds.

28




the FRC and trapped to forma plasma beam | ayer wherein the plasm beam
ions are nmagnetically confined and the plasm beam el ectrons are

el ectrostatically confined. Preferably, the el ectron t&hpeRi&erbs?008 kept as
|l ow as practically possible to reduce the anount of brensstrahl ung

radi at worz/osserch can, otherwi se, lead to radiative auerngyssmsses. The

el ectrostatic energy well of the present invention provides an effective
means 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 terrperature Hi gh direct energy of the fuel ion beans is

: i al ] I I
T al so miteheg due frcndii pausb {08 e e ThI S} a iRk o8 200 “The

magnet taggd dfabshti1e" eordicient with the beam rotation energy. I t is partially
created by the plasm beam (self fiel and in p{pow des the support

turn
and force t'@tﬁlgéii‘”%%‘é”eﬁﬂé{%fﬁ'é kdn aragge p °Efé§”?é§p k¥{omt POWBLREr on Product s

The fushefcHRRBEUEIgm)are born in the power core predom nantly near the null
surface 86 from ere t hey errerg'J by di ffusion towards the separatrix 84
(see Fi gs T ageainmydate ﬂmfuslonsta@u strated ebdviestho RRCwd prefersblyct rons (as

col i SI O er ﬁd‘o feveq 90%&1% tro‘%ggwgner prggca Snég];afng eellsbo %Ok%ﬂeref ore do

not ca [0} chan e | e I nes I netic
ener gyto(3mMé\JpetndmmaSpﬂaa:m1mahadgbghafouemn@y tb BaMéWNnand uedvei ains), the

fusion can_re y Cross he separ tr 4. Onc ey are beyond
t he s-elagana feﬁezfng@wé?fge %1 &Eahee o ﬁ%ezaodﬁ%ﬁ“‘?in@fed”? %E@ 0 provi ded
that tNeyocafRBs 90 &1 1S9, LATthdRs 1&5@%%1?&6!39%@%&90&@1%@&6& ingP05 WO

02/ 082873 PCTI US02/ 08370 col |i sions ou this colli'sional process does

not | etédFRGadﬁltramﬂ mfonnﬁpbanabﬁnahlgeermhere ¢ plosthapamfionsase j on vel ocity

vect or a f These open
field ‘Pa Pcagg &Er'll%%c tp%éa%ta}npo og a@ el e%t:l)érafeiy\?\n&{%ng? he uni form

appl i ed fi ehreferablyoatie élecﬁroﬁllﬁniijeﬁbeuré m(eﬁ%lmp@;bramcauﬁ@dmuo fed® energe on
i ffergnt fi eI | i nes, foI I gj\léval\éylsé R”é&f"rré tribution of energies.

Advant! @%‘B%"F? PIH%WE}PIB'&H@ a‘i‘% Salbl‘? F‘ti‘ferfﬁergyectrons ener ge

i Nt heofed NMHfeldRbsitic REerdRE 8f th@ﬁﬁ%t v aioh ptoRiesPeRktitdieant el pl asma.

For exanple for a 50 MW design of a.p-B" reaction, these beans will have a
of accomplishing this.

The ion temperature is preferably kept at a level that provides for efficient bumn-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 tum 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 ene}gy 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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radi us of about 50 centinmeters and a thickness of about 10 centineters. In
the strong magnetic fields found outside the separatrix 84 (typically
around 100 kG, the product ions have an associated di%PPRiBUPFAPOSf
gyro-radii that varies froma m ninumvalue of about 1 cmto a maxi mum of
ar oundwad og/0328@r the nost energetic product ions. | nipcirakdyoside product ions
“have longitudinal as well as rotational energy characterized by Y2 '
Mvpa,)z and % Mv ,p)2. vp,1lp is the azinuthal velocity associated with
rotation around a field line as the orbital center. Since the field |ines
spread out after |leaving the vicinity of the FRC topol ogy, the rotational
energy tends to decrease whi]Je the, total .energy renai copstant. This is
a consOYisEmee houﬁh@%?ﬂ?lé?ﬁ%i‘@{ Rrogess dpes 5‘?@@‘16‘? gq%on,mﬂgﬁa\nge nent of the
Pr oducdireb@dtSof theioh PeldtylvekthONEBh {1t if Ffint8 piralldl @) thé RAESRE BRI ThedeeS Orbi ting
in a magnetic field have a magneti c nonent associated with their notion. In

the cewsefigll lipes §G aohesst the FREGopleryf thespwwitibaepifogmeapli¢cddicld fi el d, there
al so- eyl . ' | C1 1 DVALI ' ' 2T y V2

