PLASMA ELECTRI C GENERATI ON SYSTEM FI ELD OF THE | NVENTI ON The i nvention
rel ates generally to the field of plasma physics, and, in particular, to
nmet hods awQ 2a@pasaki for confining plasma to enabl e nuclpearustasiooszsand f or

converting energy from into electricity. BACKGROUND OF THE
| NVENTI ON Fusion is thé’%ﬂ/@@gﬁﬁ@ﬂﬁﬁw IPNGYSTHYE ei conbine to forma
heavi er one. The fusion process releases a trenendous anount of energy in

the formof fast novi ng par t IFIiIS OFBEURDGEENTION C nucl ei are positively
charged- due fo.the ons contained therein- there is a repulsive

el ectrostati ciiedpveed 1’8 s gensrally i e Weldrpfpleeme pinsics.and, innetiedlar to f use this
repul si Vﬁetﬁ@ds"a'n@ Appie fop&)nﬁiﬁ%ﬁ plAtRa to%bﬂ@ nRGGY FRiofas f&‘é@n@ﬂ@g%her

br ought close enough together where the short-range nuclear rces’ becone
st Pong eidu§isiangredpsisdeaeleetieiticoul omb force and fuse the nuclei. The energy
necessary for the nuclei to overcone the Coul onb barrier is provided by

their thermal energies, waieRGReUNBOMPIY BB exanple, the fusion

rate can be appreci able if the tenperature is at least of the order of 104
eV- cor r esporidiag isrtbemphpsps bowhiol twa Kight oupldegmbmstd«fxehnameavﬁnené arie of a

fusion r f ur LS characterized
by a quatﬁ?ﬁi I%(@:%f el S%Séacﬁﬂe%%ug m%lﬁlg 0%ea 1{}|]16f 1530 &dﬁnﬁ"v?“@é’éﬂc . for
exanpl e Bdwalgeatobnomcblqmemlpobav&ﬁdmg’éﬂ ke aﬁﬂe ﬁ:@%\l}%(&)\{tal&nﬁhﬁéh—il(ﬂﬁléﬁg v
rct|0n5| +n , a(3.6 M +
" OBa 1 Mo 16 S8 el Ox Silomp o WesmbgiFor ihausicido gie.fisa 8. 7 Mev)
V\/ner e D repudiicebeseranist 8 dveftomd, wieH §RE8Svhbh bid MBlei Qre'bﬁgl' §ef?o glium
nucl eus,, n_indicates a neutron, p i ndicates a proton, |cat s helium

and Bl itPftiiehibereh Hat-range mudeas fress becane Sﬁan@monels@gvpmomadh Gagleatti on
i ndi cat golcBenkiuB&thk ﬁucﬁae F[Qé’ elfégglytdggesg b PRl QEUE Sere dREME \(I'V{Ic])ﬁltgﬂltb%gr gactions

| i sted above- the D-D eact | S - are neutronic K5 t hat
nost of 1% P@V@%big@ekljiheﬁhfélenerﬁlﬁs Mdmrphpmmdbmvesy high cEerreiadplbythé fusionfaslt r ons.

The d f. t 1) the fl f fast
eyt rone R Pouragnbilic BEVRRRRLG. SRR BT R Sufr bt e abrmpendie PheY cact or

wal |' s aria100 gﬁhbredegt@s K‘élvrnad]he dté oM myioﬁ &l’actfﬁﬂii a BRBEI dIehd t@rﬂﬁé'f%f‘er ials; and

2) the ener.gy of f.ast neutrons col.l ected by converting their
(2) A0 19%aractenzed by a quant?ry calfeg reactivity. The rea?:/tlwty of a D- Tregactlon for

example, has a broad peak between 30 keV and 100 keV.
Typical fusion reactions include:
20 D +D — He’(0.8 MeV) + n(2.5 MeV),
D+T— (3.6 MeV) +n(14.1 MeV),
D +He’ — (3.7 MeV) + p(14.7 MeV), and
p+B" 5 30(8.7 MeV),

where D indicates deuterium, T indicates tritium, o indicates a helium nucleus, » indicates a
25 neutron, p indicates a proton, He indicates helium, and B!! indicates Boron-11. The numbers

in parentheses in each equation indicate the kinetic energy of the fusion products.

The first two reactions listed above — the D-D and D-T reactions — are neutronic,
which means that most of the energy of their fusion products is carried by fast neutrons. The
disadvantages of neutronic reactions are that (1) the flux of fast neutrons creates many

30 problems, including structural damage of the reactor walls and high levels of radioactivity for
most construction materials; and (2) the energy of fast neutrons is collected by converting their

thermal energy to electric energy, which is very inefficient (less than 30%). The advantages of
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The containment time for a plasma is At = /D, where r is a minimum plasma
dimension and D is a diffusion coefficient. The classical value of the diffusion coefficient is
25 ’ D, = ai /1, , where a; is the ion gyroradius and 7 is the ion-electron collision time. Diffusion

according to the classical diffusion coefficient is called classical transport. The Bohm diffusion

coefficient, attributed to short-wavelength instabilities, is D, =(1/16)a’Q,, where Q; is the ion

gyrofrequency. Diffusion according to this relationship is called anomalous transport. For
fusion conditions, D/ D, = (1/16)Qt;. = 10%, anomalous transport results in a much shorter

30 containment time than does classical transport. This relation determines how large a plasma
must be in a fusion reactor, by the requirement that the containment time for a given amount of

plasma must be longer than the time for the plasma to have a nuclear fusion reaction.
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el has'the additional problem that most of the energy of the fusion products energy is carried
by 14 MeV neutrons, which cause radiation damage and induce reactivity in almost all
25 construction materials due to the neutron flux. In addition, the conversion of their energy into
electricity must be by a thermal process, which is not more than 30% efficient.
Another proposed reactor configuration is a colliding beam reactor. In a colliding beam
reactor, a background plasma is bombarded by beams of ions. The beams comprise ions with
an energy that is much larger than the thermal plasma. Producing useful fusion reactions in this
30 type of reactor has been infeasible because the background plasma slows down the ion beams.
Various proposals have been made to reduce this problem and maximize the number of nuclear
reactions.
For example, U.S. Patent No. 4,065,351 to Jassby et al. discloses a method of producing

counterstreaming colliding beams of deuterons and tritons in a toroidal confinement system. In
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in

The field reversed configuration (FRC) was discovered accidentally around 1960 at the
25 Naval Research Laboratory during theta pinch experiments. A typical FRC topology, wherein
the internal magnetic field reverses direction, is illustrated in Fig. 3 and Fig. 5, and particle
orbits in a FRC are shown in Fig. 6 and Fig. 9. Regarding the FRC, many research programs
have been supported in the United States and Japan. There is a comprehensive review paper on
the theory and experiments of FRC research from 1960-1988. See M. Tuszewski, 28 Nuclear
30 Fusion 2033, (1988). A white paper on FRC development describes the research in 1996 and
recommendations for future research. See L. C. Steinhauer et al., 30 Fusion Technology 116
(1996). To this date, in FRC experiments the FRC has been formed with the theta pinch
method. A consequence of this formation method is that the ions and electrons each carry half

the current, which results in a negligible electrostatic field in the plasma and no electrostatic
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transport of ions tends to be avoid r?fﬁ/ magnetical ly confini'ng the ions in
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cause | iihlldeeffotdiftial éli. 0RCA leMiltl Yasion fuel plasmas that can be used with the present
confinement apparatus and process are not limited to neutronic fuels, but also advantageously
include advanced or aneutronic fuels. For aneutronic fuels, fusion reaction energy is almost
entirely in the form of charged particles, i.e., energetic ions, that can be manipulated in a
25 magnetic field and, depending on the fuel, cause little or no radioactivity.
In a preferred embodiment, a fusion reactor's plasma containment system comprises a
chamber, a magnetic field generator for applying a magnetic field in a direction substantially
along a principle axis, and an annular plasma layer that comprises a circulating beam of ions.
Ions of the annular plasma beam layer are substantially contained within the chamber
30 magnetically in orbits and the electrons are substantially contained in an electrostatic energy
well. In one preferred embodiment the magnetic field generator includes a current coil.
Preferably, the magnetic field generator further comprises mirror coils near the ends of the

chamber that increase the magnitude of the applied magnetic field at the ends of the chamber.
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magnet i cakhhshdticalely, t}‘/‘?l@l%ﬁlqhé DEnn e QRS & ?}l%é%gxtcgg:sl 941'@%118 l%n%r% jped in an
el ectrostati ¢ energy wel I n one preferre eNt |c field
gener at ofielilnkl apiefred @mbcrdeafn@nt,db@ jystemrfefmraaid gnetic fiedd havgupes ﬂopolﬁg;&ifd gener at or
further coils near the ends of the chanber that increase
t he nagn?%iggé ?‘f% eglér%%?l ed magnetic field at the ends of the chanber. The
syst em al so dmamth&qsefam edibotiiatett, e slmmatiye cHaaibsr & Pfovidel @t pragentiand r al i zed

i on bea etic field, wherein the beamenters an orbit due to
the. for R BRIl Ey ERb ARG HRTSTE 1 f BT eRoR OpPe STV EhsAGR | ¢ he

syst em f pugmtianiegRhéttatd the bkhntbBViOrR s el Ibhehadbd:i wiich & %Mﬁaﬁgd
configuration. In another preferred enbodi nent, an al ternatl ve chanber

provi ded°onpaisedpfsiastiess siepldo pewise sireinralfsirangtivendesiod vaaige mpertmtlscludes a
central £801201.85 H.R8 Ep@ Q penetrate
t he chanber on aa % ast <s§?ﬁnf§§§agnﬁé¥?k{?]hﬁﬁ ﬁ%g;lﬂ%%ﬁn ggﬁtlrg len‘f’)mar 'y conprised
of10st aj nthembers tPecsrably, tbﬁrovredbresbned{sﬁhm ale abomeﬁgﬂbgrem dngoﬁ)dn e

properti e in the.chamber wall that run
al ong al ﬁ%sbtréa{ﬁgen%gﬁtg F?fé"t &Je%?B rme H} WE';H %Bérfsert EYBRPSIEANISIAE o are three
br eaks tiatridyeefatablyta cb%udexgheﬁlsa aﬁﬁsfeftecf ih@theaeh o@gei}@rlnﬁ[@ﬁté?%?@ﬁﬁw ncl ude
a slot or, for int i nsert_caonprising an_ insul atln‘g

mat eri al %‘B%f g*f%“dc%’?’ it nbsFrtt 98 the; Qugside; of the thambpathe et sfEackedt s or

gaps. | ntofahealingfp@ﬁdl QPrefBrfable REmeh BBR S beroths B B 1@%&9%&9%&% &*B%ﬁef‘%?“

the outside of the chanber, the insert is attached to a sea I ng pa

priSf er abheans gt e Ting seal Fiith dicctaidess gieelshiadeiof dhe Chmbermﬂns a vacuum barri er
by nmeans of apy&.héhg surface .of the chanmber
wal | . In yet another 5§ @}?‘Jér&r@éﬁya dlﬁﬁ%ﬁ%?@%@tﬁ%iﬂ % Fivemgr bﬁrgwétwr ce is
mount abl the vhambﬁmlﬁheclmanb@ck avitlassenahly pesferablg ta@mlgleammlshcak&eﬂrhhat is preferably

5. 15" by ey 00 60 kbR PUSUEP R ur Pt Rgligontier ot her

appr opr i atfydgase@u sthiauajpmpnﬁﬁaghs)eousl fasibifue DAt GRddhdat ghid R sSabY ﬂ&ﬁm?ﬁ” ough
d| ect s feeds. vi.a vaI nozzl e. Once the gas emanates from the nozzle

di st PPBEER egs[ ‘Q%P B?ZZE%@%WF%%GW&R%@O%M nagplg andhdistiibetes he shock
coi | . t @M it R0 A FRaol Wi Rfings DRfhe WhdckRofi ramp-up
in the | ow | nduct arnce shocl? coi | %Sea se to aovgiraéywﬁwr{%?e | ect glz%{ ?]i)hgl d within
t he gas Wimipsteaiies and fwateapip, in thedpw indugtancesbiockisol dgdetota vejyddgh dectiod  t he
];noa ”g?agﬂeeﬁg\?ﬁ%lﬁ 2@%5 Eﬁt S %Fe%kd?)fwnt R&iS00G lﬁd %Qbseq&eg‘y\é? L Hgn op \e o%lqgc? roor

plasma from the surface of the shock coil towards the center or mid-plane of the chamber.

25 In a further preferred embodiment, a RF drive comprises a quadrupolar cyclotron
located within the chamber and having four azimuthally symmetrical electrodes with gaps there
between. The quadrupole cyclotron produces an electric potential wave that rotates in the same
direction as the azimuthal velocity of ions, but at a greater velocity. Ions of appropriate speed
can be trapped in this wave, and reflected periodically. This process increases the momentum

30 and energy of the fuel ions and this increase is conveyed to the fuel ions that are not trapped by
collisions.

In another embodiment, a direct energy conversion system is used to convert the kinetic
energy of the fusion products directly into electric power by slowing down the charged particles

through an electro-magnetic field. Advantageously, the direct energy conversion system of the
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hi a further preferred enbodinent, a RF drive conprises a quadrupol ar
cyclotron | ocated within the chanber and having four azinuthally

symret ri c®b 2eé@@6T70des wit h gaps there between. The quadcwpst@coys2kpt ron
produces an el ect,riﬁ pgtent,i al. wave that rotates in the sane direction as
the azi nPEHEF mYEoR fpshe pificispges, paticlerenesgyplssaness apd klselranje abilin® of

appr opr i e’ PREAqERABy ARl f1ARRRM Msibié fgcted. .periodical ly.
This process i ncrgasgys thﬁe m)me}lt usflnlanlgp&e@ﬁ}e{‘?%ryoqtgﬁo"{tﬁel\hﬁﬁé)lm?t‘glnti‘e and this

i ncr eas efipancreyvf ey extemal GO0HEerfzpeivei gids t hat are not trapped by col lisions.

I n anot her e Wy =Tal ey ir ener conversion systemis used to convert
the kinetic gﬁg%y o%i epﬁ’g lfmlfggt([)hr? elﬁ?r%g%(’@tvgmap FELT E/OITYWSBS BY S PP Hower by

sl éwi ng cowerterh@ECChanugled tpaipbsiag asls bhthe Bglnashctlr The FAREBEhbLoy i €l d.
ner conver sion system of thepresent invention

Advant ageousl t he direct resent

has the ¢ 3??%%{11?%5?0&6%58?’%@ ogL %ﬁ‘é‘ﬂjypf?%mé}yfafﬂ%rég mQeepk sepiceliadrighli | ity to
convert dlb@rofiésaateneyl, anikhd Basexehdibd el BSiwBn, OMlBLL AP WE becifiAPOUt 5 Mz
to match the frequency of an external 60 Hertz power grid. In a preferred

enbodi nePhientighis apitisd i the glgcteades igrn sliernating deshioni Jbs elestiefigld Foyidliotheon
conver t exct Kak el esR ke 0 aAPRAS fusi.on reactor. .The | CC
have a hol | ow cyul i gderS -1 i lgeageo%{:s%l%% nﬁ gérj%emgﬁeth& ggqesr?&?tullcpr)eiatsée,szillﬁ?%#yewlgbI y four
orlOnor e @dysilthe psakvalus/beivghtitadapel ect rodes with snall, straight gaps

extending th oy ration oscillating.potential is applied
to the elgect rq%g%ég&(%ll\é\%ggcgll%élﬁ%g% fnﬁ%nenggl]lgﬁﬁl?eraltﬂreﬁ’é?@%ﬂ 5%‘“?1{0&}1 YU\ Ito IE\i n

the | CC dimstienahmbgrietipfitle irs4 divetion @bamdialabhsbesoaRe ifpBeEMIRES Hei@ses and
i ncrease e#%nearl W th.radius; the peak_ value being at the gap. In

e {43191 F3Etor %%ﬂ“ﬁ’r‘é‘&%el’ésw’é?ghe‘}tiag °pd Brthesy Eneythe Bision sractappiwar aerea

addi ti on,

uni f or m tinIC@intiREésia@R& comB@BEh Getlve& tHe hdwd cBleG8 tHeQ M’atn] Iy
oggosi te to the ap‘gl i ed magnetic fiel dei())f tﬁe efausi Sn@(rjzéz;%t or sl(ia:lont ai nnent
S

tem TAIENSHP SR WRsIRIAssmagnetinielh ef the egntainmend systam mewges witlo the niageeticCC
i ncl udesficof tRdceol A£ . Ccar dthe ICCis a
symet r i c mag netic cug%lg%é%ag?dgg%c\ﬁfgg?r%%?@f fggj\éﬁl(é % ag?‘%tt TSRt e nt
syst em rAgf gleatriggliyivored formienicelletioel d of the | CC. An annul ar shaped

el ectron col i sit.ioned about .t he netic cusp and electrically
coupled to tglg}%itt glﬁlOﬂléeg P%gecrfegrem%f’%nﬂ%tt ot H%ﬁg?i?@?geéﬁugﬂ% elfSHPNS product
nucl ei andrgehamgedanbenisafonz boy efdsef tHeaBmtdR PBR G oASy AN MRy NGRS hd om bot h
e%ls of the react core with a density at which the magnetic cusp

or _power y at
sépar at enéagg?tgccfl?poﬁ?gargﬁq%\g??fwgs tftoRsslug fotherr ensgxdiffanendear EhedesiroMhe el ect r ons

fol I ow reigvembgnefit 816 lihéd 18 $hd DeckBe b6 0§ LRas pass
t hrough t he cujgshe 1v\/ner el the ion Ct rajC egt oraiﬁfcglghgtl{raléé I%ﬁogdﬁl?ol%g%%eém&o‘{v ecr)é\b;v a

subst anth&iPn Vajﬁ%prlie@ A& rﬂgciiﬁechqo(fﬁl@w h@bp‘r@]ﬁ'@ﬂlm heffcat pagh along the length of the
ICC. Energy is removed from the ions as they spiral past the electrodes, which are connected
to a resonant circuit. The loss of perpendicular energy tends to be greatest for the highest
25 energy ions that initially circulate close to the electrodes, where the electric field is strongest.
Other aspects and features of the present invention will become apparent from

consideration of the following description taken in conjunction with the accompanying

drawings.

30 BRIEF DESCRIPTION OF THE DRAWINGS
Preferred embodiments are illustrated by way of example, and not by way of limitation

2

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

components.

Fig. 1 shows a partial view of an exemplary confinement chamber.
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| CC. Energy is renoved fromthe ions as they spiral past the el ectrodes,
whi ch are connected to a resonant circuit. The | oss of perpendicul ar energy
tends to we gieateEst for the highest energy ions that i rctriusbkéogoss2scul ate
close to the el ectrodes, where the electric field is strongest. O her
aspects and fiE&t4y ¥eWo PitHal igveaiaethengremplaprconfingmese esmbenppar ent fr om

consi der at i ong;@f>pt Mewi bW sBGioH8S S AL tyakess t ne.coyy unction with the
acconpanyi ng dgavvi ngs. {éRI_EE_ DIEOSCRI PTI O\%)%f %EQE%)WON’& Preferred

enmbodi ment s dfig 20 shows ¢ deteitivipy alomg lin¢ 2@ xakigl 28. and not by way of
limtation, ig_t figur f .the acc nyi awi.ng in which Iike

ref erence nurrfgl A sShP‘éV?gP I%I%F?ti?gacvé%%ﬁﬁ]ﬂ%.ﬂTgﬁ “\1,\1:]§h s a partial view of
ansexenpl ar y Kgrifshoembainaginaioifierd HiafRC2A shows a partial view of another
exenpl ary conf.i nepen anber. Fig. 2B shows a partial sectional view al ong
line 2B-2B i & gf‘ a%é&.”g g?og*{’ fefaecélﬁglmstﬁ%dla%lﬁ%}etw el eavaiselivmagaetcc i n Fi g.
2B. Fi g. didiishewFrc. parti al sectional view along line 2D-2D in Fig. 2B.

Fig. 3 shows the magnetic field of a FRC. Figs. 4A and 4B show,

respecti vel y,FigRehevaneilidieg beagriystele count er di anagnetic direction in a

FRC. Fig. 5 showsnewEobdidtfinigy;peam system Fig. 6 shows a betatron orbit.
Fiﬁgs. 7A and 7B show, respectively, the nagnetic field and the direction of
t

gr adi ent Higs 74 ahh 7R sheoRCrespécisely 8 magheB8Bfiglh en] the dgpeioh ol ék gradiche
electricyfd gl dm@nd the direction of the E x Bdrift ina FRC Figs. 9A 9B
and 9C showion drift orbits. Figs. 10A and 10B show the Lorentz force at

the ends of aifREA ol 9 shokl, Asplftval Brolaic Ada koG Rlioh Benelzgh i C field

and the electric potential in the colliding beamsystem Fig. 12 shows a
Maxwel | i BREi on. Figs. 13A and 13B show transitions from betatron

orbits to drig’i . QA,bjﬁaﬁad%‘éeshB\gié%ﬁ&%%ﬂ% e, ion-ion collisions. Figs. 14 show

A B, C and etatron orbits en smal'l -angle, electron-ion collisions
15 Figs. 10A and 10B show the Lorentz force at the ends of a FRC.