M vp, ,Iﬁ%‘f‘é@%ﬁ%@%‘g@gﬁbﬁgngﬁ?‘ﬁ?%“?%ggég?%#ggﬁh%?? ﬁ*ﬁ%@%@é‘?i ve field

| i nes thewillaw meithnekistibutionefdnerpis. ddedntagaowmlyi, tb atddoctiionsand amgge- associ at ed
~with their. potion. Since.B decregses.by a factor .of about 10 (indicated by
the  SIPElATRFIGROTReTEEdN fepudyotsing BpiRheams g R?ﬁ% 5 P10t | Kew oe

decr eagg) ghénab ebit exdmple foraUs0, MWOdksigh Of 4 pBE rédefom) B¢/ BdamisWiB haveld ve at the
uniformfield resgl on their rotational energy would _be |ess than 5% of

t hei r edusef abpetiS§pentioetass andra thiskugss ofiahpg 0 spntimetras. JAdRIONS in the
o001l 6 ABIBANARacTREL D CRRN BB oiRadd RS}, cRELG BANVEY o 01
syst em Ot e present 1nventfon co ses an I nversé cyclotron converter
(1 CO) HaROamsdssouimtédndifhilggion bOgyramalliizied varias filosck mbiraurg yalue pEdboyt 1 i | | ust r at ed)
power core 436 of colljdi eam fusian reactor (CBFR) 410 to forma 30
19 Seﬁbwa%%%ob@l%@%ég%tWﬁﬁg@%&&n%na-eI ectric power

gener at i on LsystyeRR ﬁl@@uct AnS BHRNGhgEEndl R0 vels ROoRtionm¥nddgy di sposed
symetrically to the [eft of the CBFR 410. A magnetic cusp 486 is |ocated

bet weeharaptprzed B i MG % MViQ vads e arimythaloreipety witetizehitiosFR 410 and
| CC 428 IRPAGIHG ﬁe{ld e S F&?Jr.oéﬁcéjﬁ? 1 HnBGpkdA8 ohtGReF20 and its
operation in detall, a review of a typica _

leaving the vicinity of the FRC topology, the rotational energy tends to decrease while the

total energy remains constant, This is a-consequence of the adiabatic invariance of the
magnetic moment of the product ions. It is well known in the art that charged particles
orbiting in a 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(vpe,p)le. The product ions 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 convetsion 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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cyclotron accelerator is provided. In conventional cyclotron accelerators,
energetic ions wth velocities perpendicular to a magnetic field rotate in
circles. The orbit radius of the energetic ions is deﬂ%ﬁﬁﬁ’tﬁ’é‘ae‘lﬂp%he
magnetic field strength and their charge-to-mass ratio, and increases with
~ ener gywoldoweysr, the rotation frequency of the ionspcsusoggpandent of

- their energy. This fact has been exploited in the design of cyclotron
accelerators. Referring to Fig. 21A, a conventional cyclotron accel erator
700 includes two mrror image C-shaped el ectrodes 710 formng mrror inmage
D shaped cavities placed in a hormgenous magneti c field 720 having field

| i nes Rer dicular to the elect S net r .e., the plane

o "t e pRrIes B pihsfin 00! & 3R il ot SHTT . pet ween ¢ ho

Cs hanﬂﬁboﬁédﬁs?hhﬁ&ﬁ:&ib( ﬁﬁ:ﬂe kit@ome CBFR)410) Ansaghet@lcispaté isudasiecf BeBiBe Sour ce

pl aced in er t he cycl otron 700 The netic field 720 is

D e eCBER AHAGR] e IGG A2 s Ik mdle OBFR HED b Crizd pmesetionat of t he

el ect r%& AQd.gntial and associ ated el ectrlc fleld If an ion | crosses the

gap 73 en the G shaped electrodes 710 in the sane direction as that
of the el ecfteforczdésmdimg thmICC§2(hmdets®peratmm n B;tad,cacre%ewaf ahgickhe ion I, its

' ener gy_a & 1 6 g‘é it V% tr eg avgl ed a half circle
are (eXpe P‘é?&‘?? g °ﬁbsﬂf?1‘8‘f‘eé‘a °°“H°“ e F&%’? °“i 3t°° ?885%%“3{%? &b 730 again.
Now t heittevetsitics perpériiciilap &f MpametidBelCranaiasircles! Bhd 6ol emliué bOthas rever sed

direction. .The 1gon | |is, again accelerated, and its energy is, further

i ncr e£aE@etioriAnsis deternined hydhs magstic.field stesngthand theinchargesfo-RAs4alios t he gap 730
provi dgd; c;réggeé w?fh%br%? ﬁav@'aaemyotamtﬂe &R Bpmgﬁehsgkm&egan&h dehe oscillating

el ectric see on t eo article crosses the
gap 73beindnergyt Hs ébtaltasnb.em eﬂcpleitozﬂ mghqdqsrgﬂnef qyploben aeselgiatastion it will be

decel erate nd re ur toth particles with
initial %gefqrtget ?g%’n it lta g?nat f‘ﬁronﬁﬁﬁﬁé%t?r%b 11}:“11"{5101% and that cross
t he gﬁiﬁﬁr e Clibhh;hﬁ efcopis 7 PhpaRing nifrdtdmageDIshglel ogritdspldced maf i el d Wi |1 be

accel erated. Thus roper . phas tching | s _essential for_ acceleration. 31
16° SeonBtionsmesietphoa aa byt foid s POSHS oo FerEtet Bneoloy ol of r on

 coul d D9l o, etk B helphide UfosNREEI LR PoRnRBEhplibEBRNCA! | denti cal

energefic 1ons. Deceleratioh of ions With a cyclotro but w thout energy
ext r adhé Gfshamé cloctendes(serigerd 21 B Iops bare nmlﬁedfrm&mcb@tacwnmmc h and

Jeffries | Re 0. 30 belnjectedlntothe
cavi £y R It e RFoPRE 0% TR P 6o At el & BBt R ase. rel ative to
t he ogrighdnal bN@e fone hﬁtchékl that@f tht BRctrio Potenialibll dshrintddaRiriecfield) &

~ anion I crosses the gap 730 between the C-shaped electrodes 710 in the same direction as-

that of the electric field, it is accelerated. By accelerating the ion I, its energy and orbit
radius increase. When the ion has tr‘;weled 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 acc_eleratéd, and its energy is
* further increased. This process is repeated every time the ion crosses the gap 730 provided

its rotation frequency continues to match that of the oscillating 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 retumed 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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trajectory T of the accelerating ion showm in Fig. 21A. As the ions slow
down due to interaction with the electric field, their kinetic energy is
transformed into oscillating electric energy in the el@8eptrebes3it of
which the cyclotron is part. Direct conversion to electric energy would be
achi evwo,020®e8di ng to occur with very high efficiencycrthsoprisamti ce, the ions
of an ion beamwould enter the cyclotron with all possible phases. Unless
t he varying phases are conmpensated for in the design of the cyclotron, half
of the of the ions would be accelerated and the other half decelerated. As
a result, the maxinmum conversion efficiency would effectively be 50%

-Moreover the annul ar fusion roduct ion di s ussed abpve are of an
reaty Sbi o 16 gaaue-H g udi e b sxiic REER wer HoRESoaP ot o i o

gr eat egf j@iiticdl knd?@did\ons! b@cdlé;&ldafoftdaewﬁxhe%stabtmmw%ﬂmt ena;@s:ommdat es the
annul ar character of the fusion product beans exjiting % FRC of fusion

r eact oriTagipahazbaea ob%@dfq:@rqt%md@rﬁewbad bso%loshaweéﬁw%lﬁé’ SoR€ Wi t hin the
beam p 19A, a

porti gﬁ@fggs(@m&?@g@g EOUZJB}%I lojfeagclifu{ﬂ&l e caﬂ?(gﬁ&hhﬁgliléﬁﬂagﬁrg&ggmon the left

si de, dmdcreﬁmgxﬁlapﬂrahm tbtﬂmloseliiatmg@b'i iAll ofthé ionewoild thenFRes4 @ formed in
part du netic field yotldefleIdC|I 425. The FRC
h70 ireirged RRaE Frune i nRBE S8 A AR R PO A B Popen 1ol d 11 nes

480, vmtefahuomtmmtse@ctnaﬁeMgheldEihemdanefgy id thﬂasihhﬁﬂﬁirntol ®@sillgfngt he annul ar beam
437 of the fusion products. The C::B rield lines 480 extend away fromthe
power et engigy i tha elestrie pigcuitad wbich theqyelotram s parks Dirgghcarpersimiie  f usi on

prodUCéf@trfc'%%woﬁmeabﬁe&@weﬁm%%c&ﬁ%@@ﬂﬂl igP&fcikhg! d lines 480 in the

form an annul ar beam 437 conprising enerdgetic 1ons and charge
neutral i zi dypraeticscthe oms of MHen brsoreeuld erdér théireyclogon 2 allpogsible a hol | ow

cylinder w t.h about five f.ens Pref abI or nore
cqual el UaloR i Pl s Rt Coptpl rg LR i PEBE D o, e 5005 wo
02/ 08?0??18:d?@iﬁllbi&%@@@&cﬁéraadgrhitheamsﬂﬁ%eﬂa&fﬁe&lpmﬁ]ﬁ:suﬁylthender surface. In

operation, an oscill g potenti al pplied to the el ectrodes 494 in an
al t er TBHYMCARYTRM © ?—?clé wveeldref%cwlmq SE/WMWP?\VCEH\@ Per has a
quadr upeH Rt ioh belsHiRuasd Addt &R bEsh drBuitddfe LBl BVt dobihfidafd in Fig. 19B.
cyclotron.

As discussed in greater detail below, the ICC of the present invention
accommodates the annular character of the fusion product beams exiting the FRC of fusion
reactor power core, and the random relative phase of the ions within the beam and the
spread of their energies.