Figs. 11A and 11B show the tuning of the electric field and the electric potential in the
colliding beam system.
Fig. 12 shows a Maxwell distribution.
Figs. 13A and 13B show transitions from betatron orbits to drift orbits due to large-
20 angle, ion-ion collisions.
Figs. 14 show A, B, C and D betatron orbits when small-angle, electron-ion collisions
are considered.
Fig. 15 shows a neutralized ion beam as it is electrically polarized.
Fig. 16 is a head-on view of a neutralized ion beam as it contacts plasma in a confining
25 chamber.
Fig. 17 is an end view schematic of a confining chamber according to a preferred
embodiment of a start-up procedure.
Fig. 18 is an end view schematic of a confining chamber according to another preferred
embodiment of a start-up procedure.
30 Fig. 19 shows traces of B-dot probe indicating the formation of a FRC.
Fig. 20A shows a view of an inductive plasma source mountable within a chamber.
Figs. 20B and 20C show partial views of the inductive plasma source.
Figs. 21A and 21B show partial views of a RF drive system.

Fig. 21C shows a schematic of dipole and quadrupole configurations.

8



are considered. Fig. 15 shows a neutralized ion beamas it is electrically
polarized. Fig. 16 is a head-on view of a neutralized ion beamas it
cont act s wbase9sTr2a confining chanber. Fig. 17 |3_ an emd;rmsewmcs{zsnatl c of
a confining chanher accordi to a preferred enbodi nent of a start-up

pr ocedur e. ’ Fitge: rg%g S?’%W%\anp%??g %W@WE’E% REY PI2CBITaioNSEHEN APHRF ISt ber

accor di NG ARk TEEoPI&l 6ol PERAUNERR Ly b h BhAheHD BhgGgIUre. Flg. 19

shows traces of B-dot probe jndicating the formation of a Fig. 20A
shows a vi ewItg 23R shoven aateng siep| o Sivaneniercydompueinabice inkig Hi9%%. a chamber .

Figs. 20B and; ] i o e inductive plasma source. Figs.
21%\ and 21B SEF] '\%gggir?%a ao\%]%l]éﬁﬂ;san\é#&%ﬁﬂﬁfh&%r?evcé’ C@%&? Emve r'g. 21C shows a

schemat i ¢ of Kig 23Ashawmch oputied plapod deﬂdmﬁ@mrgaﬁdrm.sgsteﬁaﬁl@gmg& g par]'Ei al
I -electri.c wer generation system conprising_a colliding beam fusion
eactor et P S RgBu &l omiol GG Prbedtendr By Semverdern Fi g. 228

shows arcoewndteyi ew of the inverse cyclotron converter in Fig. 19A Fig. 22C
shows an orbit of an ion in the inverse cyclotron converter. Fig. 23A shows
a partial pl e BreSTYPErduiRgOf fierareaticotlotgstosrsrsomgtie $0Ag a col i di ng
beam f usi on m@h@rshwa%lé&b@&sﬁbfa‘%{)ﬁkﬁegﬁ%@g%ﬁao nt of the inverse

cyclotron converter. Fig. 23B shows an en t'_he i nverse cyclotron
cofverter i nTrg g4B slyvs apjogcillping clspwiasiel. particle orbit inside a

conventi onal F@.’%h@%ﬁ&%-thﬂhﬂ%@%%e? Q) i,ng electric field. Fig.

ng‘ncel%rs%inl laa}%'cl . .
24C shows the thangi ng ener accelsrating particle. Fig. 25 shows an

azi nut hal el &ig 2p showsehdziatuthghgectiiefislé etgabhbetetachd deesdafoftitactGautt hat is

experie d by amn ion with angular velocity. Fig. 26 shows a focusing
qugdr upg§§Xp8r0% CF@-PY el Wltgiaﬁ%ﬂarfglﬂc%d 27B show auxi | i ary _

magnet i c- fi elFik. 2O showsTo@BIng i dupd® &hoMBleas. 100 MV reactor. Fig. 29 shows
re ctor support equipment. Fig. 30 shows a plasma-thrust propul sion system
Fi 8 31 showd &/ hidr 7BSheys AEkiay sperstisifighineilishisieat er propul si on syst em

Fig. 28 shows a 100 MW reactor.

Fig. 29 shows reactor support equipment.

Fig. 30 shows a plasma-thrust propulsion system.

Fig. 31 shows the main components of a plasma-thruster propulsion system.

20 Fig. 32 shows a block diagram of the plasma-thruster propulsion system.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
As illustrated in the figures, a plasma-electric power generation (PEG) system of the
present invention preferably includes a colliding beam fusion reactor (CBFR) coupled to a
direct energy conversion system. As alluded to above, an ideal fusion reactor solves the
25 problem of anomalous transport for both ions and electrons. The solution to the problem of
anomalous transport found herein makes use of a containment system with a magnetic field
having a field reversed configuration (FRC). The anomalous transport of ions is avoided by
magnetic confinement in the FRC in such a way that the majority of the ions have large, non-
adiabatic orbits, making them insensitive to short-wavelength fluctuations that cause
30 anomalous transport of adiabatic ions. In particular, the existence of a region in the FRC where
the magnetic field vanishes makes it possible to have a plasma comprising a majority of non-

adiabatic ions. For electrons, the anomalous transport of energy 1s avoided by tuning the



Fig. 32 shows a bl ock diagramof the plasma-thruster propul sion system
DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS As illustrated in the
figures, wopbauyer7el ectri c power generation (PEG systewcofustévs/ops2esent
invention preferably includes a colliding beam fusion reactor (CBFR)

coupl ed excraallyiappliad reagaetin fiddindsrdpmnsteops elepiric fisldawhigh eehfings tapove, an i deal
fusion rgaglehiSal %esq of anonal ous transport for both ions and
el ectrons. Thelso#’ut?oér?pﬁgtg{nﬁ%kvgfrpobl em of anomal ous transport found herein
makes use of Rusioorfitchpheemtthayst emsed wih therpagyaatcoafifeirehichphaviungnda fi el d

reversed_configurati F .. The an transpqQrt of o is avoi ded by
magnet i cP'COMT ?‘gﬁ]gﬂﬂﬁgﬁ%ﬁgﬁ?@oﬁﬁ@ﬁ%ﬂgﬁgﬁ% ?@%ﬁ}“%‘ﬁﬁ?ﬁ?‘ﬁ%‘l“ﬁﬁj%ﬂﬁy of the ions
have | ar geuterionathtrBg] b alkb Rivastagddakly RELUIE &MMahLIQD Shdutr¥fic ifRls such as D- _
short - wayel engt h fluctuations,that cause anomal ous transport of adiabatic

i ons. | ntpdPeTEdrBmelyRe) eni-St dheoesr-Baraneldi offior a diserssipref adfiaced fushs:
magnet i CsebiReFEldyRNLH §F HERERS, NulcleRPBSA-D &l S h@MBod iPPRRITRRERHR,] S1 NG 2

maj ority of nonadi abatic ions. For electrons, the ano ous transport of
ener gy i A28AB138Hd-68 (NemgnHpldend Heestardannal Foy saghpinpetbnivefyelatthefufivetedotion devel op
a strong A TR O - \Whi ' : I rostati.cally in a deep
ot ent 1 o g A ehtelin M2 b SAMLLRERAIEEL £ SERERP LR R HtS! oot

colf i nemamiipdppdinat masgnandfigd ek depeadiag nwothe il deed ittt orautradinactdvifyudihs such

Advant agEas PR G SLNL R0ah B TarBh b B¢ MOGFESRi At mBhs

( Deut er i wmotidelptodated xhreg He-iBds hd 8IMyMIE W gRAeBEQe drltheoréthe@l médeths fgsi on of
advanced fuel s, see R Fel dbacher & M Hei ndl er, Nuclear |nstrunents and

Met hods {UiomASHdetiliug ansutgnic Aol thegnmpytioncry compsren slbriensh anaabs eeltiaanm) . )

For suchysapeutonanhEadsitled by K€ ofiisixanT NeRed QN 8NGLEY% if Falispst entirely in
the form of char?sﬁg@aartl c?les, i.e., energetic ions, that can be

melri pul afelnglegya €1998), farekample uckieffeinelissgiramatichlly fduaice thegunespedti ttl e or
no radio YA : ' n H.i and an He4 ion with
18. 2 Nevﬁ)g%\l{ee}ﬂg@}{mﬂ&g’ ﬁg«g ﬁpaﬂé{ﬁifdp@%\??g%ﬂ %g’dg\g-é:gﬁtcﬁéh raI(E-l'k(a’n'i ons and 8.7
MeV energy. Basduearndrgireametisiompronsssef thegrebant irvedtion] the cldeged @ertidles bf zi ng
aneutronjc fuel.s, the outpyt energy .conversion efficjency may be. as high as
about 9 )élo’&gmﬂ‘édé%?ﬁ“ﬁ%df]%@g Row 6‘?%?&5 ‘?“C’Ie.nerl%rcr%l“’éﬂﬁi ‘ﬁfec%é‘i‘?&#ﬁfr’(‘i”?"n Fusi on
Technol og¥vantkBeoulyOthé 4981 dnerdyQon XA N yRem A atd pRéEhiGhRAGESs Heamat i cal Iy
advance the prospects for aneutronic fusion, in a scalable (1-1000 W,

cdfpact , efﬁ‘é@@%s@%ﬁ?@&%@ﬂaﬁ?ﬁs aptelgetgnicabiliteiteenyeridbniiensicyinpprlysess  of
the presghife QYL Bﬁtbﬁ’trboﬁep@f HORARH, RALLLE IS Sfregﬁeéllfz}”ﬁ{d afopdy ?{témgl%'a be

sl owed down and their kinetic energy converte rectly to electricity.
Advant ag@etrgtoyer gtk di rect energy conversion system of the present

i nvent i of s PA%TdhRGment System

Fig. 1 illustrates a preferred embodiment of a containment system 300 according to the

25 present invention. The containment system 300 comprises a chamber wall 305 that defines
therein a confining chamber 310. Preferably, the chamber 310 is cylindrical in shape, with
principle axis 315 along the center of the chamber 310. For application of this containment
system 300 to a fusion reactor, it is necessary to create a vacuum or near vacuum inside the
chamber 310. Concentric with the principle axis 315 is a betatron flux coil 320, located within

30 the chamber 310. The betatron flux coil 320 comprises an electrical current carrying medium
adapted to direct current around a long coil, as shown, which preferably comprises parallel
windings of multiple separate coils and, most preferably, parallel windings of about four

separate coils, to form a long coil. Persons skilled in the art will appreciate that current through
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efficiencies, particle-energy tolerances and electronic ability to convert
the frequency and phase of the fusion output power of about 5 WMHz to match
t he frequwoeyocaar7phase of an external 60 Hertz power gPCE/USEMSI008251

Cont ai nnent stemFig. 1 illustrates a preferred enbodi nent of -a

cont ai nn#f Pe%%”t ©ph330 8"1%%‘,5@61? Hi ngagnstic fidd gisids distbetatror peil 339, subsentédisitmi nment
system 304 qaeitdh bB@s pAndhaabens yal | 305 that defines therein a confining
chanber 310. Preferagl y, the chanber 310 is cylindrical in shape, with
princi pl e axi4rogudbthapypige phide camtter walt 3¢ie ac rterveil 331.0ThdarterapipBitat i on of

2 vacuun oenaaps SR Rty L s RS B e T R e
prisnci pl exiaXiss TBisSndgaetiv fixdd Btaromtfalyxymabtica20he dpeatastionthdiie t he chanber
310. The_bet at flux coil 3 onprises an electrjical current carrying
medi um a’&ﬁ%ieﬁa E% dyg ‘Pﬁ%"t OLEﬂr"PﬁSFg 19Ot and ReFpdleligiaris 343 isgpeshwrlidvipiex: h

pr ef er abirymeienaatd sfabe @andkd 20, Wit BHLRAS ofthe BRMkitePt ® i §RALAI B89 | uand, nost
preferably, parallel w ndings of about four separate coils, to forma |ong

coi | . PePEHESOLS3P pisrdppied eepreduee o inFreapep magiesic deldiatidecthe ehambet Hioatighme
bet at r oneLREAd, 39 bMMdkid .| : ' [ i RSl h tatron coil
320, subeét antially in gtt.{l]é;ﬁgl rgg?fﬂg#ﬂ%ﬂt@%g%éﬁcﬁ%&pl(ggéaggss'%ﬁ%?s@ound t he
oulsi de olaid, thisRasbng nerkid OB ficdd kires belpeto contiin (B2Hasnes5ant er coi | 325

produce ' S tic field having. flux tantially
paral | el ?OVI\]IIE a?E %ﬁetﬁ)l# Il\égigl}{ﬁ)xﬁ %ﬂjatklggﬁ %@gﬁrﬁegﬂﬁgbﬁg‘ﬁe&\ﬁﬁ "gllniﬂ’r F%‘lsgg Ff’dﬁ?‘hs ey
symet r i it away fidne theppdsoxherait canestdpa tthet dotali@@Aedykiem300] Uhehuard: Qoilsmoout er
coil 325 is constant and paralle] to ax}s 315 is nost valid away fromthe
ends of ?aﬁi’eé‘%ﬁ?ﬁgé? p@% © aﬁtmcé%?é Bigedt Higldhat theendp by a 3anpty of methadsr or coi |

330. Thekibiwhli®the af) insludBP irfasiAdMp h@HbdrOf RiREHLE & @B nliRG BAS§H, Magneti c
field inside the chanber 310 at each end, thus bending the magnetic field
lilRes i niReeRpingtheaprnidhrpuel hemimpipoils 330, aovsrlypping tas piitadrveids 330hvith thendi ng
i nward ofuidrkeil el d 1ines helps to contain the plasma 335 in a contai nnent
region within the chanber 310 generally between the mrror coils 330 by
pushing it awidy obleoepilt3Ré anthodrrauserie3I0tarcdinwe scBigel infdermamddaiutsitentie syst em

300. The.m kl 30 can_be, adapted o .pr e an increased mgnetic
field at'} éérg‘??é@%%y}%é‘%\%rn &Y pagbe %ﬁ%@&@%‘%ﬁz% nepRgs Waere thehpmlbit ng
i ncr easi wagl 3056s constbetedaff awoindlicthgsmateridl ehab ikl iRy e a3htageh\GHEFRENT t he

current thra the. mrror coils 330, or overlapping the mrror coils 330
wi‘h thetﬁl%ﬁ‘fdggt}%é?ﬁ”@?‘@.hﬁq}i‘@n erevell 306 peeagseghestine Eia %@ke%@r the nRYEtisr e shown
in Fig. fleld mpdifmeriasnas whideos g whaahei 1\&%' Bns cAWVRY Sstent StRMoMRY be
i nsi de the chanber 310. In cases%\/\here thye C gﬁbersc gﬁten} to

react sluggishly. Similarly, the chamber 310 may be of the shape of a hollow cylinder, the

chamber wall 305 forming a long, annular ring. In such a case, the betatron flux coil 320 could
be implemented outside of the chamber wall 305 in the center of that annular ring. Preferably,
25 the inner wall forming the center of the annular ring may comprise a non-conducting material
such as glass. As will become apparent, the chamber 310 must be of sufficient size and shape
to allow the circulating plasma beam or layer 335 to rotate around the principle axis 315 ata
given radius.
The chamber wall 305 may be formed of a material having a high magnetic
30 permeability, such as steel. In such a case, the chamber wall 305, due to induced
countercurrents in the material, helps to keep the magnetic flux from escaping the chamber
310, “compressing” it. If the chamber wall were to be made of a material having low magnetic
permeability, such as plexiglass, another device for containing the magnetic flux would be

necessary. In such a case, a series of closed-loop, flat metal rings could be provided. These
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wal | 305 is constructed of a conductive material such as netal, it may be
advant ageous to place the coils 325, 330 inside the chanber wall 305
because twe meemmet7bat it takes for the nmagnetic field tecdiustasmos2ar ough
the wall 305 may .be rel a ivgl. large and thus cause the system 300 to react
sl uggi shi'es: Goym 13 feprt a fFpx ﬂé‘ﬁf?é% wyld begyovided gnthinhe ewaioileB2%buiol | ow

cyl i nder gytiBethe basemn, YRkha B 133 MuRBerdnbRMx AR oid ik Guch a
case, the betatron f|lgj}(5@00i | 320 coul d "be L rrplxemant ed ogutg?p(fgélg?&t he
chanber §wive, 4B e piize ok deimigis wheld bedrivdnarithra predetdPmifed cadny to t he i nner
wal | forgm - ri Y. C | se non-conduct i ng
mat eri al Qgﬁgﬁ]ﬁggta%ﬁggs%&a%n e\glbpﬁrﬁl%ggé (ljcfrﬁéuxavﬁlf)alrl gﬁf@ﬁ%@%ﬁaﬁ@%?%ﬁ@ st be of
sufsfi ci emttersiode32riblensdabypecdulil @hleawink delomiteess] at i ng pl asma beam or | ayer 335

to rotate around the. principle.axis 315 at. a given radius. The chanber wall
305 may be fd WB}aB?d%%aﬁeé%lefﬁ}l%ﬁ Wrﬁ&r%‘?eﬁlfl%ﬁgﬁﬁ@ﬁeéﬂa%%@mﬁé’éﬁ‘gl ity, such
as st eel chatged putibleq nf2g $€ corltdifedciigiii e cWahber 30Pby b EoleRtz TREIHGRLA by the
countercurrentﬁ%}hg%t he material, helps to keep the nmagnetic flux from

escapi ng™PHENEHS ‘“rtoél_i%‘?um‘%%:?%sféﬁ Tigh, the fong in thedasers B3fweicl were to be
made of ﬁagﬁﬁ@di1;yglr>ntMM iﬂgargmta{z%%%ﬂs%b&ﬁ%ﬂé?ﬁ:&'ﬂnbé om Bit dhdfoiPs s gl ass,

(o
anot her device contai ning the magnetic ux wou e necessary. |In such
a l@ase, whiskpicgeraifl tothe penciploapis 31 5. aPnametnadre béanyisjeciban mrisd4preulsded.

Theseri d I t fl elimters ul.d be praovided within
the oute %loﬁ@w%dfg{éﬁg{g%ﬁ%ng itggletcﬁglﬁ%tﬁlrgéj ItIﬁSla i ﬁadh %ﬁ?ﬁlée %églﬁ?rg‘éé ‘ﬁﬁhrt her,
these flmxfeded émbddénet,dioihjdcioepqrasii ue adapteibiisject aikvartebm at feuagei ve fl ux
delimters woul.d be driven with a predeterm ned current to greater

oo 11 arle RHh Banor front e sinc RGBT e ShFG DR HR M HB e ADER 510

Al t er natdonelingd (itd@rcaud 8 hull QirfaSe Sekoritdd®EReA) VRS 1) tednjebMSorR3 46 hidX

dgl imters. ained in further detail below, a circulating plasnma beam
3

As expl. [ ! 1
B, corfSPPies Ipgrietidpyams 494 (Ser Big. | Regnaset te ant inithredirepiianofiihe hetatiohamber 310

by the Lab®btdke bMififedprRededlty3551€ magnetic field due to the outer coil
325. As such, the ions in the plasm beam 335 are magnetically contained in

| ar ge bet at r ddscrpyides abengtor tipae backgrolmdydasnfarsomces 5 durtimjectingial cl@@®f whi ch
390 hr e ep e B Ry 0 T e S e S Rt RS, pl are. beam
335 i n tisnmesawber343 if.adimedtopireteildsed 38srodidme bxialtcb@ed dfjtRedi@mbort s 340
(R or P ors bt F5ina Ui, P B ofimaiiat Thedisde ot n 8 Mastia dog ai ned
540" a7 ¢ adabt e o aa o e e S P he

di rect | o¥eeBemChambett at ron orbit of the contained pl asma beam 335.

As described above, application of the containment system of a CBFR, it is necessary to

create a vacuum or near vacuum inside the chamber. Since interactions (scattering, charge

25 exchange) between neutrals and plasma fuel always present an energy loss channel, it is critical
to limit the residual density in the reactor chamber. Furthermore, impurities resulting from
poorly evacuated chambers can lead to contaminating side-reactions during operation and can
drain an exorbitant amount of energy during startup as the system has to burn through these
residuals.

30 To achieve a good level vacuum usually involves the use of stainless steel chambers
and ports as well as low outgassing materials. In the case of metals, the good vacuum
properties are further paired with good structural characteristics. However, conductive
materials such as stainless steel and the like, present various problems with regards to their

electrical properties. Although these negative effects are all linked, they manifest themselves
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Al so provided are one or nore background plasma sources 345 for injecting a
cl oud of non-energetic plasma into the chanber 310. hi a preferred

enbodi nenvo 20éwo9baekgr ound pl asma sources 345 are adapt edTius2abenes2s: pl asma
335 toward the axial, center of the chanber 310. It has been found that
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exor bi t andterdiDid BtrudiraEinRigy acwWell H0the hEAtAPfoR ScdidBaBYaBl 88 RasichiRnPur n
t hr ough t(pjelse residual s. To _achieve a good | evel vacuumusually involves

the use PSP 88ROE PEENNPHE Bt mipTRp irther limitaliens. as | ow out gassi ng
materials, |y biteendRAfnt, B A S in'ﬁﬁ%, ﬂ@,%, ‘Zé%&@,ﬁ%ﬁ%ﬂgﬁlgfix%scpgégerf urt her

paired with good structural characteristics. , conductrTve materials
sdlh as ISt @isireddedshatainiaizes theee proklems pTlesdntbudsi @ usthp CBBRenpreidbly r egar ds

hei i i h ti .effect [
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| i nked, "t hey "mani'fest thensel vesm’ mrer
char act etrength el god vadetmaraediesi Hbwsienrnhodylindgiaekiic1 511 ds chivhe#abiehanber

wal | s, lati.on.of electrical cha n the surfaces, drastic

al ter at i ot P auRine Preai 0 e val) ¢ Erbetou Papetlnt: S e lanaisofiel | as
format i ahe ditmberige0 Giihe el poitidn o i dhbABAS 31 Mt powdP@st re%ﬂ)ﬁ o#gsi red

rrﬁ net i (@%Fg{)o%oi%éh I\/g;ﬁ&%r_l al s that do not have these undesirable

char act - TelCiakly. a3dspisted iy Big 2R dbatieipe Hiresdaeaki ¢ 260het arambobal26r s such as
cer am CSleordbsamant i@tz oBdd T r . n-fibers.. The primary
probl em vmgﬁtéhsaat%hese mgt e?ti al sh?g@gl%sﬁégg’ﬁ gﬁ%ﬁf@gﬁ%? ? ’ lélgfu\%e? I%Otaosr #he

pot ent i dP0% rtheywall 4&ldtcdthedhrmlbry 13 Fawith ¢ stal gooyer albéae iB69sfoahedabopahs

hi Ll } furt | imtati . di t,
Gopt ot od il SuneGATE ABOSHCLNSE7 L& HOF peoth e Thages To |
provi ded36hat depiictechinés 2Dhesedpimnd deRntirthegthamahahBkq3 of 1y CBFR i's
p @f er ap| i

rinmar,il 0 i sed of a al, preferably stainless steel or
the |iké" lfgngpsFad@F%ﬁ\é“g?}gE@PHW§|an iy {I%C%’Haufglé@am%emhw@lddéblr n4aes .
However thettive cadd to pedvideatruotibl ind3did a8 td M wSHALHRE uatidy achig! i al
i nsul ati n(%t %geaksml%o inrll themv\grl al13?L1 t hat rugqgl %%8“3 rrts)éhtqse%ﬁ%xenti re

|l ength &F T ARt srutel iptserityiend Bapreabntiso of imprlosiin, theehohlamhat0, 1810 or
power cakfctb@Ri 198 2f pFe@é?ably includes a plurality of sets of partial azimuthal ribs 1370 that are

integrally formed with the chamber wall 1311 or coupled to the surface of the chamber wall
25 1311 by welding or the like.

As depicted in Fig. 2C, the gap 1362 is filled with an insert 1364 formed of ceramic
material. The insert 1364 extends slightly into the interior of the chamber 1310 and is covered
on the inside by a metal shroud 1366 to prevent secondary plasma emission from collisions of
primary plasma ions from the circulating plasma beam with the ceramic material. On the

30 outside of the chamber 1310, the insert 1364 is attached to a sealing panel 1365 that forms a
vacuum barrier by means of an O-ring seal 1367 with the stainless steel surface of the chamber
wall 1311. To preserve desirable vacuum properties, the sealing panel 1365 is preferably
formed from a substrate, preferably fiberglass or the like, which is more flexible and creates a

tighter seal with the O-ring 1367 than a ceramic material would, especially when inward
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CBFR. Preferably, as depicted in Fig. 2B, there are three breaks 1360 t hat
are about 120 degrees apart from each other. The breaks 1360, as depicted
in Fig. A€p2wewodeme a sl ot or gap 1362 in the wall 1311pcfi/ush@sobesber 1310
with a seal groove or seat 1369 forned about the periphery of the sl ot
1362. AnPESHYekibeforng thechambgddifed in the groove 1369. The slots 1362,

as depi cted ithefh@ris ngzera%(lE ﬁfgﬁllat%sn@@ n%l*a@ fRMdt %65;@&&%}2?1&1&% ofigpoer 1310

| eavi ng sufficient stainless material formng an azinu cont i nuous
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st ai nl esiggsagg nf%%{ksjttjélr1 agé %r%gli%li’?éucnﬁgr’?ﬁ@ed\ﬁéf?n%@ﬁ% W“ﬁ}"égeg{‘@’éhlﬂéhﬁ rabl e
vacuum pehapbert 36, wlﬁdﬂﬁ vaehotRgdieRed tend Somep&ivelyaingidd feyndopéwattid rom a
substrate 1Frefg 131 %?eﬂgl ass or the like, which is nore flexible and

¢ ARG cqptp

creates &P Thehasdtarinis {gte o fherehambarldlf. cTherisiened  woul d,
especi al d)ﬂthéf‘dl&él 13@%&\@st%§%@@1 hal EQ B&llre\ﬁtsq‘f:‘(ﬁ&fo%lntgl}@th% hanhsi bl 1%1 RHPJ he
era

inserts or, ceram c insulators inside the slots 1362 pre y prevent

curr ent  Pidottansrod Herrgamberdd &0 %"I"Pé/ fg%i\p‘éle E@@fﬁwwhamM§31Wémmutmlw ormation
of azi nu(golﬂﬁﬁuo'ug?&ﬁoﬁ;b'f ﬁl@%ﬁ 1511t oﬁlgmag[%rcu%té h% &8}])8 f/arpchb&IOlﬂr rents are a

mani f estati on Lenz's Law, ~ Whi c re’s unt eract any
change i dhamberwvallf 13 1 éoveampihe mid-plne veaydeon thefehdls)«)fttﬁba;ﬂlalﬁbﬁllBﬂ) aravée 1 ux

1362 i n b ey AP b Bl Falfeno 355, Srtlonihiiy 11 ux i n

t he fl umoamphctbam a5éull BRASNAID caqmalheﬁnmd@@pmeme ds MIEHAGE dnv @l Mqa%é‘ﬁélﬁ@d current
formin th‘ﬁ@ié}alnl ess steel wall 1 such as to cancel e nmagnetic

f 1% chafglicr BIPHE CBH%]@P@T§%HY Weﬁélgtth"ec}laﬁ’é?@rc%l I3hgelyeskibént s woul d
be weakegdifidig ahﬁm’tlﬁﬁélﬁﬁﬂo\ﬁ@nté 0%%%%&@@911&@%11& féﬂﬁedqff Rlei S8k 1.%11 he flux

coil 1320, the inmage current tends to stron uce the appli
confine r@ﬁ@m’@ﬁ@%@ﬂﬂ‘émg ipertign i thaivalltl Akl edanihd endSlﬁ 1@, chavhber A31 (Wamdmm m

addr ess %ga&v@@qﬁp&? aﬁ@&aatl‘ﬂely t%!e Xorff[ﬁpl%g&t cﬁglgcteq%gps%%m e of tﬁ’\e cq‘lamber 1310 as the

magnetic topology in this vicinity is not important to confinement of the plasma.

25 In addition to preventing the formation of azimuthal image currents in the chamber wall
1311, the slots 1362 provide a way for magnetic flux from the field and mirror coils 1325 and
1330 to penetrate the chamber 1310 on a fast timescale. The slots 1362 enable sub-millisecond
level fine-tuning and feedback control of the applied magnetic field as a result.

Charged Particles in a FRC

30 Fig. 3 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
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topol ogy and alter the confinenent characteristics inside of the chanber
1310. The existence of the slots 1362 prevents azinuthal imge currents
from f or vogosemottte wal | 1311 toward the m d-pl ane of tireTaisaovbmos2i810 away
fromthe ends of the chanber 1310 in the azinuthally continuous portion of
t he wal | megretic figld dogsphgnge paprsciably indhe axielirectioan The meanetic Sdldongitee chamber
wal | 131 1 =Ptk E : . 1310 are
very maéen%eﬁ‘f@éﬁ% %thrﬁ{a%ﬂ?e?ébﬁqgé@ﬁbéf“ﬁ@? glti\%gn ongli“f%%’? ﬁlg?\,%%)%@gg)f&fhe slots
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f eedback.control of the a ied magnetic. fiel.d as a result.. Charged
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has cyl i otinbicedlledy dritebrbyt, Wi Hehies@ibpebdlow.0Thd darapnstic/@rectich fohpnéRC, there are
two regions Od{i maggnetfj c field lines: open 80 and cl osed 82. The surface
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cylindrical mykls shewd @ﬁ%%ﬁanhﬁ‘lamy& Bf $188RBRGHHiLs ihinkl iny ARLEBRS: |0 the
central part 88 of the - the magnetic field does not change appreciably
i N3t he adirestiond} Redire Hng 10% isdorated arpyndde nulhenfignd. | Thefmagneticiodd 1@fhange

appr eci i =Y o I t] ic fiel | oang t he .center
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" Rever setield il H), Birels d nReuaticsett] i@oniitipuopdlogyrof @ FRC) (Th mopblogy isdBowi eFigagnet i ¢
field oug)side of the null surface 94 is in a first direction 96. The
magneticfield inside the null surface 94 is in a second direction 98

opposi t e t he Theli@ibeahftha fortBAhaF¥AS layRr {06ehadlh k@it Me: kQefotNBeLOr ent z force
on.it_points towards the null surface 94. This is easily

3Q actin e . ‘
ag‘)rgr eci al&fisy OE‘SF) [QPF i axyghdistHbign iy Bamepptating at the pessagedogryy i n t he

di amagneidisitd bf @€ idnMRark O ZollfsRBs b EMigns P affrAl VAYIHRUALS rfs@par d the nul |
surface 94. This phenonmenon gives rise to a particle Ol’ablt call ed betatron

orbit, ti§adienydvethiveesopehonastr bpamdpyes bionesveapore dP6 ivoelladg doHidigdeam
count er dgygtgﬁgnet ic direction 104. The Lorentz
Fig. 6 shows the main type of ion orbits in a colliding beam system, called a betatron
25 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. Anion in a betatron orbit has two motions: an
oscillation in the radial direction (perpendicular to the null circle 114), and a translation along
30 the null circle 114.
Fig. 7A 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.
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force in this case points away fromthe null surface 94. This phenonenon
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circle 114 lﬁﬂﬁv -%”1tﬁ |

hori zontal " axi s ag eﬂlﬁlg{) ?ee%gr' e@%ﬁ?déﬁ%ﬁg{ey {%eﬁé:rg 1%?1“ %Pgn?l mlaf:’cerogsf rom

t he FRC BXilg4 18ideThéoutsignefthentdl] sirficd 86. ilhcakibk epgaessed Weapphengghapghtdepi ct s,
the magnetic field 118 vanishes at the null circle radius 120. As shown in

Fig. 7B,hagdgde et %dlﬁiﬂ}%@f the &> B iifiig i the dipmpgneliy direcien 162, gvlha'af:rethq 126 of

t he magnieh iiCoutdid! A iRRie Mtd A AMRY% 1hgom the nul | surface 86. The magnetic
field outside the null circle is in a first direction 122, while the
magnetic fi eIngSr P ekoR povwnanotheriype bcomndn Tt naddid Cdilqdentrlfmrbllzzﬂ opposite
to the f]%ﬁﬁ%{%tlh% 'nrbg% f&go?{lﬁﬁuﬁlglﬂ cg?{4 g%éhto 11§F18 0r1 s1c{er11teaspross

pr oduct ere e gradi ireld;” thus, it
can be appwaed BikeIB. byriR Bty | FrotACin thONimipABS: dlfélcﬁ’oﬁlbﬂﬁfe E he gigection of
the gradient drift is in the counterdi amagnetic direction, whether the ion
i s out sidEniprtes g5dn e coméerdigmpgngiie girastiqpl thepgragieng dvift §oralngﬁeapﬁhqﬁrlﬁ he
ebgctric resents
TR d st anee P ge i, T TR foitphd Rk he il Gl 16, BOARALERERZST %, |
vol t s/ cmle.

A drift orbit, as shown in Fig. 9C, can be thought of as a small circle rolling over a
relatively bigger circle. The small circle 142 spins around its axis in the sense 144. Tt also rolls
over the big circle 146 in the direction 102. The point 140 will trace in space a path similar to

25 138.

Figs. 10A and 10B show the direction of the Lorentz force at the ends of a FRC 151. In
Fig. 10A, an ion is shown moving in the diamagnetic direction 102 with a velocity 148 in a
magnetic field 150. It can be appreciated by applying the right-hand rule that the Lorentz force
152 tends to push the ion back into the region of closed field lines. In this case, therefore, the

30 Lorentz force 152 is confining for the ions. In Fig. 10B, 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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As the graph depicts, the electric field 130 vani shes close to the nul
circle radius 120. As shown if Fig. 8B, the electric field for ions is
deconf niwg;20ect09pmnts in directions 132, 134 away frompCharseadsloo®sr f ace
86. The magnetic field, as before, is in opposite directions 122,124 inside
and outside of the null surface 86. It can be appreciated by applying the
righthand rule that the direction of the 1 x drift is in the dianmagnetic
direction 102 mhether the ionis outS|de or inside the null surface 136.
Fi gs. aF 24y gtie fenfineeat inp FREmoN orblt ina FRC, called a drift
orbit 138. D’ n surfa e. 114, as
shown in Fig Agfasﬂﬁ B&%ﬂgﬁﬁ %S)angﬁ%)%g(?ln l{@‘g}é@ec %?nterg(g bifls 138
rotate ibﬁamhér@néﬂagtnléwrthcci% =ché dmmagnetldnéudﬁm(n Bo2dstiids. d@ﬂbt@ﬂédes or in the

counter di rect t.he drift tes The drift
orbits Clidﬁ)% sﬁom%fld?frfler 1§t %O{ffﬂ’amg%ﬂ\%ﬂaélglpll?s’fnﬁémﬁlgcg @PW() Bithect i on 102
from st amrtcuhagngopiama 1&%106Anwst SittheOibh Rave B&atSdH VMt N2 fried F1g9@) afe@n be thought
of as asrrall (gcle r ol over a relatively bigger circlé. The snall

circle 1498 Aed gp B%Gdli‘*bta%lc dRysstheyate fgsersitivedo shoxt-waveleasth dugtpitions thaer t he
bi g circdagseldbmhidud Mhsphirt €Ction 102. The point 140 will trace in space a
path simlar to 138. Figs. 10A and 10B show the direction of the Lorentz
fdPce at the lepgesmt lagerrREfaBed in FRE gnd W@ eqailibiiom cosdiisydhe NOVi Ng i n the

di 148 i field 150. |
I amgn%hger&'tlgl?gg&gxger?t&)l% 1mP$ses%rr?Ya%lpn Eﬁtp%ﬂqathaaég@}aév%a netic fie t

can be appreciate B o s epaddhe £ or ce
152 tenohsgmlarmmnybhaeatms bgqmelraatmlltlbe region of closed field lines. In
this case, therefore, the Lorentz force 152 is confining for the ions. In
Fig. 10B, an ion is shown HDVI |t he caunt ZeRli amagnetic direction with a
velocity 148 in a magneti &fi% g ¢5 ﬁ ggn Be.appreciated by apgplying the
right-hand rule that the Lorentz force 152 tends to push the ion into the

regl on dnEqplem itelich dtomesmmber, mssqeqals@assm@rtw&éc@mne c%el—%%'ﬁﬁez force 152
nfinenent in a FRC

i §5 deconf | mn hli i ons é: and El ectrostatic
APl asnd 3g5yé‘g°f ¥ 4R eéh?argﬁetﬁ%l pE thoiprehrfilighty The apythresjfiset i ng
ener get iparat@trdiQ ANS redtOHHe ﬁﬂfﬁe@hﬁhéneﬁb' ﬁgl@%ﬁ tﬁ@elbéﬁoﬁgﬁ%gér%gi?}g bl g, fli rection

102 of ions. (A detailed discussion of erent met i ng the FRC
and pl adhpaion Pl gploeifiswib & tyof them atrdﬂelommrmaﬂmtdlcagbqodiameﬁw E4.Q6, nost

of the 1 ons BaXE.DALBLLANOL Y R ALRASSE L0 B le Snprgetic, and are

non-adi abati c; thI uct uati ons

that causgilaneleitpoSots @Wﬂﬁnneﬂ By ﬁle Filllj 8&oR kRN eEnelRR riRIBH Wi RC and

u%ier equél,In riumconditions, the

w, = %miVi2 = %mi (o,r, )2 (2)
Here, V; = wwro, where V; is the injection velocity of ions, @y is the cyclotron frequency of ions,
and 7y is the radius of the null surface 86. The kinetic energy of electrons in the beam has been
ignored because the electron mass 1, is much smaller than the ion mass m;.

25 For a fixed injection velocity of the beam (fixed @), the applied magnetic field By can
be tuned so that different values of w, are obtainable. As will be shown, tuning the external
magnetic field By also gives rise to different values of the electrostatic field inside the plasma
layer. This feature of the invention is illustrated in Figs. 11A and 11B. Fig. 11A shows three
plots of the electric field (in volts/cm) obtained for the same injection velocity, @; = 1.35 x 10’

30 s'], but for three different values of the applied magnetic field By:
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conservation of nmonmentum i nposes a relation between the angular velocity of
ions w and the angul ar velocity of electrons we. The relation is co = co.

where W wo.20¢6lgo6mveCc I n Eq. 1, Z is the ion aton c nunbecy/usees/obdesr i on

mass, e-is the el ectron—=¢l \ar ge, Bois the rmnnifllrip of the aDD| iLed gneti Cc

field, pnd c i Pisthe spee(iA@f)hfjdlIg@hencTﬂw@p temﬁe&gfnrgﬁr ﬁgg ?3 inthis
ar- vet oci

relation: the applied magnetic fleld BQ the ¢l ectron ang ty we,
and the[1on angular velo¢ity CU I. I two of ghenmmrare knmowr, thethird can
be detefmi ned fi¥ém Eq. 1.3868513%@ the plasma I|@yer0 106 is fornmed by
injectipng ion beans intolthe FRC, the angular |velocity of ions wis

determ ned by tikg injecti@n-kijggli c energy of whi ch is|given
by Here|, V1= wtro, where Vgl] is the |nject|on QPOCIbé? wfons O1l is the

cycl ot ronm frequency of —Topns,and—T—o s the T—us—e#—l—he—nﬁ—l—&%ace 86.
The kinetic endbdgy of el £8iFORS KGN the beam h %, badn ¥ grier ed because the
el ectrop_nmass ne is muchismaller than the ionjmass nt. For a fixed
injection velocity of the beam (fixed wi), the applied nagnetic field B o
can be tT,hq:e»taluss)oit e ﬂd:itﬂﬂealmvb weldeesnioéd aveoding to Bl al. MG @n afectitd |  be
shown, #nc hee ggzg tlcfleld BO also gives rise to different
val ues of*t%e erP%a(’flts £ T Cb i thad ielgetrqng gotpte A their coppisrdiampgusti¢ eat ur e of

the i nvetitet@dn. iFSg. il BUBSWwAhEdedthc Edt&ﬁlal (:H ﬁ)lt% fbr gﬂegam? kddof %Jhﬁ%s%?g% gthree
plots of the electric field (in volts/ talne or t SaITEII’leCtIOI’l
vel oci t y?e Vihe borjzogigl gxig, GryFigs. 1 1 Alpnd 1fB)rreHT¢ﬂelete thti disftrmce fiomtbd FRG axif 78,he

apgl i ed JBIHEL u 0 et erm ned
accor di nsg to E‘Ihg glfbﬁgc-m%g%t@g %I?ee‘%:i?cgtl Ceﬁet@%ll%cpﬁ%c o ]r%p?“\reie ‘6@3501&0 in Eq.
1, so that el ectrons rotate in their counterdi amagnetl c direction. Fig. 1IB

shows the electric potenti in volts) for the sane set of values of B and
we. The hori 28R#%qvesspls can ef—’ 16%“16‘11‘1“,&“51?118 Physgsal grapidss Bhes thefiensdptatedmce from

t he FRC tAxdismdgheti& figdfoh, Mhd B 56 é’dﬁhnécﬂn%@ﬁéaﬂ?%g B Loldh ﬁio@cﬁ'fus gvagl el d and
electric_potential depend strongly on we. The’above results can

expl ai nSBOBRIfignsie Fsmylerians, igiebuginghe samedine¢tionias the ivrst e éonentztfdftee is
dijamagnet e oBhésBe tir@Ront e netic e Lorentz
force. This Ogvgss sh (gwnoln Sla%ét%am% E{Oﬁﬁ%{e%tcggﬁ@e% e[th {%ftﬁ%qs %W? & sanme

di rect i ofeseg anhes p ogsslt, atSIthLscnf goﬂﬂzvefchatrgelslcseateﬂ tl’hs setpppsm tlectdt fi@g tlia@n, SO
t hat el no conf| ne | ect ro | eave t he_ plasma and,
as a ??&e&?%th‘éﬁé;i%qwgs% B e ac,sﬁlﬁr EE &?%‘P%%R be megiwdeebtlis n an

el ect r| clekcirelfald, hﬁtquﬂfbel\dﬁhmssiet@ﬁ‘ﬂﬁﬁéd Wtﬁ@&d&l@éﬁa’cfoﬁl@MOﬁﬁHﬂuﬂQ the plasma. The

14

direction anq“he gectros tic }iel %la(})/g ar;[ essentlal role on the transport of both electrons and ions.

15 Accordingly, an important aspect of this invention is that a strong electrostatic field is created
inside the plasma layer 106, the magnitude of this electrostatic field is controlled by the value
of the applied magnetic field By which can be easily adjusted.

As explained, the electrostatic field is confining for electrons if @, > 0. As shown in
Fig. 11B, the depth of the well can be increased by tuning the applied magnetic field B,.