Referring back to Fig. 194, a portion of a power core 436 of the CBFR 410 is
iflustrated 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 ﬁéld 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 emci‘gc from the power core 436 along open field lines 480
in the form of an annular beam 437 comprising energetic ions 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,

32




The electric field E vani shes on the symmetry axis and increases linearly
with the radius; the peak value is at the gap 497. In_addition, the ICC
420 includes outside field coils 488 to forma uniform¥Sertgmbei 35 t he

| CC s hollow cylinder geonetry. Because the current runs through the ICC
- field woid28824838 in a direction opposite to the diredtdrasenésstone current
“running through the CBFR field coils 425, the field lines 496 in the |ICC
420 run in a direction opposite to the direction of the open field lines
480 of the CBFR 410. At an end furthest fromthe power core 436 of the
CBFR 410, the ICC 420 includes an ion collector 492. In between the CBFR

410 an i myet ri neti.c cusp.486 erei.n the open
el o TrEesseofpd b o B butieeo BRI So PriligeptREiTits of (he 1o
420. Aupplicduslths cledapesdioe ieat demating fasiér0 T Acins fRRISE withiA tibout  t he

magneti c cusB 486 .and electrically coupled to the ion collector 498. As

di scus<EYETFE I\ quplupels siRictire as indigited igfhaqnd visdgHBtatedaBigs1%B6 converts the

axi al ye @&idoficM E W RSsHRE 8Mhé 3ymhorPati OilinQBRs inkGhOs idifa; hi gh
efficiency. Fig. 19C ?I lustrates a t)l/pi cal Jishg% glr b?;ﬁ@%&%‘e% thin the
_converthepeasyglue Tyas te@RRAAL0 has a cylindrical symetry. At its center is

t he fusion . COr - W - LS | ore 435 ained in a FRC
470 magnet ilgg(\tﬁﬁ{é nd%egggﬁgggmuhgs%ﬁl‘%ﬁﬁeﬁﬁ%&?ﬁ%ﬁ%%w ?ogrlllg%?&ake pl ace. As
not ed, withie the16G s tibliow cylmdersgedmetharBreause tercatreminng threlghahe ITG ener ge as

annul e 437 from both . ends of the el plasma 435. For exanple for a
50 v ST 26f i (RO Db g he recion sE B et g ey s of ' about

50 cm @BRR ficld RbAKNSSHe BEIAANY61R i TCC HIE nid R Y UBECHBR 3PpIRStoAndENSi ty n -

i 07-10% cnB. For such a density, the magnetic cusp 486 separates the

el ect rdwestionrnd theopsn figld dines 486 0f e £BRRoA 100 it amendfaghest from theglowet i nes to the
el ectrap, ﬁ%'olfﬁ%téﬁmfl?@ﬁgx@?cégig lngﬁﬁﬁpa%ﬁén éo'i'l%(g&?@zt he cusp 486 where the
I'frédto foll'ow a substan

ion trajectories are as tially helical path along
“the | engt h Iobettvben théXCBER @10 hnkthgICG 420 ie reyeniettic anphdie cugpmscas t hey spiral

past the .electro .49 opne a resqnan L.rcujt ot shown). The
| oss o‘ir’]ffeb"é? Hﬂf%gﬂ?‘z}‘nﬁégqu‘gﬁf:}bgﬁﬁ‘éﬁW@%ﬁﬁ{i?@@@?@ﬁ? J3S02/ 08370
ener gyICC420! AataffilarsBipell BRcunddRsdkora196 isPosition Shduhdb niaghétac%hépv circulate
close to the el ectrodes 494, where the electric field is strongest. The

i ons 8 andelegtrieatly conpleddo the fenenlledtemtofi ¥is disnessecthela™. drremaganidc gy .
appr O)ﬂcf@éﬁflé'magnetic cusps 486 converts the axial velocity of the beam 437 fo a rotational
- velocity with high efficiency. Fig. 19C illustrates a typical ion orbit 422 within the

converter 420.

The CBER 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 cm and a thickness of about 10 cm. The annular beam has a density n = 10-10® cm’.

~ Forsucha 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 trajectories 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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equal to the initial total energy, i.e., %®Mv - %Mo . There is a
distribution of ion energies and ion initial radii ro_when the ions reach
the magnetic cusp 486. However, the initial radii ro teRgRCHEENRH0S
approximately proportional to the initial velocity vo. The radial nagnetic
field wodméee7sr adi al beam vel ocity produce a Lorent 2cfrasesss?e t he azi nut hal
direction. The magnetic field at the cusp 486 does not change the particle
energy but converts the initial axial velocity vp - vo to a residual axial
~velocity v, and an azinuthal velocity vl, where vo = vz + v' . The val ue of
t he azi nut hal velocity vl can be determ ned fromthe conservation of

he a. ti on of
f 22"{‘; Py TR BRI T ety osl s S oo e A0 Bl i RG8 0" 00 P
It4mhgeﬁ1mctrhaﬁetdlghioﬂgesnd side of the cusp 486 withr =r,,, B, =-
B 1= T- | Mc = = =1 (Lv,-O, - wh SZ
B ] Ao et O e cosn 6ol ol pral PR Y ?onsélrg i a
range gl intai ety 0 DAY EYARLY Thiie DA PickLablles Ui D TS

t he frequency at ower “geheratin takes ace n or *for the ions

L0 pasgdtiby &H&hrahi?? iR RheABES redd@nEhigefid Mﬁp h%’}ﬁ%@eﬂtﬁ@'hﬁ{ﬁl mJSt be greater
than the width of the cusp 486 at the radius ro . quite feasible

exper i maiteibidy ta be apemwtqlheroawlanal Vaethe initia) Vﬂyclﬁf % aE'h@adI@I 10 so that the
- residugl [ e ct ar ,.of Then 99% of the
b %1%%( J: ﬁ%lfl a.ﬁcp s ga\éla% ‘pe?({ ty%yo%ﬁg caly é'%t%%éce 19, the Qj?hal

I on ener e convert 'on beam has a

di striditectian Thie nvaghetiefiefdt ﬁw&uqmsﬁrdlaes z’rdwmgémephﬁc}aleﬁ@gymtl s proportional
"to vo as previously.indicated by operties of the FRC based reactor,
t he co‘ﬁ’%‘?@lﬂaﬂn@ﬁ*% e‘;‘ﬁﬁ‘i}‘ytb?‘bttatal %‘nglr“ %‘FPéV 9°“tyé’|a(§§d apaziputhaos f or . al |

-ions. 34 19 Septe 2095 WO 02/ 082873 PCT/ US02/ 08370
, velocity v, where v, —v + v, . The value of the azunuthal velocity v, can be determined

from the conservation of canonical momentum

gBry _gBy

B, =Mryv, ~ &)

2c 2c
A beam ion enters the left hand side of the cusp 486 with B,= B, v,=v,, v,=0
and r = r,. It emerges on the right hand side of the cusp 486 withr =r,, B,=- B, v, =

gByy/Meand v, =vi-v

Yo 1_(@2) (6

where Q, = ﬁﬁ% is the cyclotron frequency. The rotation frequency of the ions isin a
¢

- 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 r,. It is quite feasible

experimentally to reduce the axial velocity by a factor of 10 so that the residual axial
- energy will be reduced by a factor of 100. Then 99% of the ion energy will be converted |
to rotational energy. The ion beam has a distribution of values for v, and r,. However,
because r, 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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As depicted in Fig. 19B, the symetrical electrode structure of the I CC 420
of the present invention preferably includes four el ectrodes 494. A tank
circuit (not shown) is connected to the el ectrode str4@Beptesbaddiso t hat

t he instantaneous voltages and electric fields are as illustrated. The
vol t agwoandszktze tank circuit oscillate at a frequen@erafsofdasm S20 The
azinmuthal electric field E at the gaps 497 is illustrated in Fig. 19B and

Fig. 22. Fig. 22 illustrates the electric field in the gaps 497 between
el ectrodes 494 and the field an ion experiences as it rotates with angul ar
vel ocity S2a . It is apparent that in a conplete revolution the particle

will experign accel er IO nd decel er an order

det er mi ned e?’ﬁ “h 'ﬁr i;ﬁ% éﬁ’ a’éf&‘iﬁr? q}re(q{éh%;? rfﬁ‘PI’?gfh Cel ectric
field ﬁeﬁhﬁﬁ&ﬁb&p@f%lﬁnc]ﬁ@é&'f&h eRk@6dek 494, fA%ﬂcEéul n&&ﬁo@awut hal field EB
is mximumin the gaps 497 and decreases as the radius decreases. Fig 22

assumeepnnedad tp therelestredersemefires 49esorthal thriingpniancanssolisges puolerdic  Because of
e, A T B B e 2 7

over t “4Cceretation p He”'i%n "Padi us

i ncreagge $AmhMAlel rﬁeimauﬁ@%ea%g@meae& fH aigﬁ%&bﬁgr gialmg electric

fleldthelonralusvm er. The decel ration sewl!l|l dom nate
i ndeped@nstratss thetetecirieifieldain ﬂpﬂm&s%‘ﬁ?fbemn ﬁbﬁﬁdﬂ@@éﬁmdﬁﬁv&d&a@ igh gradient of

th t hal elect ield EB i. I itive. As l't, th

conyor SPUIPBrES laney Vit afferoDch 1 TR R E e KA (ol phase
bl em, Jield Er i

Bl S0 TR FiL i LGATMErbl-ARRly SXARRNAR decMBafhdf pldiel %) o o

di r ectdesiminedby meﬁruﬁm:hadaehbaﬁiﬁohltcaghe@ixmmmat éledtiiefiedd iF)therd is alk@gli us wi t h
zero velocity in the plane perpendicular to the axis as in Fig. 19C. The
pr oc esadiblelattricdleld 8nsThe eimibthd fslddEae inexiatuadinitise gipsddBandtdecredses pri nci pl e of
strong focusing that is an essential feature of nodem accel erators as

descr idség I’ﬂqliuigﬂgease&afleﬁ ammesthvyaﬁvl@gotawmw@mwmnsmmaadzm posi tive

FOCUSEdIse 3P fhe fﬁﬂ?h SO 8&%‘6 'w%llﬁ%i( c!lo ndid odef fheMBYNEL C
(Tocusiagl Pﬂg@?@h 1o %o AfiFhe d { ofpimmanet