20 Except for a very narrow region near the null circle, the electrons always have a small
gyroradius. Therefore, electrons respond to short-wavelength fluctuations with an anomalously
fast diffusion rate. This diffusion, in fact, helps maintain the potential well once the fusion
reaction occurs. The fusion product ions, being of much higher energy, leave the plasma. To
maintain charge quasi-neutrality, the fusion products must pull electrons out of the plasma with

25 them, mainly taking the electrons from the surface of the plasma layer. The density of electrons
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electric field, in equilibrium is determned by the conservation of
nmomentum The el ectrostatic field plays an essential role on the transport
of both eWecvesmsrzand i ons. Accordingly, an inportant agpeais2ak/obdrss
invention is that a strong electrostatic field is created inside the plasm
| ayer 108! the Hefaerefiba Rlermags verilow, andthe elostransithot feped e posmonith dielfedorby t he
val ue of [ oot | be easily adjusted. As
expl ai negfohfcﬁ%ﬂg%tgg'% rp glg%lg? ?Hg 1%%%%?“@%%?%?’#8@%&?3 P&lectrons if we > 0. As
shown in Fi g.Fig!1B shewea Nepwhlliaf distibutival 162 of¢ledi@ns. nOnlgas®@n&yeticuni ng t he

appl i ed ke fie ) t r..a very narrow region near the null
circle, ?lﬁcg%g% gg?lrt%engggé%g/tgé %%8‘861L8§?f§$t}0n B §L.‘r?a%ﬁ8£@f5 Blagma @dect r ons
respond teavesiidr fusiom icnb eW fail fl 50161 taibwiBg oM 16D iPRuARRTRI RN ceafeasy di f fusi on
rate. This diffusion, . in fact, helps maintain the potential well” once the
fusi on r BEEPSIFCBRR LS onpiR e sy B bigs darsitymetrdhe il swifoest Thaererestigher
ener 0y, _kieaicas {fiEnapk ASARI okoraRL 1b AP RAIAE B pOHS ':cnll?ellﬂ %o)feﬁc{'l/ i T ust on

products nust _pull el ectrons out of the plasma wt mai n ki ng the
el ect r on¥rpeofittcnenche pecemmetate fhe dopatinesfutiay product hensd &hsétteyeeté eledtens r onsat

the surf I . el rons th | eave t he
pl asnma V\AB'[Q éra]th%eeﬁf s%g%)%a%?éﬁ co;(egﬁlér(rlu‘lée?lvxgg?egg%f'g@g%ﬂ'%g[tehegFW'sé?fﬁquﬁE%ﬁot enti al
weldl  woutlectrdnseppeas theEragnetkXiekduapslyadidbx weirhdlass tsiort] istdans &fZgyof

el ectron |y, ver n etic.electrons fromthe tail 160 of the Maxwel |l
di stri bult%lssgsr‘\q%g%)?? bree%@ﬁeﬁﬂ%w’ésﬁﬁllt@ce@erg? 15HESFES e and | eave with fusion

ions. The taiAnolfec@isedubieetdt SHerpolbtiil &Rl 162Zstiong bHdlfhe GRRhAMMOHS bi¥cifdngat ed by
el ectron-el.ectron collisjons in the region of high density near the null

surf ace. th"’ftﬂ_%“@r’%é‘jrt@éf’?p@raé’!"% eeipRsFatexpmplp foevaietagyapotye: dmaust bessupgliedt hat
anonal ouge Bitdnt Hsat OVapSHiZRtibS THIEMR.E R sic‘l]ﬁﬁg@b}; fig ré#\{illfdﬁ% ﬁ%Jié‘%te? 5}1%]['{9@ to
uct e energ

accommodat e the departing fusion product ions. etic electrons |ose
t Hei r  en@Fgyndiagaaediimgyhiplethen thermalias rapidlyl to arelvéraenesratine Hastee than iettehte
energy. @l eug 1 t he netic field rapidly, due to
anomal ous np rans g%‘? Trsgtég c%nrg%{eggé el%%f'r §1y“%fa§1¥ ’stké])g elg%%) d S’tdae %Oéelﬁ\agﬁvﬂﬁ%pﬂﬂég ause
little esmwivglenits watea'n dqtort hed of Yapotifutivn. cDiesdgpuencappll tidt@epRot@pirédb wel | is
a strong_coqlin hani.smfor electrons that is sjm|ar to evaporative
cool i ng. ™ 3r8 theeig)rtwcbql]ﬁ%l,W‘?rﬂobry%\%ﬁ%‘?mthéat’é’vQH’G?SStt ,t“i'?‘lpﬁib“sstth%eéle%ﬁﬁﬂieed the
l'at ent hidatwellf tai¥ st th@le@fdns ddil sScap@athd therfldBRKIOR PrdeYss kg rdsffi®hAi Ng 1iquid
Wéhgr and the surroundi ng nedium_ which then thermalize rapidly to a | ower
t

er at QP8 THYPRFEIPRRHTS 78 THeatch frdridhramny Braviae smsessc Broanspifranashe
ener gy. bR bbdeed QbctRn€ehd $BRns, thien g§ g?l{sfe‘? i %gfzug}?%sla%ou?q B/ alent to

water's |atent heat of vaporization. T ectrons su he energy
requi r edimes lefs dan thetalrstrpo thermalightiondinie. Fhistdeelinghreedmnism atsb anluprsdieess t hat

Lo SUPP B SRRl 2 1405 MR by UNB B S EEL SRR
losses are enhanced by fuel jons with an atomic number Z greater than 1 1 4>1,
25 The electrostatic field also affects ion transport. The majority of particle orbits in the
plasma layer 106 are betatron orbits 112. Large-angle collisions, that is, collisions with
scattering angles between 90° and 180°, can change a betatron orbit to a drift orbit. As

described above, the direction of rotation of the drift orbit is determined by a competition
between the E x B drift and the gradient drift. Ifthe E x B drift dominates, the drift orbit

30 rotates in the diamagnetic direction. If the gradient drift dominates, the drift orbit rotates in the
counterdiamagnetic direction. This is shown in Figs. 13A and 13B. Fig. 13A shows a
transition from a betatron orbit to a drift orbit due to a 180° collision, which occurs at the point
172. The drift orbit continues to rotate in the diamagnetic direction because the & x B drift

dominates. Fig. 13B shows another 180° collision, but in this case the electrostatic field is
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| ower electron tenperature, as it is much faster than any heating process.
Because of the nass difference between el ectrons and protons, the energy
transf er wormodioverrepr ot ons i s about 1800 tines | ess tharcrhs2@cmet2s0n
thermalization tine. This cooling nmechani sm al so reduces the radiation |oss
of el ectwentsind Teigsadient @il doncinhtay. | Theidmfionbitthts fotatesan tharrowtierfligalagnetinher e

radi at i o&i_ltosses are enhanced by fuel ions with an atom ¢ nunber Z greater
than 1; Z"%"¥ The electrostatic field al so affects ion transport. The

maj ority of paktdiredtidnof fitdtidn oNthe [eiftphrasdsenhiyewhdihéE ibk eodfmbdbrmon Arbits
112. Large-angle collisions, .that is, collisi j t catterin ngl es

bet veen BELARROTASI it FHA L0 Bﬂéﬁ&t\’?’&ﬁlwoeamq@ﬁo\é\ﬁ%l‘t%é s i fag

descri bedyahRyeutidd® odifodféde@Ad 6f the eRatb 8 otfer, B8 rédtill bt itFailfe] Mstichet er m ned
by a conpetition between the E x B drift and th&@gradl ent drift. If the E x

B drift Werieddmast timedhugrthe drifs piits raagh an g of hedRE miadirfdhs ederiof 86t i on. 11
the gr adﬁﬁl@ft tig{e' EA% slga iﬂ%glﬁécﬁ&flh%ﬂglﬁig ltSO (,)E}QILtOI‘Jn% BFcESt hP elté‘c% f the FRC is

count er di anagneti c direction. IS |1 own In Figs. 13A 13B. Fig. 13A
shows a tanéinsibhlyrforfdrifnorbitsoetating mrihodilnegnete diredtiorf. t Aftarittangdifeme.o a 180

collisio ich oc s.at the poiLnt 172.. The dri.ft. .orhi ontinues to
rotate iﬁlb’ie ée’d?lﬁ%grﬁr%?ﬁbﬁs H’lt[artlé’%?l? %'ﬁc ué%é‘ll}%néagfnﬁgc ‘Erefmﬁl %f?lﬁqfsg domi nates. Fig.
138 shows anothiesheddfeno bédotntd for alleks niedhdnbsinSiot A vithich iekbgetedsilave c fiel d

i sweak and the gradient drift dom.nates. The drift orbit s.rotates in
the countdiief BrHdRetBeriNGET (I gar% irrhese FRPEERINEn ths fons Sped iﬂﬂy?fft{“i he drift

orbit de{gfAl HASHIMMIEBE catrleditfe GROMAIMCH tREse B&Mditiohs BRIAdcE]cridmbidgthbn a
drift orbit will also have a velocity parallel to the FRC axis. The tine it

t akes t hplagimr wasalegligitle,gmd fireqpmadime def divafs ddnend&ROht & £ Belrift Héange,aB thg r esul t

of its parall el tion, is called. transi ifre; thus, t drift . orbits
ach: ancRRereg? PR RSl RllistS T e o5t B o grrtiing. e PPETREE ag
shewn i NrcpORIAa6H di0Msivh fabes Fia@ wek@yterting thade pRUZH O CRsAdal BifRsionds of the FRC

is confining only for drift orbits rotating in the diamagnetic direction.
After a $SUEW®St tine, therefore, ions in drift orbits rotating in the

count erdi ama tic direction are . dhizs nomeno C a |l oss
mechani sm f o%?ﬁlgﬁslf 2 §ifime ﬁielcgose tlﬁ efll ¢ R‘Zglet 0" a%rgp(goi?lge%sdt ﬂ? %ragﬁw}#%ér%r
exper i methk Sriftlofbifs acthte in the dlagBgnetis d@edtioRNTHis whkshowanbowan cowdctival wittof  t he

current and the_electrons carried the othe alf. ILn these.conditions the
el ectri cFei B4 WA %Setovilémﬁ?aéé#&%%Ofﬁ%f‘gqui@itgqyé‘fe r&ﬂ%ﬁ?ﬂ@% PLIPE RS i £ ¢
alppays derdisral adiatings & the Borbhith fdree; HRBGRsy rBhnhin tob@rie il ﬂle_@rj{]s@nﬁ.s produced by

| arge-angle collisions were |lost after a transit tine. ese experinents
reported i on Hiefdaggpsiatioriglds dn thy selligiag beampsitsism myahe FRBS enoyelp @p Erakde by

RIS I N I R R
ion transport by eliminating this ion loss mechanism, which is similar to a loss cone in a mirror
device.

25 Another aspect of ion diffusion can be appreciated by considering the effect of small-
angle, electron-ion collisions on betatron orbits. Fig. 14A shows a betatron orbit 112; Fig. 14B
shows the same orbit 112 when small-angle electron-ion collisions are considered 174; Fig.
14C shows the orbit of Fig. 14B followed for a time that is longer by a factor of ten 176; and
Fig. 14D shows the orbit of Fig. 14B followed for a time longer by a factor of twenty 178. It

30 can be seen that the topology of betatron orbits does not change due to small-angle, electron-
ion collisions; however, the amplitude of their radial oscillations grows with time. In fact, the
orbits shown in Figs. 14A to 14D fatten out with time, which indicates classical diffusion.

Formation of the FRC
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the drift orbits rotate in the diamagnetic direction. This was shown above
in connection with Fig. 13A. Wen these orbits reach the ends of the FRC
they are Wefzbmm)eﬂzback into the region of closed fiel dpecrrmsgodepot2e
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This formation process is gely

ol ogy O%?ﬁtﬁ ]ixs(ee F|C([c111 .
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t he FRC.endigg fethReshaR a@%‘fagé&ﬁfy%ﬁ&\ﬁést{hé élh@éggl Pﬂl(Peh SRS 1%?? ability as a

result. In contrast, the formtion net e present 'invention
al | ow f diurthersioes, éwﬁ@qhémugm bplemvbdedmarmumaq’tﬂmec& andnsmy mhtistandell as

reproduchdl ;f lgﬁt a(}jlI }p%hfcli)a&:etsfrabtl{:gharaRtCrlst\lﬁé F(Er rgag%a g methods of the present

i nvention-can its s "pr operties can be
directly inf ﬂru@npedeﬂbyneﬂmdn ﬁRCa”bmuoﬁ)felatténao aRgheihend jlahd rrpRkeediby the

oy er fiel e F by nmet hods of the present
i nventl o%sgea (r)ec}aéegaﬁf%%he Crlfnalﬁ gfpéarSWé 5?0 bF‘ﬁ’élsee‘F BAPents reates aand

pot ent i ablotdal hmagretit fieldparngId ﬁﬂ%&fﬂ(ﬁﬁ‘cﬁlrﬂeﬂt Hetab 3Ry @nmd\ét{ﬁ@aifcﬁfatm he
pr esent gﬂagth ds gg be easily extended to accelerate the FRC to reactor

| evel p &’eﬁ’(‘@‘iﬁtﬁér@weﬁd&@t tidpdycenenposes e %stﬁmﬂiv apdisds| y enabl es
the cl asggh@lc Feddlens MRBePEoilt 38, (RRSe the plasma beam 335, the magnetic self-field

is in the same direction as the applied magnetic field. When the plasma ion current is
25 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. 3
and 5.
The requirements for field reversal can be estimated with a simple model. Consider an
electric current Ip carried by a ring of major radius 7 and minor radius ¢ << ro. The magnetic
30 field at the center of the ring normal to the ring is B = 2nlp/(cr,). Assume that the ring current
Ip = N,ye(Qo/27) is carried by N, ions that have an angular velocity Q. For a single ion
circulating at radius ro = F/Qq, Qg = eBo/m;c is the cyclotron frequency for an external

magnetic field By. Assume ¥} is the average velocity of the beam ions. Field reversal is

defined as
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Furthernore, the techni que can be enployed in a conpact device and is very
robust as well as easy to inplenent - all highly desirable characteristics
for reactwoyzerrs. | n the present nethods, FRC fornat pom/usedoaivessi o t he
circulating plasma beam 335. It can be appreciated that the circul ating

pl asma beam 335, because it is 8 c ,reéht reat es a pol oi dal magn&hl C
field, as would an electrical c fren;cl A <C| rcular wire. Inside
circulating plasnma beam 335, the rragnetl c self-field that it induces
opposes whieh exilies ttat Ny>2apniad magnetic field due to the outer coil 325.
Qut si de the plasma beam 335, the magnetic self-field is in the sane
direction as the applied nagnetic flgLﬁ_ When the plasma ion curr t is
sufficiently large, the self-field ’bvezmones the applied field, t he
magnetic field reverses i nsi de the circulating plasma beam 335, ther eby
form ng Whase BROZY opdEddy xak)'S rownd fhe idhi lggm eBeranth H1, V;J”hénth@epm:rerrent s for
field reversal can be estinmated with a sinple nodel. Consider an electric
current dipepsione] wadglythe mpgasgc Seld digmahe plagna ot g, Mo whitasia " r . The

magnet i ¢, tri)efﬂ!rghstut Jsmngg 1f‘eﬁe?cf reb &1 ¥eqﬁ'196n?e%lpﬁql tﬁﬁ M@ ; zdp%”i%kA? P =

2pl p/(cr o he ring curren i's carried by Np

i ons t hawhdiase=an3@gid g, ryet onidvw Rdba nfodel v@tlﬁ;bdﬂl@li@ rin@dardi A, ¢ltvalabday at
radius r = VQ W), WO= eBo/mc is the cyclotron frequency for an external

magnet i cove eﬂedxmooﬁﬁw(ag e (2s/ ct)(hie/sa)\(srsalgﬂmgedp@@ng)ylf@& 71, ligs e i ons.
Field reversal is defined XsN eW4r O = 2B 0" (3) roc which inplies that
Np >2 rovwadd haveahﬂjsamewaammagnmo%’ld a51b@one dimBikionallifodel dithgp=ahld. t he i on

beam ene t he. 9 |rren5|onal nodel , the nmagnetic field from
tﬁ@ pl a Efihdh Seatv Bt ano ekt ere ip is current per unit of

| engt h. The fA pﬂeﬁnreemﬂ@aloffoemmgwmmwmﬁ tHeRoRfilMRNPIyAE 300 QesdBBedk A/ CM
WnereB- eV. For a npdel with periodic rings

and B is® a g‘@f@ﬂi tgRpasid t’fl%‘é’ﬁé)}aeé|beae%?tﬁr%éﬁ@n(%e) This pppgogep pombigesloy ) s7j s

the riNGensR@®LARN of pldsm® ions'with Hefirdn @g@atlé%)hglﬁ%ﬂﬂéﬁéa&cﬂeﬂ&%gﬁ3 erage
magnetic field as the one di nensi onal node Conbi ned

Beani Bet at r onfhEdstsiep énthiseedibridgere 1me‘iiraéfﬂéﬂ’f4ﬂéléﬂmmhgdclgﬁd kyrefng a FRC
Wi fishi n t&@kéi&md' ﬂ-'ﬁﬁﬁr}ﬁ R YRR ’SJ’Rpus%%scﬁJ ﬁa%ﬁéjround plasma sources 345. Quter coil

325 produces a magnetic field inside the chamber 310, which magnetizes the background
plasma. At short intervals, low energy ion beams are injected into the chamber 310 through the
injector ports 340 substantially transverse to the externally applied magnetic field within the
chamber 310. As explained above, the ion beams are trapped within the chamber 310 in large

20 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, 4n
Introduction to the Physics of Intense Charged Particle Beams, (1982)). As one of skill in the
art can appreciate, the 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

25 thus not enter a betatron orbit, until the ion beam reaches the circulating plasma beam 335. To
solve this problem, the ion beams are neutralized with electrons and, as illustrated in Fig. 15,
when the ion beam 350 is directed through an appropriate magnetic field, such as the
unidirectional applied magnetic field within the chamber 310, the positively charged ions and
negatively charged electrons separate. The ion beam 350 thus acquires an electric self-

30 polarization due to the magnetic field. This magnetic field also may be produced by, e.g., a

permanent magnet or by an electromagnet along the path of the ion beam. When subsequently
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above is herein terned the conbi ned beani betatron techni que. This approach
conbi nes | ow energy beans of plasma ions with betatron accel eration using
the bet atworoddaggr7eoi | 320. The first step in this nethedTius2deodszsect a
substantially annul ar cloud | ayer of background plasma in the chanber 310
usi ng t haentloduskedmtarthd cmfasmantgb@mwﬁ@alﬁ resuentetectisi flelBiRdnpessmeametc

magnet i ¢ &f b lndth%l lg]esa{ntpartlc o a(ifg)wn%%etfle 100 %Ean\{% cfr%t L%%gﬁecttedz %’?ﬁ tlg' ?hogv%%ﬁlgﬁj und

pl asma. erva
chanber 3d Oietviorf dedéh team 350 jaetttcomaqms)ﬂhé ﬁlaﬁﬁ@ﬁ% bﬂs;tcapicteaj dlactionain@n @rese t o t he

ext er nal | | i ed netic fi wWthin the e | ai ned
above, tH SW“E%S ﬁ]‘r:ra? ﬁﬁpfge eﬁHF%“t‘ﬁ‘é"’i:‘ﬁ%ﬁ%‘Q?g gich%séﬁ%éj T8t at r on
orbjts bmembalﬁ’smgtﬁebb@nidueh AWhERheibedin Q%rxsnglawe@ﬁcam%slraa&e@dm@yea@ﬂ i on
accel erator, such as an accel erator_ conprising an ion diode and a Marx

gener at oiolnS(thee@rCPéaBng W@ﬁmaé?eam&ﬁS it besiipaorgrerewnditherimeipds ®ds B8 asnt ense

Charged Baftiigk Iso Fib9 As one of skill in the art can appreciate,
t he appl 1 ed r%agr%etl CQ? F% %Iz exert a Lorentz force on the injected ion

beam as soon Wben the plasrea bemh@mdbéritmaﬁomorb@v@p moavingiiensgewprised t hat t he

beam not def d t.hus. no ter bet at rjl[:) un e i on beam
reaches f rreenm r(I:dll}Inzla 6weslrzlissena @8@1%@@1 oegg?ﬂcp %’mduc?%)l IFé{?nf1 the ion

besns ar epblegi Wahmzl&aoblmmbér 3abgets I‘nedfi:Ssa@/rtd inc@eaisd the uslbm@zuﬂ“ﬁhd p’]lasEiag)earﬂS, when

the ion 350 is directed fhr an. a at e el d, such as
he un APy Lo SIS PRIl 16 OF CoEraic O ER B e G HATEEE 1 G5 e |
posi ti velywnh&hae aeshetiO s aNdin@gationsh, YhechRE@Rb rehaaidnensrigenandile. The ion
beam 350 t hus acquires an el ectric sel fpol ari zation due to the rragnetl c

field THRisEn¢padnExtheaxis B5avidiia depipgmpbeagt Hipueesepygivipg gse to g FREr kBfent
t
magne Ohg,’gﬁ A0 5§ dﬁg@g&%’&ﬁg{é&%ﬁ&&% &Qﬁtaﬂﬁtﬁ@ra}g arlrgigf‘anée tﬁ%%lamgﬁl Cant

subsequentlyintro e conf i nenent the re
el Bct ri cplkimd tbainal 3ame ths betawomartyiiat 1sme¢e@ﬂawomcr¢ah@thbemhe@aragnatlb@sl,d al | owi ng

t he i on bea ML dri f Fi hea on_vi,ew f the ion
beam 950748 14 S bl RS e lRe st v BTl R A0 (nBhom  he

pl asma 33ptelt i@ ek palvilkg foraghietkinihg fh epiopriafepplidtt 0a gktiofidld afictitéiEbybam 350,
whi ch thereb drailﬁs the heam s el ectric polarization. Wien the beamis no

| onger eF%GEl eﬁmeéwl&%% Aligmapghnajseiond opiRecodi maiheasthy PRV#$ma. beam

335 in apRebatisRNaiBd hadipl Hgidtihe 1ﬁeqmum BaidtliSthdladius @S the WA i N Fig. 1
(see also Fig. 5). Wen the plasma beam 335 travels in its betatron orbit,

t 0 novi hept Bebitepipracederatedur rent, which in turn gives rise to a pol oi dal
magnetl ¢ selfrd fn&egse tﬂ_eove?cfcﬁrgld?ﬁ u?&lfgg]pfagrﬁzﬂa&?xkﬂlhgggrbgts gB@c?tﬁEer 310, it

is necessary to Increase t Foci ty asma
i ncreasi rﬂgx t¢1b321®agpnotflddia Ibdfemhgtorﬁg nét it cansle] afpptff:meted thahacrebdigz pdvasnta beam