field has a rong ocu5|ng qua rupole doubl et |ens
is il Iansdlesraicmd Thaa&b@mnaﬁphéﬁbmaﬁﬂslﬂﬁatmﬂi&Iﬂﬁlsnr&re‘amﬂhﬁtgvhbmthblm x- direction

and def ocu5| |n t direg n, £eco | ens | mlar with x and y
pr opereRERssu E\a@ﬁng qlﬁféﬂﬁé%ﬁ@ﬁl@ TeRIGF S b eRe oo RECPRBN o of
Symmtﬂh)(seavﬂﬁ dBﬁ&ihaé m&géddeht\/cff theamktial phadcaAiRNbn b&%eﬂ%m&ﬁ%‘r‘d&éﬁ for an ion
beam passi ng through both |enses | s focusing in all directions independent

of t heféhedemmudial pla@saﬁeld B3s dyaBqositing ehs 2060t ﬂ@eﬁéhgﬁ 8asEgion
efficiency is not limited to 50% due to the initial phase problem associated with

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

produces a net effect in the radial direction that refurns 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 poéitive 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
posmve radial gradient. The net results for an ion beam passing through both lenses is

focusmg in all directions independent of the order of passage.
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“vel ociFsuengy fayeHeq i f teatenna,

PCT/ US02/ 08370 Sim | ar results have been reported for a beam passing
through a resonant cavity containing a strong axial nmagnetic_ field and
operating in the TE,,, node (see Yoshikawa et al.). Tﬁg§eﬁéﬂﬂb%re2q0§ cal led
a peniotron. In the TE,,, node the resonant cavity has standing waves in
whi ch wio@2es2estric field has quadrupol e symretry. Themestssa are
qualitatively simlar to sone of the results described herein. There are
guantitative differences in that the resonance cavity is nuch larger in
size (10 meter length), and operates at a nmuch higher frequency (155 MHz)

and magnetic field (10 T). Energy extraction fromthe high frequency waves

requires ad-egtenna., The ener ectrumof the heamreduces the
efficiency %?uq‘lc’:forﬁ%lgf yvgﬁ’?enﬁqg%gi%‘grtag’m Pays o'k@had'?mdlfm iBHY is a nore

ser i ousbnpirddy aamogb kial thipetd fidld hﬁi’@yraﬁﬁg'ﬁﬂﬂy]eﬂ,?ti rﬁ&ﬁei(%e&d)@mlgﬁhﬂetf or f a D-He3
reactor, that, K produces, 15 MeV protons. A single particle orbit 422 for a
par t i e 1 daviredtelledepamqionginithg T.étrlﬂ%ﬂdéépeiff"r“o%.ca"ﬂl’é’@ sting result was

0bt ai 1ocblh WAAEPIH: Sectf Felahl ARAARGle Iy i), e tREM dro YRSIANIGI ned  for the

peniotron. An ion entering at 'some radius To spirals down the |ength of the
| CC armdmitarfte some efdhewgsultsdescribed herein. dhereiaraguantéativeglffaentosingt t o a point on
acir e | . L Djti conditio ar.e asymmetric; the
final %‘?5"’?‘&“"‘?‘%*@%@ “E‘ﬁﬁgat‘l Y 9@%@@,&‘“@61&@' i"“"é‘i)"l?eﬁag"esﬁ"g% SRt of the initial
phase HHghet fraqueadyt (1p5MHz) bebmagreticifielé (1Bt Bebrgyléxtrattidarfiond the highi on  col | ect or
end of _.the I1CC is again annul %&eand of simlar dinmensions. The axi al

PRgEYSPehm qf the-heamyedugestls ¢ v

cor r esgpdlich ok YorlvBSios ABR ExisfeREe oF twb Ristli€of DAYl b flofe RAoRPréWGH,ivag ef ficiency
of 99%is feasible. However, various factors, such as “perpendi cul ar

r ot at i thnefficieprarafgomyersiands adequatafor b Bale’ edctor hat produres t SMeNa@torver t er, nmay

about 1. 107 SR BEAE kLR TR oan K RSERE | O U R SRR R oot on i n

conv eri$iCothie tdsiie wenatytaingditey domppeyEmuktearid asirhitg réshlt &@sbkained 0 a power
grid. shown in Figs. 20A and 20B, al ternative enbod] of the

o1 ect {BRHb DUty AP D CHSARE H oM s ramraldy v i I SUABE S 1| cal

sen - Gifefiekiag thRli A6l edRshal aHefbyQbn @Eoeﬂpcﬁﬁt%tarcﬁéfé%fﬂr%ﬂmﬁé‘ﬁﬁiuﬁ aper towards

the ion collector 492. Adjustnents to the ion dynam cs inside the main
magnet’-d b irstiad conditions are@symmetric;the finnd stptepeflagis thie asyosnetry, buld iauxi | i ary coi |

2oL, S0 e DIl T R Ao A L, 500,209,
magnetcblieckdrehdisf thalGC & aghin nhnulangdof shniladirednsions. iThe dxiginethcant , as 36
 would bé reduced by a factor of 10 and the density correspondingly increased. For a single
particle an extracting efficiency of 99% is feasible. However, various factors, such as
perpendicular rotational energy of the annular beam before it enters the converter, may
reduce this efficiency by about 5%. Electric power extraction would be at about 1-10
MHz and preferably about 5-10 MHz, with additional reduction in conversion efficiency
due to power conditioning to connect to a power grid. _
As shown in Figs. 20A and 20B, alternative embodiments of the electrode
structures 494 in the ICC 420 may include two symmetrical semi-circular electrodes
- and/or tapered electrodes 494 that taper towards the ion collector 492.
Adjustments to the ion dynamics inside the main magnetic field of the ICC 420
may be implemented using two auxiliary coil sets 500 and 510, as shown in Figs. 24A and
* 24B. Both coil sets 500 and 5 10 involve adjacent conductors with oppositely directed

ccurrents, so the magnetic fields have a short range. A magnetic-field gradient, as
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19 Septenber 2005 WO 02/ 082873 PCTI US02108370 schematically illustrated in

Fig.24A, will change the ion rotation frequency and phase. A nmnulti-pole
magnetic field, as schematically illustrated in Fig. 2kBScpifmber088uce
bunching, as in a linear accelerator. Reactor Fig. 25 illustrates a 100

MV r eagb@sos2d3e generator cut away illustrates a fugic@RisoARYMI CoOre region
havi ng superconducting coils to apply a uniformmagnetic field and a flux
coil for formation of a magnetic field with field-reversed topol ogy.

Adj acent opposing ends of the fusion power core region are | CC energy
.converters for direct conversion of the kinetic energy of the fusion

products to. electric power. Th uppost. equi pnent for ch reactor is
71 1 s bRy i tatedan Pl ol HRGLG iohrign Eoueney eafilired o

plas %ﬁlh;ﬂégmigngﬂi@ﬁé&,% sché@hRAIP ARistral&iFin ¥ ©EW) Wi'[l‘i}r&ﬂ%blﬁwhiﬁ%c power core
836 in which a Tusion fuel core 835 is contained and from both ends of

whi ch #sdsh breappesealaratos. energe in the form of an annul ar beam 837. An | CC
-ener gyp pverter 820 coupled to one end of the power core. A magnetic
nozzl e‘%gtg'i s positioned adjacent the other end of the power core. The
annul ar bedtg. 83 Nhefratés s OM Pl eattat The genesuar chiraway dihetratach fukiohhe f usi on

e, ot eAT Bon e, HRsORbP i B A1 P Bag e SPCCRR nozzi & for

t hr ustfluk.coMibr fBrnidfi6n by MadreAfitle witi FeRIvevddied tddlopd! iAdiSent0di fi cations and
alternative forns speci fic exanpl e thereof has been shown in the

a .
dr awi rgBosiRgends ofthe Bision EWer GORTERIPM g dEG ey Fanveray o diset under st ood,
howev i ' | It LA & icular form
i sol qemitifh o REILRK AP0 P i S 1 LS TRuPR
nmodi f ieqaipimenisipr saghi veabtenis slfustraedindlig.@6nat i ves falling within the spirit and

scope .of the ended clains. 37 19 Septenber 2005 CLAIMS: 1. A nethod of
conve M&@l S product energies into electric energy, conprising the

steps of i FEQeY ilRgtriteyiSplanrBrus pheulsicll syftamBoW ThRispstan gRAeSd | y cylindri cal
cavity having a surface fornmed by a plurality of electrodes_in spaced
r el at iFHEC DeWes corg 836 in which a fusion fuel Core 835 is containéd and from both ends of
which fusion products emerge in the form of an annular bean 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 alteratives falling within the spirit and scope of the appended claims.
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~another and having a plurality of elongate gaps there between, the gaps
extending along a longitudinal axis of the cavity, formng an electric
field within the cavity having a nulti-pole structure W Beptempere200fan t wo

" pol es, and decelerating the ions through interaction with the electric
field to transform at l|least a portion of the ion kinetic energy into
oscillating electrical energy. 2. The nethod of claim1, further conprising
t he stqp, ﬁjls_appl ying an oscillating potential to the plurality of

el ect . 3. The nmethod of clains 1 or 2, further conprising the step of
creating an azinmuthal electric field across the plurality of gaps. 4. The
met hod of clains | through 3, wherein the injecting step includes
converting Isubst‘AaWtthé’Filc‘%c‘alP‘fer@?g ionjmsprduct gpargies wRplgGtric sn¢r8¥at i onal

energ o d of claims 1 through 4, wherein the ions are injected
in t)r(fg (r:)l?;rﬁngg[}\egﬁﬁ[}?ar beam 6. The method of clains 1 through 5, further
conpri si ng injketingtieps aéng ahelawi path within agendrally ddadricdicevigh a nagnetic cusp.
7. The nethod of claimé6 ur.t her. co ising the step aof collecting charge
eut 1 DR OEAGUERESERBHLDY # BliFile Shrke e b Schl iionr B otons  of I ow
‘magneiahéthbd fldthalindeSpledhlit er JIRMBARE daps BEPbetRBerl ek eRREAiIng005 8. The