,‘?ﬁg (r:naa‘;f] 1[rfi)ubg 31 h’itrg{l %?)g L yAmpele le%wI 1Snd1|1c:aég gﬁ'\azei%?l%ﬁgpélecttrglceﬁe%, IE?Ct ion of

inside the chamber 310. The positively charged ions in the plasma beam 335 are accelerated by
25 this induced electric field, leading to field reversal as described above. When ion beams 350,
which are neutralized and polarized as described above, are added to the circulating plasma
beam 335, the plasma beam 335 depolarizes the ion beams.
For field reversal, the circulating plasma beam 335 is preferably accelerated to a
rotational energy of about 100 eV, and preferably in a range of about 75 eV to 125 eV. To
30 reach fusion relevant conditions, the circulating plasma beam 335 is preferably accelerated to
about 200 keV and preferably to a range of about 100 keV to 3.3 MeV.
FRC formation was successfully demonstrated utilizing the combined beam/betatron
formation technique. The combined beam/betatron formation technique was performed

experimentally in a chamber 1 m in diameter and 1.5 m in length using an externally applied
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di stances fromthe axis 315 within the plasm beam 335 reverses, giving
rise to a FRC. (See Figs. 3 and 5). It can be appreciated that, to maintain
t he radi avodoevmee of the circul ati ng pl asma beam 335 ipaTiuseods@bssT on
orbit, it is necessary to increase the applied nagnetic field fromthe
out er COhhgn32bfids of Upeto D0 Gui ahgmrgic flelsrom the astatBigplisma hiemsekbyithe vel ocity. A

control systemis thus provided for maintaini n&s an apﬁ{eo?ri ate %gepl i ed
magnet i cOoftion dux gttt Edr > Kerddrem thiroudh oHe b CEFPEBIPL s

Al ter natiye Xund?)lafiﬁﬁ@ig&ia QLR o010 cnBdhdlEe M8 86hnt Rad QR¥itiElIezcH MgdRAe ti onal
appl i ed magnet | el d that I 5 requi red to nai ntain the radius of the

pl asma Peeamiwviog bidensig of 1.2 kd0acuel eveead.of Ta i0nensaand attibseagdaift y of the
circulatin |.as m d.n_its orhi the betatron flux coil 320 is
pr ovi ded™® 1&8#??%&91?%‘61&1%8%6’1@,reviefsac\gans Qi@’%e%%pr eciated that increasing a
current Baswndhrhit®nletiatiqen fl ux coil 320, by Anpere's Law, induces an

azinmuthal electric field, E .ipside t hanber 310. The posi.tjvely charged
ions in the pﬁ%}?ﬁpns@afﬁg% 1°§P£P&BE§|E‘&L§§§Y¥@“B“%"HP _eflwaifégtamém&n c field,
| eadi Ng #{Deif cBhéll hEYQLSR! foRSatidR &RhhiBRI BROMEmIMY & babd@bnlRaimg t&b0, which are
neutralized and pol ari zed as descri bed above, are added to the circul ating

pl asma bessaios Iwlucedrarrpntsliraetlyie aspepmre Heiprylaing pleans bram 57 Us@g s beledpPf i el d
reyer sal hr i ' Accelereied to a
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to 125 edépictal in €ach, dempt that the ingaction oClowgn¢rgyivg beatheis pprnea¢ssary.ng pl asma beam
335 is preferably accel erated to about .200 keV f range of
about 100 kevirBYses fiegrpFemrd o s e BBl ARGt Aetelibod, 03

utili zi ngut &gl pomtvuhred ihdatenhe tad slong the axiatf the chaadand IguueThes epabicned

beam betatron formati on techpi que was, perfopped experinentally in chanber
1min di BARHCEPIgHES SomStAtiop ¢ %_ﬂﬁk %%_Oﬁéblﬁtjs Y ORI, nFaé@pBﬁ?“e‘ty?H%}_aﬁ i c

fijgl d of ;el it Y heBsoutoeREREEW E.CTtinR] Gnbih@hibiEedaBledtdpliGaibap BBthenduced by
the betatron flux coil 320 of up to 5 kG and a vacuumof 1.2 x 10 5 torr.
In the esyveni gl fluxtaed 3B&ckground pl asma had a density of 1013 c¢cm 3 and the
i on beam was rali Qe Vi 0g: Q?J]&lt'érxl f1akods Y0510 13 cm
3, a vel oci tyﬁggﬁgfykﬁ%%%gﬂg and&gggﬁl%ssg%legﬂgizﬁxgo arouang1 ZOOH% (at hal f
hei ght) . 370 éllldk prexidsssalxinkbgideiedt asork!l Betdidl nogndoriivht doopoiiaddneacthe Anot her
preferred t hod, of f opni a.F ithin the confinenment. system. 300 is

her ei n t‘g}dgioda’?aﬂlg ‘g I?Bgeoﬂg%arlwg%gﬁﬁq %‘8 ﬁ%%“ﬁ’&%? r??“& © Ig%clﬁlﬁ%{tqr{lja 7' based on
drjovi ng tifle idetaalished) thatduleeeundpldsmatsodttdseds by chagaed fbmtlaticoven miwee ul at i ng
pl asma beam 335 using the hetatron f| ux c%jnl 320, A,ErFf rred egbodi ment of
this tecHrPe Mirswa chprating HP{RsBHE sEgasaffng iy axial guide field and spreads

slightly due to its temperature. As the plasma reaches the mid-plane of the chamber 310, a

continuous, axially extending, annular layer of cold, slowly moving plasma is established.
At this point the betatron flux coil 320 is energized. The rapidly rising current in the

25 coil 320 causes a fast changing axial flux in the coil’s interior. By virtue of inductive effects
this rapid increase in axial flux causes the generation of an azimuthal electric field E (see Fig.
18), which permeates the space around the flux coil. By Maxwell’s equations, this electric
field E is directly proportional to the change in strength of the magnetic flux inside the coil,
i.e.: a faster betatron coil current ramp-up will lead to a stronger electric field.

30 The inductively created electric field E couples to the charged particles in the plasma
and causes a ponderomotive force, which accelerates the particles in the annular plasma layer.
Electrons, by virtue of their smaller mass, are the first species to experience acceleration. The
initial current formed by this process is, thus, primarily due to electrons. However, sufficient

acceleration time (around hundreds of micro-seconds) will eventually also lead to ion current.
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depicted in Fig. 1, except that the injection of |ow energy ion beans is
not necessary. As indicated, the nmain conponent in the betatron formation

t echni quewdoddmetret atron flux coil 320 nmounted in the eemtuseocands2al ong t he
axis of the chanber 310. Due to its separate parallel w ndings
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V.

FRC formation utilizing the betatron formation technique was successfully
25 demonstrated at the following parameter levels:
e Vacuum chamber dimensions: about 1 m diameter, 1.5 m length.

e Betatron coil radius of 10 cm.

Plasma orbit radius of 20 cm.

* Mean external magnetic field produced in the vacuum chamber was up to 100 Gauss,

30 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 eV.
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surfaces (see Figs. 3 and 5). The base FRC established by this nethod

exhi bits nodest nmagnetic field and particle energies that are typically not
at react ovonedweer operati ng paraneters. However, the ipoguskis@oesectric
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exper i meglsidrparaaded by first injecting a background plasma |ayer by two

sets of coaxial cable guns nounted in a circular. fashign inSi de t he

chanber. Eachireieppla ofdypicst daa shavikisthedense atBdat Ak BsnatsiRF et i rr or

coi | assefblte8ve A epdiifas HEL G R4 ﬂi‘éﬁ@:ﬁb% ﬁfleﬁﬁgpc%qqpbﬂetﬁﬂf B8t 8Bl f ashi on
and offset relative to the other set. This arrangénent allowed for_ the guns

to be fi atgl sialmiid-phee(ilom fiord citlive eadiylate) efdhesckpammenitl ¢hambep prsata radagler |

position of 15 cm. The data curve B represents the absolute strength of the axial component of

20 the magnetic field at the chamber axial mid-plane and at a radial position of 30 cm. The curve
A data set, therefore, indicates magnetic field strength inside of the fuel plasma layer (between
betatron coil and plasma) while the curve B data set depicts the magnetic field strength outside
of the fuel plasma layer. The data clearly indicates that the inner magnetic field reverses
orientation (is negative) between about 23 and 47 ps, while the outer field stays positive, i.e.,

25 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

30 reactor relevant parameters.

Overall, this technique not only produces a compact FRC, but it is also robust and

straightforward to implement. Most importantly, the base FRC created by this method can be
easily accelerated to any desired level of rotational energy and magnetic field strength. This is

crucial for fusion applications and classical confinement of high-energy fuel beams.
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Upon establishnment of this layer, the betatron flux coil was energized.
Rising current in the betatron coil w ndings caused an increase in flux
i nsi de t hwocoedagemi ch gave rise to an azi nut hal el ectripcTiusedod/oss2zsi i ng

around the betatron coil. Quick ranp-up and high current in the betatron
fl ux coi Indpetivditasma §owsce ong el ectric field, which accel erated the annul ar

pl asma | ayer I izeabl e I.rent,, fficiently strong
pl asma curre nﬁ{lg)rSa %aﬁl grg glgy%ea%g% ﬁagrtg T gRget% Ii‘m% l?neYe i5e d%ﬁmfls@er aebav%’ ﬁce)éleréy ernal | y
suppl i edifipaeting cacrgdy Reisekirtinel plaseatviaohe fifix ¢dil320i andlop@ises s athscamed, ¢ier at i on.

Det ai | ed ;measur enment ith B-dot. loops_.identified the extent, strength and
dur at i on 1% Ccflﬁi?rfgeﬁﬁ ’fﬁ%ﬁfﬂ&ﬁa Brl’SIPryt"@B?hE@ Oqél%ﬁt%?n?@méq{o {adi)]e PIAEa 4%ces of
B- dpt  pr ed@e SdcaiBbySwindinkd. For #fs indiivel §fsRnlid iRk EERRNE %80 inSHetlioe RSOl Ut e
strength of the axial conponent of the magnetic field at the axial

mi d- pl andePPsme mFgosnreidufer end plate) of the experinental chanber and at
a radial pos'@élﬂfbrfg 'éal%mlduyl‘)?s, Q?ch‘?tf_lﬁlgtra}é,ea §a§ e.%érﬁgstlésstr ti@p ute
tic %I eld a

strength of the axial conponent "of the nmagn t the chanber axial
m d- pl antuamepracondustivdiaalts sopetaivomingfasgd Thmteriveeatang 0§ plagnaleledross tin

therefore, .l pdi . ic fi.eld,strength,inside.of. the fuel.plasm

| ayer (bg%rtvlv‘%a@%’ fg%{sgiﬁ P{éﬁc’q{éﬁ ]iOi:eaarl11 ’tB Iaé%%rea%g\%ﬁi ?eéenflhngs 813?13%1(’%’ ‘313‘?1515 Set depi cts
t h® magnémcitorfdfeledir@t-ion ngilikionutls edencef didsipatibnig lduptoassi@marlcayetich i bauset a
clearly |ndicates that the jnner magnetic field reverses orjentation (is
negat i ve&’y %8‘%%@?'}1 &?ﬁﬂnsfge h]ﬁ e he SIQRHferReTChd DB t#eir%j‘ﬂwgf_t"a?lgs Posi ti ve,
i.e., doesstbéte ORMEKSFhedbmeit idbiphma, MiRrd thEBoMmb E)1Bdi&RrodsSedtiofiid €d by the
ranp-up of current in the betatron coil. Once peak current is reached in

the bet ab#e&HoE ofhe colipien fisarraed(feqrrieahhich sychessive eplligpessweaur) Bpasentinlliet s t o
decr eas e @il J1e iR R Hudf6 Wboritderb Q. AU bAE wkhl £t Ferfle L he FRC 1S

limted by the energy that can be store n e experinen with the
i nj%ect i omelenity of thappllidiggesateringrentss, ithe~syst Bylefamtidey weplgs aited’’} o ipr ovi de
| onger FRC lifetime and accel erati.on to reactor relevant paranmeters .
Overal |, prtoﬂ?rgmfa_i i Cﬁutgu%gt : bﬁ? 90115?1‘8% ANy vegngg@forg;mpogwpﬁit@ nTs al so
robust amgl @bisdkigh bRIMAE the O11LR RERALy byMRSLmmED qlién@atﬂlxe)éxesigt%y Rase FRC

e

created by this method can be easily acceélerated to any sired | evel of
r ot at i onalop@HeRayip hndnderptadly, éndepenident of demsigit -ha difdsit sesulsoftheifctghatfegen f usi on

applicat] I i t_.of . hi.gh-ener f.uel. beans. | nducti ve
ol Bsma. ShaPE RS BEota R o R o P G- P Bt es
deXcr i beinateaseeas wodt HThuelyglenteimppatutd lnglsenkighyr plagma chaikifrigundlesd asma vi a

the flux,.,coil. 320. Analogous to a transformer, the flux coil performnms the
duties of SPHEVBISSFary wi ndings of the transforner, while the pl asma acts as

the seco hdf'il’ yToMchidiéTgster fe@forthfics withdébatd 18 @ositiineAn ih @n WRCKa Bithlashert 1y, it
'S 1 hper taliterle\floel;e,th{]g%}y desirable. In the case of the PEG system, enhanced electron temperature leads
to improved FRC startup (the better a conductor the plasma becomes, the better the inductive
25 coupling between the plasma and flux coil), better current sustainment (reduced plasma
resistivity leads to less frictional/dissipative losses and hence less current loss) and higher
magnetic field strength (the stronger the current, the more self-field). Adequate electron
temperature during initial plasma formation and before the flux coil is engaged will lead to
better coupling of the flux coil to the plasma (which advantageously tends to reduce the
30 formation of azimuthal image currents in the chamber wall). This in turn will result in
enhanced betatron acceleration (less resistivity leads to better inductive transfer of energy from
flux coil to plasma) and plasma heating (some of the imparted directional energy as represented

by the rotating current flow will thermalize and turn to random energy — ultimately leading to

heating of the plasma by the flux coil), which will consequently increase the ion-electron
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the plasma is a good conductor. Counter to typical conductors, such as
netals, a plasma becones | ess resistive and, thus, nore conductive as its
t enper at we 2o0wmverE3es. The tenperature of plasma el ectr easjuseovepes2si cul ar,
pl ays an inportant role and, to a | arge degree, determ nes dissipation,

whi ch i o fsibABGE (@8 1Phighl @t ferb Fodee didsiiaiis(lesk ResREEBN R allwesi pation is
due to resistance, which is caused by electron-iogﬁgollisio s.. .t he higher

the col bltisiataly for thgatsiagentohbigherdivgs flfs(hehen pprss togd ooBeT §el8e to t he
col l ective p?%ﬁ&l@@ ?th[ep rfftid? Fﬁ%ﬁ@tmﬁﬂaﬁf o, lbh $hd6 Qe IHRImME SburteSik ProvEI@SS- sect i on

IS screened. e colTision frequency (the rate at which successiyve
col | i si enslepicedinFigs 2e4.90Btand 20§, the indnaive olesos sayessdiOLQ is meungd ety ul onb

scattering.crpss-section a her mal. r . i a1t he

ot 1 di 1 eabE ] AL raLE by AR B EHHEhANG N QLRI TS i i

T1/ 2, SsdembBII0B®IHLI i©prferitty fed 4y @hjghtvolisge (Abodt 5-1Tk¥) povdrissiren(npt equency vc
is, therefore proportionalmao nT 3/ﬁ . The.rtesisti}éé};c%lijua risel ated to the
col | i si 6hoDedgurt gasnrch ay Edaess (ofifiw @pPippits gaspas MR 15 5 hor ti onal to
T 3/ 2 ang;,diQiaahh Yhe sbitde PEIDGRRLgIOdirdEmsS ifdells via @ Laidl @64z1¢ HR0| Thofastiloer f act

t hat even though the nunber of charge carriers increas&gaﬁ\/\%th ensity, the

nunber of conraliadanefprgbly sy of lime faéta@é%vab@s Wt—ﬂr‘i’éucel'ﬁ &@?‘f Pty Efper at ur e
LF0S ! bRk R aRE ROANCRY MY Rt essdlashoathiarimangs . To achi eve

ter perfopnance w to confinenent in an FRC, a hot plasma is,
t her ef orveindihgsqlith§ oftbs shoalb@l 103A, thhevinskings 1840 arhencpErgds yibe slie fash RFEEd
el ectron erature | eads o i ed:k r hehicte1@ conduct or
t he pl a?ﬁéﬁg’g&%’é‘? I HEOR & C{ugtra & r%sielgc:{(ncgﬂétglgb V%E%g%gplﬂ%ﬁ%et ween the plasnma
and f | uxvigsi thy gadiBitlc@uiseCbredl@btvn Siusitaion ardiubgaqeeiu erdtion efsheafornes dasimgi t y

| eads to less frictional/dissipative.losses a hence s current | oss)
and hi gHeam s gréce qu‘q? é}foﬂkg?lﬁa(%gttﬂw?r% eg?“?%r?gg‘?(’ He eéllaira(?ent, the more
sekf-field). fdsQRALEBIEEHERNNE SRR EGL LU36 cOpiliseg ai Miniladlispblagetbddgr mat i on

and before the ?I?ux coil is engaged wll lead to bett(gr cou Ihqﬁ %f t he
flux coillo32 bounded i ansowter (ingil 03 IaEmedAbaydt eulcy Py ivhery apday @H‘H@E YR30 or mat i on
of azi | : - [ hb LxteddUxSally/beldhdRhad | | resul t
in enh%%dg’&{;@?@ (l)r%lélraé:eg@f‘%?"a?lﬁ%ﬁﬁ% fdggg@ (?Féusb;l@ti v}i(t'?l;/ IXea]gs e%o better

i nduct i werfidean sifedndyp 03 femngye e edges olix opnitdp anoulet chones) 18hd edsdha heating

cur et YEOwRITE bhepi Foke B i et PlohBRRERERLAR Rl eh 819 | 224 g

t goheat i HPrPfiats A6n-pdnaseBc MatdriaBwith Brodoabun propirtids ani Idw copseiggent | y
increase the ion-electroncollision tine @du.e to hj. her tenperature), reduce
di ssi patireperigseuch o glass plevielass PHRY WG Hies HefelSP for the attai nment of

hi gher FRC fields; dbiSbethGhf TRDSprbRAGBuSEd PRReling 108k dShe sHkasii eve
e e Timh lthisprr?dutc;eednlﬁfsrm%tflrgrf rifing rtio Eveh Do TB18 SRS Sy V! ded:
includes a plurality of axially extending fingers 1016. The ends of each section 1014 include a
25 mounting bracket 1015. A
The coil windings 1040 are preferably affixed to the face of the coil body 1032 in the
channel 1035 using epoxy or some other appropriate adhesive. To obtain fast electro-magnetic
characteristics of the shock coil 1030, it is important to keep its inductance as low as possible.
This is achieved by using as few turns in the coil 1040 as possible, as well as building the coil
30 1040 up of multiple strands of wire 1042 that are wound in parallel. In an exemplary
embodiment, the coil 1040 comprised 24 parallel strands of wire 1042, each of which executed
one loop. The wires 1042 each begin at entry points 1044 that are located preferably about 15

degrees apart on the outer perimeter of the body 1032 and end after only one axis encircling

turn at exit points 1046 on the inner radius of the body 1032. The coil windings 1040,
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As depicted in Figs. 20A, 20B and 20C, the inductive plasma source 1010 is
nmount abl e within the chanber 310 about the end of the flux coil 320 and

i ncl udes wo=wewgloe72ur n shock coil assenbly 1030 that i spprafSesoahbsest ed by a
hi gh vol tage (about 5-15 kV) power source (not shown). Neutral gas, such as
Hy dr ogefhetcforepédver thappiroped dreccpdiseious ahd sutaredgesadf channel 0R$.r Budlecabdy.i nt o t he

source 1010 through direct gas.feeds via a.lLaval nozzle 1020, The gas fl ow
is cont rg&uP%BPS&aE‘?Selrog%WC %gtéilg“g? Salﬂetcragacftggts‘%ﬁwﬁa‘é(aﬁl{llé(esnefatl)’ BGduce a

cl ean shecke foll @11 stARGE 04D QoBlaBe QFRNAPLRIVE kRMgE baknez:s iearl &R Mpand
distributes itself over the surface of the cail V\n{\grgncfg)s 1040 ﬁ%%t he shock

coi | 103mbodimenias gEivayef J1andsa0a2 gae8 et crapectetiescthe otony fed BReand 1 ux
ragp- up 0%2 Séﬁlﬁﬁé& aéiﬁ%%&?g‘%%ﬁnléh“k coil 1030 leads to a very high electric
fi i e

ield w as that causes breakdown, ionization and subsequent
ej ection of tnenfidmrbg-shhmd mazAe ndytlA22 iswpirieseaboft itshenes pRyEReterdP he1030

t owar ds .t nter of -the ch 0 r j he shock
coi | 10%{;28% ifglg%t %f[rméagrrllﬁzgemagé's@%s%ééﬁ%dl%%g85&%@%1%523@% n%ém%%]%out er
r ibngt lpgﬂb]‘lowm aﬁb@aﬁdihg ﬁﬁ(_ﬁfbﬁﬁbﬁ_pflﬁ'ﬂé M?mg agmﬂmﬁzn fg?)pgmh@rlohgbem@@fs f Ol‘b med .
about its innper_ periphery. e ri n. ext end. axi a eyon
he sur fircariare 1B nbils aad foia iy Phe Stguat B ocuERhels Bnfy
chgnnel ,183%022THe sBeRY 130376 a toitthcBbh-aqAndinPpb@RGeanias pi efigbsmbly for med
t hrough unitary nol ded construction of an appr 0(5)“ ate non-légzdwjtl ve

r

mat er i alexignding favnd-txpa aparn Prleipre beteamitre pEice LY%gL8d tedess pEied R ych as
gl ass, p %l gl ass, pirex, quartz, ceramcs or the like. A multi-sectioned
shr oud 18 " is preferably coupled to the ring 1034 of the shock coil 1030
to linmt theAprdiddethepbprsitasifiy oithelnitf 103Ads a adieakdtying FaEhwileesvpigh 1014 of

te 23 s S 2][ Ové Y& %9%%%(1593’{1}%(:13%}1%6 81|1t‘lérr I !:e' ct>f%heo rfirrlﬁafﬁ-S@.l ITMe ge{gxgeefs@%g T@J#ﬂggm@c‘l llO 16. The

I NnCl ude a nou |ngbra Co
witsdi ngswillD4n fesdehfmels e 0 shfoymaf thiogidthe dub hessf ace of the coil body 1032 in

t he channel 1035 usi ng epoxy. Qr .sone ot her. appropriate adhesiv To obtain
fast el ect r o-ERfHEONIEH rggés fgddhropgh yfra %aﬁtépug%"&g’ S @ V%fffﬁ?ts ?95% Q

| npor t anfe b KASRIsITHS EAGMELANGEABe hthM (38, Bessiddfehe cDhdtScting paaneved by
using as fewrunms in the coil 1040 as possible, as well as building the

coi |~ 104be vgrzlsfoutte 102 pites o5 et fodd injoread 10 anpger RigwmWdHAE@ PR Opar al | el .
In an exe%%gt%{ fro %%'05%&%020? Recchl! a%ﬁ%at@?ﬁﬁrﬁ%&%zﬁélmra%h lagkrizidsands of
of whic The

wre 1042, ea execut ed ore | oop. W res 1042 each begin at
enory paisalfevérGdedsutface ofalrescoll odadiegh 9@ bEthabiogk adibli30.1the dengineed 04hatpt on t he

ULl PSR A AT B R R0 R8P 8 o
wi ndi ngsto h048; Hifteslesar feld an@rthd fae tentduss basakéoviae ioniatiort 4d sibwequenand out er
edges of ejgctc]i%rrll gfe the %(91’21%& pllzgrge]; fef‘crn?{ t‘g}lleyshrface of the shock coil 1030 towards the center of the
chamber 310.
25 The current ramp-up is preferably well synchronized in all strands 1042 or groups of
strands 1042 that are intended to be fired together. Another option that is possible and
potentially advantageous, is to fire different groups of strands at different times. A delay can
be deliberately instituted between engaging different groups of strands 1042 to fire different
groups of strands at different times. When firing different groups of strands at different times it
30 is important to group strands in a way so that the arrangement is azimuthally symmetric and
provides sufficient coverage of the surface of the coil 1040 with current carrying wires 1042 at
any given power pulse. In this fashion it is possible to create at least two consecutive but

distinct plasma pulses. The delay between pulses is limited by how much neutral gas is

available. In practice, it is possible to fire such pulses between about 5 and 600 micro-seconds
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groups of strands 1042 are connected to the sanme capacitive storage bank.
In general, power can be fed to all strands 1042 fromthe sane capacitive
st orage baokoewossms i n an exenpl ary enbodi ment, 8 group®cwfusdomsiogads 1042
each are connected together and conmmonly fed by one of 2 separate
capacit g storage banks. An annular disc-shaped nozzl e body 1022 is

coupl ed about its inner perineter to the hu%}%’?%gﬁ formthe Laval nozzle
1020. The sulfpacéios Gegnpit opsialngPA AR PIE LY ¥ he hub 1036 has an
expanding m | (o) 811 bk pNGligapainul ar gas pl enun 1025 bet ween

t he surface ?gagg&%ﬁ@h?%é%&ggle@?gggkw thgﬁzub 1036. Adj.acent the outer

peri phery of Culentnug tol abotiddykAlioRPourehidhioygh gt wingges copained

coptracting-{aQ- andi n rof i i.ni an azimuthal |l y extendi ng

Lagal -type n%@%ﬁ%g%ﬁweetqm%ﬁ%oullggfn\?\%éér?@{nﬁg surface 1024 and the face 1037 of
t he hub 1036Gaftiankedbduo-20he50pgposi te side of the hub 1036 is a val ve seat

ring 1050 with several valve seats 1054 .f or in,the r of the
ring 1050. TREMWESFE 3&’8%@53/ P RV 'dﬁ'eég?eﬂgf‘ S ?"gagg%cvr?g‘%‘%g‘ies 1052
formed thgough the hub 1036. In operation, neutral gas is feed through
ultra fast puff valves in the valve seats 1054 to the gas.channels 1052
ext endi ng t hiangEremplarsmPodumst tsdapit SR YneMBMEEHS VTP 83 P08 Por t i on of t he
nggzl e outl e 1023 dilg.: 928 1ARAS I SubBere] A&R BNy fd-+12 1vhe annul ar pl enum
18@5 pri or tg:hge%agatc%lnge'?r omthe%nlozzpﬁ)gye'lom. Once the gas enmanates from
the nozzl e 102Bemn2itock. 5 kA pbugresp af3serpdsoivear 6ttp a6 kyigtalcarrent trapshady |
w ndi ngs .1(940 of tnrég shock coil 1030, the w ndings 1040 are energi zed. The
ultra faSPRERPERIdnd f1lux ranp-up in the | ow inductance shock coil 1030
| eads to0 a veunde/Risgmimbettai.Emidredecbnds t hi n the gas that causes breakdown,
i oni zation and subsequgégt gj ection of the fornmed plasma fromthe surface of
the shock cois F588"% 6twa®dS PPhe center of the chanmber 310. The current
ramRp-up is ppehemaklyo vl 1 csynehileai zed o al’ltotst gaanelsma pg2hor groups of
strands 1042 that are intended to be_ fi regl fggget her. Anot her O@ﬁ] on that is
possi bl e and Theplams aieptyd bilirppargenasmethed pif _i“rdléCt’dFP TR é)s of
strands R, JEiiils ho EF oo, nAThANIGHR NEvARELRISERIRhLisHASL | LUL ed et veen
engagi ng der T erent groups of strands 1042 to tire different groups of
strands at dilfehgityeritx16' mBE. When firing di fferent groups of strands at
di fferent tinfes it ist;a' g\}ant to group strands in a way so that the
arrangenent i STRIPHET R symmetric and provides sufficient coverage of
the surface Qfnntihesdai440L80&n diatbtecur rent carrying wires 1042 at any given
power pulse. In this fashion it is possible to create at |east two

Due to the shape and orientation of the source 1010, the shape of the emerging plasma is

annular and has a diameter tending to equal the rotating plasma annulus of the to be formed

FRC. In a PEG present system two such inductive plasma sources 1010 are preferably placed

25 on either axial end of the chamber 310 and preferably fired in parallel. The two formed plasma
distributions drift axially towards the center of the chamber 310 where they form the annular
layer of plasma that is then accelerated by the flux coil 320 as described above.

RF Drive For Ions and Electrons in FRC

A RF current drive, called a rotomak, has been employed for FRCs in which the current
30 is carried mainly by electrons. It involves a rotating radial magnetic field produced by two
phased antennas. The electrons are magnetized and frozen to the rotating magnetic field lines.
This maintains the current until Coulomb collisions of the ions with electrons cause the ions to
be accelerated and reduce the current. The rotomak, however, is not suitable for maintaining

the current indefinitely, but it has been successful for milliseconds.
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di stinct plasma pul ses. The del ay between pulses is |limted by how nuch
neutral gas is available. In practice, it is possible to fire such pul ses
bet ween alWoubodioerrd 600 mi cro-secondsapart. | n practi cepcrhms2006p08251
operating paraneters are preferably as follows: Charging Voltage: about 10
to 25 IcV splhtthﬁlﬁlsquﬂ@mesenﬁsystuﬁ tiecuarbiaid maiflylcakietl Oy ains that are it through

Pr esur e bR ot elas e beproer s T apRt st B ThE R Be o0 ve -

i.e.: ab@t’étiméorﬁaﬁt Br ﬁﬁﬁll&/@h@-kl&l&%ﬁl Yo 46 heEadD tedas @[bcﬁ‘éf&@@fe%mployed
enbodi nment he input operating paraneters were as fol|ows: Char

Vol t age aslip cydotuops Rnd pqns azfsyypRy/by an edectroftatisriyave Theproblemas conpl Vr gnt .2
to4.5 | glpbtﬂ)@{atl%e?:glgg (ﬁ%uf‘?esqg%lk?%gﬁle 1?1638 tillgl f(pl\/lgga(c%stsgtt@t tlfé%a&@l@ﬁétﬁ hrough

alI” wi ndings co to 1.5 mcroseconds Gas Pressure:
-15 to 3(@0ps)is Rueniongs itiee: an@dﬁleuwmmﬁ:th@plpma \Eddacm@stath figdds can peustigtedB t ot al
gas volu The this operational nethod of the

i nduct i vgﬁg gg%mmhmore %ﬁ? tgaan glec‘%rofrﬁ%lew?’vg‘r’reesters not ed above has the
follow ng adVHﬂ:te&g&GSﬂalcO)l?bafé@fﬁd&dﬁddﬂiyltlﬁbSelecBﬁdiESIlsI desighed to@h3elain Seddtipies at ur e
-10-20 eV Annul ar scale ~ 40 l5 'ngt]fgi anet er @mal dl’lﬁf velocity ~5-10 eV.
Due to t FESSAABEVEAE Bimuhtiaelopiy oirths KE> Soofheclawrss KM HaFa" e t he

engy gi Ng £RIAHARHE SveHPelbadd e iBRSit &idhRBBaeS thér BeU ﬁligrebﬁccﬁ‘@éﬁéatet foetheot at i ng
pl asma annul us of the to be fornmed FRC. In a PEG present C?,lf@temtm such

i nduct i vérag riaesmh@awl@é@mwﬂ@lcmseE]@PW@flweyerpqrae@elerém oy al end of
the c han@&fmgﬂsgyﬁﬂge RhE§ f rtﬁlp Icé’se ftﬂer e h@lstﬁﬁ@@é Lp%la? slgﬂgr thPnt QEARG Pl asma

di stributions axi a l'y toward center e chanber 310 where
t hey f or avardge velneitl zad tlilaaqlr@mom‘ widl aasakaatt: Hetwavs. Thﬂewealgcelb@rcmtvebci@ywt he fl ux

corT 920,85y 5L A58 805 0Bt 8RB PSSR TS A I
cury ent ifisqueacies. the fighed ﬁ{eqluyncglvﬁn be @ $ons hihd éreyglivesfeablydupplied @y rtaedi al
magneti c e)fctler%!ﬂ%lrcul’? dPUog ectr(Yns energy can be extracted at the lower frequency.

Electrode Systems

A quadrupole RF drive system is shown in Fig. 21A and 21B. As depicted, the RF

drive comprises a quadrupolar cyclotron 1110 located within the chamber 310 and having four

20 elongate, azimuthally symmetrical electrodes 1112 with gaps 1114 there between. The
quadrupole cyclotron 1110 preferably produces an electric potential wave that rotates in the
same direction as the azimuthal velocity of ions, but at a greater velocity. Ions of appropriate
speed can be trapped in this wave, and reflected periodically. This process increases the
momentum and energy of the fuel ions and this increase is conveyed to the fuel ions that are not

25 trapped by collisions. Fuel ions from the fuel plasma 335 may be replaced by injecting neutrals
at any convenient velocity.

An alternative and supplemental method to drive current is to augment the electrode
system with additional magnetic field coils 1116 positioned about the flux coil 325 and
quadrupole cyclotron 1110, and that are driven at half the frequency of the cyclotron electrodes

30 1112. The following discussion presented here, however, is dedicated to illustrate the electrode
only version (without magnetic field coils 1116).
In Fig. 21C electrodes are illustrated for two and four electrode configurations.

The potential created by the electrodes with the indicated applied voltages are noted in

Fig. 21C for vacuum in the space » < 7. The expressions are for the lowest harmonic. They

31



phased antennas. The el ectrons are magnetized and frozen to the rotating
magnetic field lines. This nmaintains the current until Coul onb collisions
of the i owemddeEkectrons cause the ions to be accel er ateasand/oosaduce t he
current. The rotomak, however, is not suitable for maintaining the current
i ndef i nidrebhtaindilify solvilpahe bapdave spatiessf ul for mlliseconds.In the FRCs of
the present systemt ?\éurre té’ mainly carried by ions that are in
betatron orbits which= ué¢ Sbe({a9zen to rotating(syagnetic field Iines.
The large orbit ions\ade émporéd@nt foi stability and cl'assical diffusion.

| nst ead of, ant enna | ect r ades | otrons and the ions
are dri V%IH‘I Wroé’ﬁlatgi%g%q%ra‘ Bsta 1}('11?:115\7\/%@%){%%%(%1?%%?%ﬁ’flei%&%@rgpI etely

el ectrostatic because tdg, brequesey dbr 0h@<RF is | e® than 10 Megacycles so
that the wavelength (30 m is nuch | onger than any di nension of the plasna.
El &ctrostatic fields can peRetf4te foﬁé’fF@ézﬁl asma nmuch nore easily than

el ectromagnetic waves g Th Egﬁﬁhr ostatic wave produced by the electrodes is
designed to travel at é’s’?e that is close to the average azi nut hal

vel ocity of @ﬁﬁ:eic}i(ﬂ,&t% arpefibdit heoeditclgedns 27) it cdnlte enparded na/dusief eseser t han
t he average speed of the ions, it will accelerate them and thereby
conpensates for the drag due to the ion-electron collisions. Electrons,
however, are accel erated by Loulonb collisions with the ions. In this case
t he wave nust have a@(p,@a@l:sZ@zy\(en)d"”ﬁan the el ectron ay®rage velocity and
the electrons wll accel erate-the wave. The average el ectron velocity is

| ess than the average ion \ﬁlhz city so that the electrons nust be driven at
two different frequengcies= gdm{@jﬁ@(r,é’;n)squency will B® for ions and energy
is preferably supplied by #feoexternal circuit. For electrons, energy can
be extract.ed_at .t | ower frequency. Electrode Systens A quadrupole RF
drive syasntdelf’nszﬁlssﬁessﬁgevﬁqqu:éﬁo%i g. 2 1A and 2I1B. As depicted, the RF drive
conprises a quadrupolfarscycl g¢tYon 1110 | ocated wi thin the chanber 310 and
havi ng four el ongate,|= rgu%ha u,(.3yhet rical el ectrod® 1112 with gaps 11
14 there between. The’%a rupol e cyclotron 1110 preferably produces an
electric potential wave that pohahes in the sanme direction as the azinuthal
velocity of ions, but atatgreater (el o&)1dif 1oh4 oftcappropriate speed can
be trapped in this wave, and réff ect ed periodically. This process increases
t he nmonentum and energy of the fuelui®fsOand this increase is conveyed to
the fuel ions that are not trapped by col Qﬁi ons. Fuel ions fromthe fuel

pllz-blsma 335 nmay be re@(;ag_e;g: BY, doppiectsinity Eltrjal s at a?L conveni ent
velocity. An alternative’and sgpplenhental thod to d |\)/e current is to
augnent the electrode systemw th additional nmagnetic field coils 1116
posi t i on€lk latveat hartrtveicfi$ ux coil 325 and

,(r,6,t)= 2V, 1 [sin(w? + ) - sin(wt — 6)] (1D
T
Higher harmonics are
2V 3 21-1
Q,(r,6,1)=—2 (LJ {sin[wt + (21-1)0] - sin[wr - (21 -1)4]} (12)
T
20 The wave speed in the azimuthal direction is 6 =+ /(21 —1) so that the higher

harmonics have a smaller phase velocity and amplitude. These comments apply to both cases

in Fig. 21C. The frequency @ would be close to , the frequency of rotation of the ions in a
rigid rotor equilibrium for the FRC. Thus 6 = @, for /=1. For /=2 6 =w,/3 and the wave

amplitude would be substantially lower; it is thus a good approximation to consider only the

25 lowest harmonic.
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guadrupol e cyclotron 1110, and that are driven at half the frequency of the
cyclotron el ectrodes 11 12. The foll ow ng di scussion presented here,
however, we 2@dioemed to illustrate the el ectrode only wergisemsus2shout
magnetic field coils 1116). In Fig. 21C electrodes are illustrated for two
and f ourPi8reeffiesde confi gurations. The potential created by the el ectrodes
wi th the indi 1 i n.Fl 2 . umin the
space r < r .ﬁ@tﬁgsggxp%glgﬁgﬁlgg g%g%f% S%rnf%ﬁ@%f %é\gg%&lﬁgegsﬁ%h&% gl%nelé;g(rglg obt ai ned
by sol viprgdicheplhayd @wente ghahiponiuvd ¢harga pgracpivh atcerdiqpun digesr shagendi t i ons. For
exanple for th dip | e cyclotron f rbt =- VOcos cot for 0 < q<p (6) =
Vocoswt ?OSFe%aloaeﬂL%O%(r,q; t) is finite. Since F(i', q;i) is periodic in g
wi t.h a period 2p, it can beveépa@gdgg in a Fourieg series, i.e.: F(r,qg;t)=
un(r,t)e ' "q (7) and unsatisfi’ S+Ehé equati on VK80 cCo0sScCoot t mB( - pjr
-lVvqgif 2 4_.. etc. The lowest harmonic is 2V r Fx(r,qg;t)=-- [smw
+q) - sn( where Jg} purfehl Jenpityr dndHp glvbargh densioyi T appepildieequatien speed i n t he
azinmuthal direction is q =w.(2/ - 1)_.so that the higher harnonics have a
smal | er phase velocity and &mpt#aTd8! Hhese conméds apply to both cases in
Fig. 21G, The frequency w would be close to wt the frequency of rotation of
the ions in arigid rotor equilibriumfor the FRC. Thus q =wt for / = 1.

For 1=2 g wt / 3 and the wave ampl Etude awag-dp be substantially lower; it is
on to.consider aonly the | owest harnonic, Pl asma

thus a good approxi.mt] nly > 1 0 o Pl
Emiect %ﬁ]éer? ESpon&E 5ftflet Helepriasner eath vt eslersadty- by only theetogtibpiien t ensor .
The el ecmhLelldn@hdis EARKE B (BLASTR SHLhEWid LG JAERdUCe charge separation

according to the charge conservation equation dt ere J is current density
and p is charge density. The aE)prﬂmpmi:%lte equat&gy is -E = pp =4pc -E (14)
8_L= +T 1

where 7 is the densit.y and B is the FRC magnetic field. n and B vary rapidly with » and
B =0 on a surface at =7, within the plasma. The expression for ¢, is derived assuming

15 electrons have a small gyroradius and the electric field changes slowly compared to
Q, =eB/mc, the gyrofrequency. This approximation breaks down near the null surface. The
characteristic orbits change from drift orbits to betatron orbits which have a much smaller
response to the electric field, i.e. & =1 near the null surface at =r,. The ions mainly have
betatron orbits and for the drift orbits the response to the electric field is small because the

20 electric field changes at the rate @ = w,.

The net result is that the Laplace equation is replaced by

12,8, 1 do oo, 159
() dr & r a*

ré}'i 5 =0 (16)

which must be solved numerically. The additional term vanishes near »=r,. The potential for

the Jowest harmonic of the quadrupole case has the form

25 o= Vo@sin(,’ze—a)t) (17)

and a similar form for the dipole case. Waves traveling in the opposite direction to the ions (or
electrons) will be neglected.