met hod of clainms I through 7 further conprising the step of ™ collecting the
i ons @lwwe adongipklinghexiapf Pecevin of their energy is converted to electric

energy. 9. I Of | further ¢ rising the step,of

condi ti oni rﬁ%‘gﬁflggﬁ g]l%gtgtg rﬁlegci ‘gi&glr“g?e getl)rllt\)(eratv1 é%r%)lpgﬁh Ii’(ﬂ%Stf%cﬁ“rSr‘i‘g%y to match
exi st initge fran@Wo @biedsand10. The nethod of clainms 1 through 9 wherein the
plurality of electrodes nprises at |east four electrodes. 11. An inverse

C : CO | ¢ § .
cycl ot ron &REGHIReG dmsdhronghpyerasting with therelectic/figd teragsfe@ties forning a
-gener g“e)fst%ﬂok’t&ﬁ{dfqﬁé %oﬁ%\fﬂétiyyenta iflo @S EIES ele&ﬁbeﬁ%nl?r% spaced relation
form ng a plurality of elongate “gaps there between, g gaps extending
al ong a longitudinal axis of the cavity, wherein the plurality of
el ectrodes N . . .
2. The method of claim 1, further comprising the step of applying an

oscillating potential to the plurality of electrodes.

3. The method of claims 1 or 2, further comprising the step of creating

an azimuthal electric field acrogs the plurality of gaps.

4. The method of claims 1 through 3, wherein the injecting step includes

- converting substantially all of the ions’ axial energy to rotational energy.

5. The method of claims 1 through 4, wherein the ions are injected in

the form an annular beam.

6. The method of claims 1 through 5, further comprising the step of

~ directing the annular beam through a magnetic cusp.
7. The method of claim 6, further comprising the step of collecting

charge neutralizing electrons from the annular beam as the electrons follow

magnetic field lines of the magnetic cusp.
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. conprises nore than two el ectrodes fromwhich a nmulti-pole electric field
having nore than two poles is produced, and a magnetic field generator

ext endi ng about the plurality of electrodes. 12. The cbhventemperg00g] aim 11
further conprising an ion collector positioned at one end of the plurality
el ectrodes. 13. The converter of claim 12 further conprising an electron
collector positioned adjacent another end of the plurality of electrodes.

14. The CO%\.’ert%e%etﬁ&@&ﬂ@#é%s%ﬁfo‘%ﬂ%7;1*%%%%'4&&%&9&&%%]tgg% r is annular in

shape. 15, The converter o ai s erern t el ectron col'l ector

and icolleatingtleripos omreea mbstattidl pattion ofdhupt @ctrgyli6 cofVreted dmelectrier of clains 11

t hrough 15 further conprising a tank <circuit coupled to the plurality of

el ect FBHEL. 39 19 Septenber 2005 I T The converter of clains 11 through 16

wherein the magnetic field generator conprises a plurality of field coils

extendi ng about the plurality of electrodes. 18. The converter of clains

11 through917 wibe aathadef qhdioy &ifurthgr edmprisingthe sitpof gprdiigmngt ri cal . 19. The

convelyt e A ' u 18 erein the plurality of electrodes

el udtsdedc ShablBorddbd ighte Ih ARELA SO B Hiehg ek By ngac e cavi Ly,

the el ectrodes being in spaced relation formng four elongate gaps there

bet ween. 40 . ] .
1 The method of claims 1 through 9 wherein the plurality of electrodes

comprises at least four electrodes,

11. An inverse cyclotron energy converter comprising
a plurality of electrodes forming a generally cylindrical cavity, the electrodes
being in spaced relation forming a plurality of elongate gaps there between, the gaps
- extending along a longitudinal axis of the cavity, wherein the plurality of electrodes
-comprises more than two electrodes from which a multi-pole electric field having
more than two poles is produced, and

a magnetic field generator extending about the plurality of electrodes.

12.  The converter of claim 11 further comprising an ion collector

- positioned at one end of the plurality electrodes.

13.  The converter of claim 12 further comprising an electron collector

positioned adjacent another end of the plurality of electrodes.

14, The converter of claim 13 wherein the electron collector is annular in

shape.

15, The converter of claims 13 and 14 wherein the eIect_ron collector and

ion collector are electrically coupled.

16.  The converter of claims 11 through 15 further comprising a tank
circuit coupled to the plurality of electrodes.
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17.  The converter of claims 11 through 16 wherein the magnetic field
generator comprises a plurality of field coils extending about the plurality of

electrodes.

18.  The converter of claims 11 through 17 wherein the plurality of
electrodes are symmetrical.

19.  The converter of claims 11 through 18 wherein the plurality of
electrodes includes:
four quadra-cylindrical electrodes forming an elongate cavity, the electrodes

being in spaced relation forming four elongate gaps there between.
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