Acceleration due to ions trapped in an electrostatic wave

We assume that @ = 2w, + Aw so that the wave d =w/2=w,+Aw/2 is a little faster

30 than the ions. The standard rigid rotor distribution function is assumed for the ions
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or V- - J =-V- -VF =0 where e -\ - pc is the dielectric tensor and c is
the polarizability. If only the contribution of the electrons is included

t he t ensowoeodcogizagonal wi th one conponent . Am nt2 X PCIAS200600425b) where
nis the density and Bis the FRC magnetic field n and B vary rapidly with
rrand 5 = 0 on a surfdce & r = iihin the plas The expression for Sl
is derived assunmi(ig)el omgrie 'ﬁ? ; WL+@%rUmagﬁ s and fe electric
field changes slowy g%% red to i eBl nc, the gyfofrequency. This

appr oxi mat i on, br eaks W0 near e rface. The characteristic orbits
R R s

i ; )
change from atron orbits which have a nuch smaller

response to the eleftriyt*fielgd, i.e. Sl 1lnear the null surface at r =rO0.
The ions mai M§ aav at bvbi-t8)and for the drift orbits the response
to the electric fieM™i4s smal4’ becausé the electric field changes at the
rate w w T t ol : t i by 1 dF
+ 1 deF ﬁ%i%itve @?éﬂyff'fh%fge%@“? i fg‘?"%?%g?%d Qd{}?‘%&%‘gﬁ%ﬁg? whi ch
must be ok ved nuerdiwallbns. movive faddithandreavateapitectdni shes near r =r0. The
potential for the | owest harnonic he quadrupol e case has the formF V
-sin 2q - w) (17) and a siqLLar<ff for the diopol e case. Waves traveling
in the opposite direction to the Noms (or electrons) will be neglected.
Accel eration due to ions trapped in an electrostatic wave W assune that w
- w | w s pigeses fis WoXG eGP 2 - Wi +AwW 2 is a little faster than the
ions. The standard rigid roter distribution function is assuned for the
e f
i

i onsThe reduceg, di st i pltT unctfen @f iptefest is F (r,vqg) (y b- The
wave vel ocity *H$E§i§£ect v -gaJEJﬁgdgu\edﬂhy.the quadf2¥pol e
pyclotron is vOt rmp2t= r v +AV . ns noVi ng faster than the wave refl ect
Hf Tons moving slower than the wave reflect if

2ed,
m,

10 Vi ~Vg <

and the wave loses energy at the rate

aw. nm, ve (2v,-v )2}
- — i dv,F.(r, 20w 787 —v.). 21
dt Z /1 v9 I(, vﬁ{ 2 2 (VW 9) ( )

i=1,2 2e®,
V= v—

m;

The net results is simplified with the change of variable v, =v, -v,, i.e.,

2ed,

#

aw _dw, dw. 2nmy,, 't ) ,
= - = v Vv, (vy) |F(v, +vy)—F.(v, —vy)|. 22
b o [ e, - Ee, ] (22)
15 The approximation
‘F;‘ [vw * v@] = ‘Fi(vw)i %‘ va Vg (23)
[
results in

aw 2nmy ( 2e® ’ ar,
= iV w o| i 24
dt Z A k m ] @9

=12 i 0’\)9 e
This has a form similar to Landau damping, but it is not physically the same because

20 Landau damping (growth) is a linear phenomena and this is clearly non-linear.
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This increases the wave energy, i.e., lons noving slower than the wave
reflect if and the wave | oses energy at the rate The net results is

si npl i fi estowddnostie change of variable vq ' =vgq -vw, i.@CT/US@6/008251 _
approximgtion results in This has a formsimlar to Landau danpi ng, but it
is not phY&S call y the same because Landau damping (growth) is a |inear

phenonena and t cl n}% non-1linegar.nce |f 11, =r ,there is no
change in the &é%y (W )@!k ar’™ V\LP@? the wave ﬁ@jergy decr eases;
for Avw <0 the v@’vee |Tncreas TBs 1s s lar to the interpretation
of Land he first case Avw>0, there are nore ions going

sl ower ?ﬁa’n 1 ﬁ’et %ﬁ@senot apecrin diegrave sprameibve > ith &t W e Oethiegye teteases. | n

t he oppogdctelsct e ANV WO thdlwateRBe bR UL ERET BYs is%ﬁﬁﬁa@%@ﬁm 1%%reta%mg§ Clase

applies to maintaining the i on &nergy and nomentum W t adrupol e

cy@ ot r ohandghdagnpizg. do rcheet‘nttzogsa Ane,. > O higerd atgl ﬁntblte m%iﬁ)lﬁg[' slwtvﬁgﬁa;tﬂérﬁfgg : isl I gr t g

convertey. S. (22) a can use 0 eval uate

f usi on ré\lﬁ%thFr ’]gﬁﬁ}?ria gﬂ%& “F%F@e%\%ﬁ‘eaquaﬁktﬁléf’?@ﬁ”? E7SE W, ﬁ@n@ewmh V\c/iv -rw =

det er i hag By B (B rmeRRRE ptes b S QRN S BRI £ ' <
et erm ne s and .

repl ac edqllﬁ9m¥f@i€ eppjotront tTélS\laPlu‘@naerEh&@baﬁ dermo\tlgiresvﬂm balmmf& ascohaenser. 30;Jnd

of the e i acconmodat es

Do 1y pegtiop?aid eitin pobich d Auele s ERRGLIY 0Pl Resiareonpiody | o

cdOcul ati ons ﬂhﬁpﬁ‘(ver)transfdnahttoehetlbmmelna; WAL =D i, WiskEiof el vélScigbRUt A

factor of 10 less than the maxi num gap v?Itage which is 2V . This wll

determine the limtations of thisopf od - KF drive. Vwill be limted by

t he maxi num gap vol tage that can be sps#ained which is probably about 10

kVolts for a React or Requirenents For current drive a power Plis
pr ef er abV§ere Flg/r(gf %-,Srqe%&ntnédl’hgqfi G angt 2Fk equency w, and a

To simplify the integration ®@,(r) is replaced by @,(r,), the value at the peak density

which is a lower bound of the wave amplitude.
15 ( ) IE(NIT,) [26 q; A )} (26)
N, is the line density of ions. 7=1,2 accommodates two types of ions which is usually the case
in a reactor.
Detailed calculations of F(r) indicate that the wave amplitude @, (r,) is about a factor
of 10 less than the maximum gap voltage which is 27,. This will determine the limitations of
20 this method of RF drive. ¥, will be limited by the maximum gap voltage that can be sustained
which is probably about 10 kVolts for a 1 cm gap.
Reactor Requirements
For current drive a power P; is preferably transferred to the ions at frequency w; and a
power P, is preferably transferred to the electrons at frequency w,. This will compensate for
25 the Coulomb interactions between electrons and ions, which reduces the ion velocity and
increases the electron velocity. (In the absence of the power transfers, Coulomb collisions
would lead to the same velocity for electrons and ions and no current). The average electric

field to maintain the equilibrium of electrons and ions is given by

271, (E,) = IR (27)
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power Pe is preferably transferred to the electrons at frequency we. This
w Il conpensate for the Coul onb interactions between el ectrons and ions,

whi ch r edwoeasodideer7zon vel ocity and increases the el ectreaorask@siovses{ hi t he
absence of the power transfers, Coulonb collisions would lead to the sane
velocity for ehegtrons and ions and ng}ﬁégrrent). The average electric field
to mai nvapl kheegui Pios thepugentamng deng and ions is given by 2pro (Eq ) IR
(27) N e where ”:--( ,. - we) is the current/unit length and 2p R : =
2pr0)2m (N Z1Tt1 N2Z2m Net eMohtnP Mz ins NE,#,8si stance/unit [ength. Ne,
Ny, N > are |line densitiesf ahd i ons| Ne = N1Z1+ N2 2 where Z ,
Z2 are atomic nunbers of the iors; tie and s°&re nonentumtransfer tines
from | Ol RBlLERKAhen NE, A KL AGPCLERKIES 6f ddoRbab dndidiie same for | ons or
el ect rons because =KL f or quasi -neutrality and the charge is opposite.
The poway, £ Nt +Ug] wheretd afysteatoret numbe of the inps; /s aph e FREIOPERBM t hat can be
extracted fromelectrons is where | iq =Neew 6@2@ and %} eq = Neewe / 2p .
For r ef trehsferginygs diem ives tRelegronse Theaverage plepkdy fgd 13 Bp Fae rﬁg‘s ghy energy at
rates g'ei’e@&o@%eéaﬂ& f\fué']\f?@ortq]hﬁg?—ﬁe&ﬁligxl anfl tHtlchbrg¥ 1sloppéiike! FRe power khabidudtsv) 2 ; n
and 112 are plasnma 16n densities and (sv are reactivities. The magnitude

w || be bseamsidsd tdthe ionajiect ed neutrals (to replace the fuel ions that burn
and di sappear) will ionize rapj dky and accel erat %ue to Coul onb col lisions
up to the average ion VeFd&hfsiben a tinme of the 2? er of mlliseconds (for
reactor densities of order 1015 cm 3) . However this requires an addition

to (EQ) a&ﬂﬁ%lggg&ﬁ%%iﬁl%e tﬁ%agtg@ﬁ&fneeqecﬁ{glsqgvx/er to maintain a steady state.

The addi® Wi I'ncrease e required power transfer by about a

f@gt or of two (2). The p@_ﬂ\ﬁgmcper‘(ggﬂ provi ded for (zyrrent drive and
refueling wthout exceedin t hé” waki num gap voltage anplitude of 10

kVolts/cm Considering that the frequency will be 1-10 Mega-Hertz and the

magnet i Gyifekel d=W b / De a6d 19Ederrn10@ .kGauss no breakdown woul d be expect ed.
The power that mist be transferred for current drive and refueli n%gi S
simlar for &oyretugtingwith theRFelrive thediel npayhe yeptacribatiany RGO yaies S1ven

Mega-Hertz _has been an, established high-efficienc echnol £ or many
years. TheflsiopHBys Ge§g/ ’il@@%l eh&fr2 G 512@2@{8 I"gcf“r%]gélé a‘%r?r%atsglgdon Rl e
(av) are reactivities. The magnitude will be seconds. The injected neutrals (to replace the

15 fuel ions that burn and disappear) will ionize rapidly and accelerate due to Coulomb collisions

up to the average ion velocity in a time of the order of milliseconds (for reactor densities of

order 10" cm™). However this requires an addition to (E 9> and an addition to transfer of

power to maintain a steady state. The addition is

5<E0> _Ve— Ijba NZmy n N,Z,m, (30)
Ne Iey lps
20 which will increase the required power transfer by about a factor of two (2).

The power can be provided for current drive and refueling without exceeding the
maximum gap voltage amplitude of 10 kVolts/cm. Considering that the frequency will be 1-10
Mega-Hertz and the magnetic field will be of order 100 kGauss no breakdown would be
expected. The power that must be transferred for current drive and refueling is similar for any
25 current drive method. However RF technology at 1-10 Mega-Hertz has been an established
high-efficiency technology for many years. The method described that uses electrodes instead

of antennas has a considerable advantage because the conditions for field penetration are much

36



of antennas has a consi derabl e advant age because the conditions for field
penetration are nuchnore rel axed than for el ectro-magnetic waves. Therefore
t hi s nmet wo 2mulocg77lave advant ages with respect to circulpariusgogeoves: and
efficiency. Fusion Significantly, these two techniques for formng a FRC

i nsi de afiorardtaxet dianiE@riccsy-siagmtid 8@ vele Tharefordhiabethed vouldge hdveetagesan resul t
in plasmasg havin ftr)rq(izg.erti es sii@abl e for causing nuclear fusion therein.
Mor e partidgrary o eV SBh 8 It hese net hods can be accel erated to
any desipugdn!l evel of rotational energy and magnetic field strength. This is
crucial for fusion apﬁ]:ei cations, and c| assical confinenent, of hi gth-ener ay

fuel beans. SignififanthsArFrRREINGYSTRNOTINE 2 FRE BT o 2 PRAPEaCBHwEHossi bl e

tostrap 3@6?1?5%99@&. v P BRE LAY reRlIBR PRsREaN® ideQhropeieh kGlBRtfoRALdiRES of time
to cause a fusion reaction therewwth. To accommodate fusion, the FRC forned

by t hesewpleatHoden fherepx: eMlar atrtigularbt SlediRat Bemedbypese opsliods ean hs\pagelergipd
rotational ener and net i i el e EON, .ation.
Fusi on, q?l(%n veeSIrrg%te‘éeE gr%?%orrlaéaﬁﬁré}}eﬁlgq%%‘%t%%wa?&ég?' f)f?ﬁ [1)ﬁ(")|y§¢?%a f@%ﬁ%i tions
for any applaatibmunt olakddabedpliaesent bfihigitehdrgyaing] Heama clhitiev@néfidneni gygtembum up  of

the fuel and optain a positivye ener bal ance, the fuel has.to . kept in

this st d0D CrRraibede HaEREn PLroar o BRERUEp BTG R ropESiethls | o

i npor t aferio@SoMingho kaudeh figiohesleesthee®itRnd/ or energy characterize a fusion

rel evant state. Creation of this state, therefore, . re ui@es size%&ge i nput
s

of energy, whiockcamRodsi fsien thedRsy former bt thessarethnds ispaelprably aptselert

f usi on. HeNseq - i]ﬂggggtq};fgmggpe b ReafMeicchasiso be | onger
than i tsd%grl? H&tgl me. %"[Ia'%?a?o?éelg %gf&g{da posi tive eﬁgéj_g;}/, bal ance ané
consequdsioy, Imstevemendpyto caquipert parficidirged dfipbysival erddionaifye awyfreadiien fr tekent
invention is.that.the confinenment syst ' |,n are
capabl e pg?cel ghﬁ{%glooﬁf t|°r%lghr%‘aévr‘?te f?ﬁler?é{s’?nliu%@??ﬂeg%%fa ?é\gﬁn%ﬁta%t% ?ﬁr‘éés&[%%z{% g%%ceéed fuel
bum t i nase full hagpé bakepsinahie sth@rsubstmitialty irshadghdifr polmgatpeioizetinby Thie

fol |l owi ng. physi cal. conditions (which tend to vary based on fue] and
oper at i rfg lrfeﬂﬁ%’@?tf asRigh g‘a‘ét“’it?i‘ﬂpetr%?‘?“ﬁépg(?ﬁ?nggy i¢ arﬁct?%ﬁﬁzﬁ%?n rﬁ%&ﬁﬂ"{% B85 to 230 keV

and pr efeeanboriis fate NGRS REGIS sBLIEMpQf 2RDek MicAEH PP beteeeteredn
tenperature: in a range of about 30 to 100 keV and preferably in a range of

about 801 mestigthades) vagrisres fisiadn év gy obredianes. fhraonreairgt (rapibt 8¢ bai° beans
and cir ll@ﬁ%}ep haR 25TR tip‘ﬁa Fhis 1daRs B 4 lgg{g/&t@% &ger%h%bcél-ﬁﬁ KENgRugnd MV and

preferably 1h a range of about 300
20 energy output.

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

25 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 a
range of about 80 to 100 keV

Coherent energy of the fuel beams (injected ion beams and circulating plasma beam):

30 in a range of about 100 keV to 3.3 MeV and preferably in a range of about 300 keV to 3.3
MeV.

Total magnetic field: in a range of about 47.5 to 120 kG and preferably in a range of
about 95 to 120 kG (with the externally applied field in a range of about 2.5 to 15 kG and
preferably in a range of about 5 to 15 kG).
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Total magnetic field: in a range of about 47.5 to 120 kG and preferably in
a range of about 95 to 120 kG (with the externally applied field in a range
of about W0204e098H2kG and preferably in a range of aboulPCh/useobs0s251

kG .C assical Confinenment time: greater than the fuel burn tinme and
preferably i Qlasita@afitdmeabiné: dbatérdhdb(be etloma§me kudprefecblydensinggofin a
range of aboqut 1014 to | ess than 1016 cm 3 and preferably in a range of
about 1°q% P& 1@ seeod 3 . Total Fusion Power: preferably in a range of
about 50 to 454 ikIM&Bk 1A WesmPer abei 10 16 ashean 10’6t byd fefemblydnmodat e t he
fusion state illustrated abpve, the FRC is preferably accelerated to a

| evel ofranggloéplast 19 otoakli ol energy preferably in a range of about 100 keV
t0:<3.3 MV, g . I f KRR EWerler ém 3f MV, and
a [evel of m%gﬁégﬁﬁ}%“ﬁg%g%%égﬁha%P%@g%lﬁjoﬁﬁ@? rxgﬁr%ge(lﬁof aﬁgout 45 to 120
kG and dmmberpengfler ably in a range of about 90 to 115 kG At these |levels,
hi gh energy i.on beans i gh ar I ¢ i bed
above, can b Oiaﬁ‘foél%: Oedﬁ te%? %‘S]toﬂgg?i‘%%ggéﬁé %gogfgptggﬁgg?% I%Ef%égglpﬁ@%ééggéﬁ{eoam | ayer
wher ei n d1be] pf @sBRnbheanvia asrarecfamblydt & caké yf abomflioA&dV &andl3 MY, phdasnma beam

Femper ante Pres Bt enroh e EER A Vet e PR M houne of
brignmsst r}ﬁ‘gﬂeﬁlﬂ? ih RNt bOboutM3it6 MECRR, an@bdded Pefetablyl i@ adarle® of @dueddtse 1£ner gy
| osses. The electrostatic ener g%e wel | of the present inventian Elréovi des an
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20 the fusion cross-section is a function of ion temperature. High direct energy of the fuel ion
beams is essential to provide classical transport as discussed in this application. It also
minimizes the effects of instabilities on the fuel plasma. The magnetic field is consistent with
the beam rotation energy. It is partially created by the plasma beam (self-field) and in turn
provides the support and force to keep the plasma beam on the desired orbit.

25 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. 3 and 5). 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 (fusion

30 product ions have much higher energy than the fuel ions), the fusion products can readily cross
the separatrix 84. Once they are beyond the separatrix 84, they can leave along the open field
lines 80 provided that they experience scattering from ion-ion collisions. Although this
collisional process does not lead to diffusion, it can change the direction of the ion velocity

vector such that it points parallel to the magnetic field. These open field lines 80 connect the
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Energy Conversion

25 The direct energy conversion system of the present invention comprises an inverse
cyclotron converter (ICC) 420 shown in Figs. 22A and 23 A coupled to a (partially illustrated)
power core 436 of a colliding beam fusion reactor (CBFR) 410 to form a plasma-electric power
generation system 400. A second ICC (not shown) may be disposed symmetrically to the left
of the CBFR 410. A magnetic cusp 486 is located between the CBFR 410 and the ICC 420 and

30 is formed when the CBFR 410 and ICC 420 magnetic fields merge.

Before describing the ICC 420 and its operation in detail, a review of a typical cyclotron
accelerator is provided. In conventional cyclotron accelerators, energetic ions with velocities
perpendicular to a magnetic field rotate in circles. The orbit radius of the energetic ions is

determined by the magnetic field strength and their charge-to-mass ratio, and increases with
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accel erated. Thus, proper phase matching 1s essential for acceleration. In
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25 relative to the oscillating field. All of the ions would then reverse the trajectory T of the
accelerating ion shown in Fig. 24A. As the ions slow down due to interaction with the electric
field, their kinetic energy is transformed into oscillating electric energy in the electric circuit of
which the cyclotron is part. Direct conversion to electric energy would be achieved, tending to
occur with very high efficiency.

30 In practice, the ions of an ion beam would enter the cyclotron with all possible phases.
Unless the varying phases are compensated for in the design of the cyclotron, half of the ions
would be accelerated and the other half decelerated. As a result, the maximum conversion
efficiency would effectively be 50%. Moreover the annular fusion product ion beams

discussed above are of an unsuitable geometry for the conventional cyclotron.

40
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the open field lines 480 of the CBFR 410. At an end furthest from the power core 436 of the
CBFR 410, the ICC 420 includes an ion collector 492.
25 In between the CBFR 410 and the ICC 420 is a symmetric magnetic cusp 486 wherein

the open field lines 480 of the CBFR 410 merge with the field lines 496 of the ICC 420. An

annular shaped electron collector 490 is position about the magnetic cusp 486 and electrically
coupled to the ion collector 498. As discussed below, the magnetic field of the magnetic cusps
486 converts the axial velocity of the beam 437 to a rotational velocity with high efficiency.
30 Fig. 22C illustrates a typical ion orbit 422 within the converter 420.
The CBFR 410 has a cylindrical symmetry. At its center is the fusion power core 436
with a fusion plasma core 435 contained in a FRC 470 magnetic field topology in which the
fusion reactions take place. As noted, the product nuclei and charge-neutralizing electrons

emerge as annular beams 437 from both ends of the fuel plasma 435. For example for a 50 MW
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Vo

g8,

where Q, = is the cyclotron frequency. The rotation frequency of the ions is in a range of

about 1-10 MHz, and preferably in a range of about 5-10 MHz, which is the frequency at which
power generation takes place.
25 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 7,. It is quite feasible experimentally to

reduce the axial velocity by a factor of 10 so that the residual axial energy will be reduced by a
factor of 100. Then 99% of the ion energy will be converted to rotational energy. The ion beam

has a distribution of values for vo and ry. However, because g is proportional to vq as
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ot 1 cf enitef bt oS ARGl Koic Al kb chlits ROETEN, iRl
associ at ?6’51’[ Wet B sQQRMRNhE ORALy ©HEQbH GNSiencihen lighied kL5004 Bhetto Ble ihiSialal SO

i mpor tan It also oscillates and produces a net effect in the radial

di r ect i ophashproblemtassaeintadivethreanntioegl exslastops.t Bretalpstresrficdd Falis alswdmngrtamitt h zer o
vel ocity_in the plan r endlc r.tot Xi s in Fi 22C..The process
by2%hi chlidbAgsay esa?Fl&/B{f)) S34FE %%éﬂh}e§acg?eir‘?frfs%{’ronf%atf%gniﬁl? RETHIECE Y st r ong
f ocusi ngd @bridiSal MULRSHE et el R ihE pRhe PRERERURELEhELHM QrsFasS2AtEsCcr i bed

in US. Patent No.
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
25 if the magnetic field has a positive gradient. A strong focusing quadrupole doublet lens is
illustrated in Fig. 26. The first lens is focusing in the x-direction and defocusing in the y-
direction. The second lens is similar with x and y properties interchanged. The magnetic field
vanishes on the axis of symmetry and has a positive radial gradient. The net results for an ion
beam passing through both lenses is focusing in all directions independent of the order of
30 passage.
Similar results have been reported for a beam passing through a resonant cavity
containing a strong axial magnetic field and operating in the TE;1; mode (see Yoshikawa et

al.). This device is called a peniotron. In the TE;; mode the resonant cavity has standing waves
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2,736,799. The conbination of a positive (focusing) and negative | ens
(defocusing) is positive if the magnetic field has a positive gradient. A
strong f owowespeguadr upol e doublet lens is illustrated iPOTRISgo06BE825The
first lens is focusing in the x-direction and defocusing in the ydirection.
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a much hi ghe dis@spendyorbit 422 Mriz)paaiol witgnge iCC #20is disitted jn Figr@Cgy
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spect r urktéT repievas QRIS Bﬂ&%PLtt‘F’fé“%‘fl?tPOE‘iaEﬂE?‘ T ESHE RS ST @xi st ence of
tyg ki nqmcenfa_{roﬁ.%oﬁ élt&ilig% SorChaliRAY ) sPrADH&M the Wnethhe 1RTCTGNe BEY 16ing
conversion is adequate for a D-He3 reactor that produces 15 MgV protons. A
singl e phe mitiel wiasiondl enegpcdngerees tpamping pra giralnelihg smerestusyaohednitit st r at ed
in Fig. g : | Yis GRS, bl hRlch@ReRREmR Si M | ar
resul t m%ﬁggg?S%%§ %g#&t%{gﬁﬁg%?aﬁgg%tp%ﬁ% on etﬁ{ erilng atbsoerjre radi us

ospi r al sinitialghasdwe thae Ay pirtices drb dedeC@tain @hadamrat lhgdomeplie¢ter ¢ndiof ihgllCrdt at i onal

energy converges t .point on.a ci,rcle of the s [ adj inni tial
condi ti &%lnﬁgﬁﬁﬁgﬁl&ﬁgd&?%@?ﬁ%e a %¥eféoc%twog@{£§ r?@?és@s%ﬁ%%{]&)} Sbut it

i 351 ndepgRdRIdengfy cohespbitiiidlialncRhager@e sihpktpanicle apaktrictibhg sifiaicacyde©8er at ed.
The beam at the ion collector end of the I,%@ IS aogla' n annyl.ar and of
similar igifeshilsi Baeeverrarions fagtory SPAcas PFPaRITICT piat ‘:f‘&%@yﬁ thg apnplaTy - o 10
and the (eASjcld RHESHROBIINAL ody GREBRLIAGKy By BIAGER, PRehioGhGean
extracting efficiency of 99%is feasible. However, various factors, such as

per pendi eteetionrvestubit ieah aliout hd P dfloindimieferably abent SHE M BefiBradditiondnt er s t he
converter, pay.re IS ficie 9 i r

ext 1 act SR EREESod Bigeiy S Rler RgARAME P R BV B it
acddi ti onal rexishdwnin Higs. 2dhvuad 23R nltehitiveiembedimdute of the plovierdeswadires oni ng to

emhoal mebb R Ea2Bmst neie ME Mot el BB i S BRI el ude o

symet r i §adiro8&Mmo4 lat Bpbraswatiett i@dedeandbor tapered el ectrodes 494 that

taper towards the ion col]ector 492. .
P 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. 27A and 24B. Both
25 coil sets 500 and 510 involve adjacent conductors with oppositely directed currents, so the
magnetic fields have a short range. A magnetic-field gradient, as schematically illustrated in
Fig. 27A, will change the ion rotation frequency and phase. A multi-pole magnetic field, as
schematically illustrated in Fig. 27B, will produce bunching, as in a linear accelerator.
Reactor
30 Fig. 28 illustrates a 100 MW reactor. The generator cut away illustrates a fusion power
core region having superconducting coils to apply a uniform magnetic field and a flux coil for
formation of a magnetic field with field-reversed topology. Adjacent opposing ends of the

fusion power core region are ICC energy converters for direct conversion of the kinetic energy
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fusion f(l:Je eﬁ?(c)arﬂggég%ém?@ a@%%t%gﬁe%gé& chgbrggédgr‘?@gf (Zl eggge he%eggg%%@hsgurt her
colfpr i sedesarirdghetei © churddddo generdatf dre [BH5T caae 83frand mitergerits appnaximatblywnll and
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ends of the power core 836 in the form of annul ar beans 837.. As descri bed
above, ¢ PRI DEsers e spiestt Heir it BYFr&Rrmioffs e anegy F%%ﬂetﬁrva s, and

conver t sgidigibsikdrR@hdjfccRINRE Sitied Al O Ble @O HvEl DreNBRLAY dirdis TRIRG It Q%sh € 850
is positioned adjacent the other end of the power core 836 and directs the

r ¥ai ni nroflyE particley wépumacema thrig Te d'hi armylas heare 8 BsoftfhyiesproquctsTiisamafiond ar beam
837 of fusi - : i 836
0 lé%fé dp%]ﬂ o2 %i}ﬁ;loﬁ{e% é‘o?ﬂ%i 6|r a%%ﬁggfgbgd §&9 899 infd e IS RANPONELy COr e

along fi i nes or energy
conversion and from the other end of the power core 836 along field lines 837 out of the nozzle
850 for thrust T.

Bremsstrahlung radiation is converted into electric energy by a thermoelectric-energy

25 converter (TEC) 870. Bremsstrahlung energy that is not converted by the TEC 870 is passed to
a Brayton-cycle heat engine 880. Waste heat is rejected to space. A power-control subsystem
(810, see Fig. 32) monitors all sources and sinks of electric and heat energy to maintain system
operation in the steady state and to provide an independent source of energy (i.e, fuel-cells,
batteries, etc.) to initiate operation of the space craft and propulsion system from a non-

30 operating state. Since the fusion products are charged a-particles, the system does not require
the use of massive radiation and neutron shields and hence is characterized by significantly
reduced system mass compared to other nuclear space propulsion systems.

The performance of the plasma-thrust propulsion system 800 is characterized by the

following kinetic parameters for a 100 MW p-B11 fusion core example having a design as
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conversion and fromthe other end of the power core 836 along field lines
837 out of the nozzle 850 for thrust T. Brensstrahlung radiation is
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870. Brensstrahlung energy that is not converted by the TEC 870 is passed
t 0 a Br aydpiteddy Fige3heat engi ne 880. Waste heat is rejected to space. A
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hi gh speci fi ca ikopmission pWiren@ingwSod Bktriifghullpidriverikley Bls@airh hRss. dfhea space
craft utilizing the plasma-thrust propul sion system A key m ssign

per f or maPRSa} FRSLOMGANGRSt IR fhe Plasmadpst Ppppebsiopashiien 8Q0 g Lsudtehinddss. The
Pri nCi paby [es. SRIRGRERLS 8b S ifesRbASMldY SHIVPLORKLSE BRSS! RIA00 ar e
illustrated in Figs. 3 1 and 32. The fusion core 835 requires approxi mately
50 MW of statajoperttinh. pldwesystdnp genstatea dyrsoximetebperMW eimuclprrdpaiidemwgohelfat es
approxi mat el.y, 77 MN of . nucl.ea | § i ch 1 s recovered
TPt he. apt g B et NS UENTR e B bl s B Bt hcitily el °C0

add t i onadditichabl INVWIVE iseediedo tuGtasuitht sdactot, vdichéspmboided hthe TECS7prnd/i ded by
the TEC ﬁé‘o and Br aiyt Bg heat engi ne 880. The principal source of heat in
the pl ashEYRMTEBEMEFEbul si on system 880 is due to Bremsstrahl ung

radi ation. The pHeGp8iBulce 60Neal i tiRRisaithmbiet Mo%@gf@&iyskﬂl@% adattd on, or

4. 6MN transferring approxi matelg 18.2 MNVto_ the cl osed-cycle, Brayton-heat
engi ne sBrmsyirblpeasdigonndhe TEBAGI N eecodr prmpimady 28700é e redidivanter ~ 860,

turbo-al h%W,t tpc{nséﬁﬂ'fg apPIRIMERBPI8.2 MW to the closed-cycle, Brayton-heat engine 880.

15 The Brayton-heat engine 880 comprises a heat exchanger 860, turbo-alternator 8§84, compressor

882, and radiators 886, as shown in Figure 31. The Brayton engine 880 supplies the remaining
7 MW of power needed to sustain the reactor, another 11 MW is dumped directly to space by
means of radiators.
A closed-cycle, a Brayton-heat engine is a mature and efficient option to convert excess
20 heat rejected by the TEC 870. In Brayton engines the maximum-cycle temperature is
constrained by material considerations, which limits the maximum thermodynamic-cycle
efficiency. Based on a standard performance map for the Brayton engine, several design
points can be extracted. Typical efficiencies can reach up to 60%. For the present case, 7 MW
is needed to be recovered, hence, only a 40 % efficiency in converting waste heat is acceptable
25 and well within currently attainable limits of conventional Brayton engines.
The component mass for the entire Brayton engine (less the heat radiators) is calculated
based on specific-mass parameters typical of advanced industrial technologies, i.e. in the range
of 3 kg/kWe. Turbomachines, including compressors, power turbines, and heat exchangers, are

combined for a total subsystem mass of 18 MT.
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appropriate for space applications wul'd be an nductlon i nac or
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di st ri bubekbre. oy dohee liseegdidd fof each accelerator. Both the injector and the source are well

within currently attainable limits; with design refinements for space their total mass, including

the sources and the accelerators, should be about 60 kg.

25 The cone-shaped ICC direct energy converter 820 is located at one end of the reactor 836,
which is preferably made of stainless steel. With a base radius of 0.5 meters and a length of 2
meters, the ICC mass is approximately 1690 kg. An RF power supply 820 (inverter/converter)
recovers the directed-ion flow, converting it into electric power. The power supply mass is
about 30 kg. A storage battery 812 is used to start/re-start the CBFR. The stored capacity is

30 about 30 MJ. Its mass is about 500 kg. Alternately, a fuel cell could also be used. Additional
control units coordinate operation of all the components. The control-subsystem mass is
estimated to be 30 kg. The total energy converter/starter subsystem mass is, therefore,

estimated at about 2.25 MT.

A magnetic nozzle 850 is located at the other end of the fusion core 835. The nozzle 850
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particular form
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di scl osed, but to the contrary, the invention is to cover all

nodi fi cations, equivalents, and alternatives falling within the spirit and
scope of wbeoapperided cl ai ns. What is clained is: 1. A reariuseochesIser
conprising a cylindrical chanmber wall having first and second ends, and a
pl ur al i twha@fs dldxsed &1 i ng breaks extending axially along the chanber wall
between and in spaced relation with the first and second ends. 2. The
chanber of clai m 2 "AREF SlRPROEHOPIST & i ty of insul ating breaks include a

sl ot formed ipyldagc4t BRAORE wiiRhdvingfirstihe seddaabek, 48 claim 1 wherein the
chanber wall is forned of netal. 4. The chanber of claim.2 wherein,the

plurality of aphealitaefiingylasing bieaksi etendiae 2xialy Heng the shagbrayat beiveqnfddim ed i n
t he sl Ots'ac?drem%n%gﬁ ek 0faGlBhdthswherein the insulating material is a
ceram c N8 R o e %h Jine

erra anper of claim4 further conprising a plurality
of shrouds posi t i Glreethambérhif plainh & whbainthe plarstityof érsulatieg braakslisalydeg sidht eri al .
7. The &ha er of cl.ai mﬁl further conprising a sealing plate extending over
the sl otommgd HhE R ¥pllof ¢ aim 7 wherein the insulating material is

coupl ed to the se@hd dhgmpéraffelain1 wheeircthacthetbeokaltis dormed of metaher conpri si ng
a neans for formng a seal between the seal i.ng pla d the chanber wall.
10. The chanfler o g%qhélinh’?@f\ﬁ%’? %i‘”r]ilelieﬁ’eth‘églélfailhﬁ’go%‘?s&tagn a.@re lﬁr“i‘rcé‘b‘gfapom
fibergl %la@ﬁ%ﬁ{a{eﬁh}in%;tedﬂhﬁe ghanmber of claim1 further conprising a

magnetic field generator coupled to the chanber for _generatin

. ; ( : . g a
uni di recti ondl nagheeharberofcldingf piersin the insHalsapateniad Is aqEnin BSERL of cl ai m
11 wherein the magnen].c,fielg, } QAU Etatety BE s bisi@ineii € d coi l's
ext endi ng azi%'rmt hgﬁﬁe{/}fa%g%ﬂuot?Cgﬁggglgﬂrghl%netnéér mg gﬁgac anber vvlgl Sil. nfS. The
chanber vafhicthaichardlRr wiveover the idselaphgmnatkiialy of field coils are parallely
oriented to qne anpther, 14.. The chanber of cl ai } lurality
of field coi f}s i n@ﬁ%‘glé‘glb?ri Oég{alr%%éu@}ae(r: ondsets So?lmﬁi%r?a}e\gér;&{:n?li so&gr%g%) The
chanber gft. cl aim 11 further conprising a betatron flux coil extending

8. The chamber of claim 7 wherein the insulating material is coupled to the sealing

plate.

9. The chamber of claim 7 further comprising a means for forming a seal between

the sealing plate and the chamber wall.

10.  The chamber of claim 9 wherein the sealing plate is formed from fiberglass
material.
11.  The chamber of claim 1 further comprising a magnetic field generator coupled

to the chamber for generating a unidirectional magnetic field within the chamber.

12.  The chamber of claim 11 wherein the magnetic field generator includes a
plurality of field coils extending azimuthally about the perimeter of the chamber wall.

13.  The chamber of claim 12 wherein the plurality of field coils are parallely
oriented to one another.

14.  The chamber of claim 12 wherein the plurality of field coils includes first and
second sets of mirror coils.

15.  The chamber of claim 11 further comprising a betatron flux coil extending
concentrically with the chamber wall.

16.  The chamber of claim 15 wherein the betatron flux coil is position outside of the

chamber wall.
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concentrically with the chanber wall. 16. The chanber of claim 15 wherein
the betatron flux coil is position outside of the chanber wall.17. The
chanmber oWocb@i/oyw2 wherein the betatron flux coil incl edearsaooploos2al ity of
paral |l el wound coils. 18. The chanber of claim 1l further conprising one or
nore i on bean7i nj dht ohsnter bivdgandlwieeinthd betadorafluxycodipandetds & plumligy of

| ongi tudin axis of the chanber wall. 19. The chanber cl aim 18 wherein the
i on bean?airﬁie&‘,’?‘dﬂdscoﬁlﬁcl ude a neans for neutralizing the electric charge of
the ion beans gem tithe@dhdiybet BEcldiAN RRRINCOMpREEDE R or 2dre ibhiBedhmfdaREs Of claim 1
further conprising a plasma source for form n% a annul ar cl oud of

backgr oueidhogpras ipand sty spaceh Samerlongiydisplaxis of she chamberllnber of claim 1
further comprigsi et ﬁlgmmﬁérén%q&& 6%nd b8 ihdifidla AQMs BECONd -ends

of the chanber wall. 22. The chanber of claim 2J 1 wherein the energy

conver t ensitrplivdhgidie elgctpl ghaags ¢fyhegpn bseimms|emyttashliydhwdion feast miactostles wit h

| ongi t udi nal ac ther.e betwe .The . iggg% urt her
conprising a ‘%Pur :‘ﬁlletcyang?er P |Fcelaf11 elgf(l)lft S Cgr%plgsﬁ%]%gp%aos%mg flﬁ(% fper| iter of the
pl ur al i t 3hnofar elbed bl @desourddlasthh evelhdartiembef mil-gama 23 furt her conpri sing
first and second ign collectors and first .and second el ectron cal | ectors.
25. A plasma @ener’lg‘?ic adn‘%eﬁgécgarﬂncloﬁﬁ?‘i@w?@rlﬁn%%w 08’6‘{6?1?”:%‘88%1 P&Fal nozzle
coupl ed }Rt ieeshaekdCotithe chd@ber W28, Pl asma generati on system of cl ai m 25
wherein the shock coil conprises an annul ar di sc-shaped body and a coil of

paral | el wourfd- wi rids chanebee peddaimg Livtherqimbe cprrey saversayinclpde a il As ma
gener at | RS0k Ao M AR INBRIEIN 08 (6L betkSed Singl e-turn coil. 28,

The plasma dgeneration system of "claim?27 wherein the coil is a nulti-strand
coil. 29. The23pl ashie cyenier af dlam 2yetlemcohpisdig apl@plineé fieldwotrxtanilings of the
coi | begj,n, Al acenli Al QU SLi{ RS, AL the body at angularly spaced points
and encircle ertace o e body one turn ending at an inner radius of the
body. 30. The4pl ashe chetiet af dldm 2Sysitiemncahpidig) fis20d sdvendion coteetons arels of t he
coi |l begi.n at, the perinet ?r of the body.
first and second electron collectors.

25. A plasma generation system comprising

a shock coil, and

a Laval nozzle coupled to the shock coil.

26.  The plasma generation system of claim 25 wherein the shock coil comprises an

annular disc-shaped body and a coil of parallel wound wires attached to the face of the body.

27.  The plasma generation system of claim 26 wherein the coil is a single-turn coil.

28.  The plasma generation system of claim 27 wherein the coil is a multi-strand
coil.

29. The plasma generation system of claim 27 wherein the wires of the coil begin

adjacent an outer radius of the body at angularly spaced points and encircle the face of the body
one turn ending at an inner radius of the body.

30.  The plasma generation system of claim 29 wherein the wires of the coil begin at
the perimeter of the body.

31. The plasma generation system of claim 26 wherein the body comprises a hub
forming the inner radius of the body.

32, The plasma generation system of claim 31 wherein the Laval nozzle comprises

an annular disc-shaped nozzle arm coupled to the hub.
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31. The plasnma generation systemof claim26 wherein the body conprises a
hub formng the inner radius of the body. 32. The plasna generation system
of cl ai mB0 20dwvei’d the Laval nozzl e conprises an annul acTtaiss@scsbeped
nozzle armcoupled to the hub.33. The plasma generation system of claim 32

wherein a fage of ThdiflasmidRechaefidtGyithe ohtlbinf 30 Wherain adiveuwlf dic ash &péarg tims pl enum
and a constricting-expanding nozzle with a face of, the hub. 34. T pl asma
gener at i Wh feryps pa pmsdar shaped e plenymy 8d A CRRstRsTng eRRpNAIng PpFE Vit Bee @&Ee

channel s formed in the hub and in comunication with the gas plenum 35.
The pl asma generation system of claim 34 further conprising a valve seat

ri ng havi ng &4pl ufb¢ plagmagenerationesysiemos claim 3hbiethey comptipas ﬁPﬁ‘FaéEF}i figadf gas
channel s, 36, .The .pl as enerat i on. | aim?26 further conprising a
shroud c lﬁ%@escfo?%edtnﬁ%e%glgg?({]%fsﬁ%%{r}rlg%ﬁ%@moﬂtﬁég%%&?ééﬁn hg a pl asma conpri sing
t he steps of 3di st Thbplhsnrggeacmewtt systtmgéslainy @4 fuatheraiompofingavallé ekt nagund Wi r es

of a low i nductance shock coil, en i zing..the cojl w ndings, and ionizing
t he gava?aﬁ’t“& aé’ﬁ'“ﬁiﬂg}é va ‘?SQ?atﬁ'ﬁlégnﬁ‘gWﬁﬁgw@#ur%}%Pﬁgaé7h?n3¥\ff'her conprising the
step of ejectigng trhephahdBieiati@sdyBedo@Blin1B6 Sl cotPtibing 8 Shrodde@upied hod of

claim 37 wherein the step of energizing the coil includes energizing all
wi res oftofhdodpi | . 40. The nmethod of claim37 wherein the step of

energi zing t coiyl LG SerS8 a1 Z A Qoo dif &f wires and energi zing
a second set r}gf V\nArrgs .a (%Fejg(ré Cg gr%eag%t er mon%dlagsrr%aﬁflgsof time. 41. The met hod

of clai m 38 wimeniteiting & heutsi ggs ovér aajod of Paveflel weupd wisereofianey indegansp skackng an

annul ar sq ped plasma. 42. A plasnma-electric power generation system
C . coll, . : . . . . ;
conprising’a chanber having a principle axis, a first nagnetic field

gener at or f orenegdigithgcadinviadingyitdial | y symmetric nagnetic field within a
central regiqgn.of the chanmber with a flux substantially parallel to the
principle axi'¥ugpet @%’I’?&’rﬁﬁ?ﬁma'

38.  The method of claim 37 further comprising the step of ejecting the formed
plasma from the shock coil.

39.  The method of claim 37 wherein the step of energizing the coil includes
energizing all wires of the coil.

40.  The method of claim 37 wherein the step of energizing the coil includes
energizing a first set of wires and energizing a second set of wires after a predetermined
amount of time.

41.  The method of claim 38 wherein the step of ejecting the plasma includes
ejecting an annular shaped plasma.

42. A plasma-electric power generation system comprising

a chamber having a principle axis,

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

a plasma generator comprising a shock coil and a Laval nozzle positioned within the
chamber, and

a current carrying coil concentric with the principle axis of the chamber for creating an
azimuthal electric field within the chamber.

43.  The system of claim 42 wherein the chamber comprises

a cylindrical chamber wall having first and second ends, and
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a plasma generator conprising a shock coil and a Laval nozzle positioned
within the chanber, and a current carrying coil concentric with the
princi pl evexoe/mb772he chanber for creating an azi nut hal pelrastoscoodsel d
wi thin the chanber. 43. The system of claim42 wherein the chanber
conprises a gYylurdigy dfaadultihg bhelks exednting axibliygalbng tht clantesedbbedwemdsd iranda
plurality of i1nsulating. bregks extending axially along the chanber wall
betweenS&ﬁﬁdFﬁ“@ﬁé@@d“?@F%FﬁéﬁmﬁfP Sthe first and second ends. 44. The

system of cl gi m 42, MQQE@I0R cThike45 BAGKINGRI dhotkiBRIChHGEses An afidlbr dtscdi sc shaped
body and a coil of parallel wound wires attached to the face of the body.

45. " The shapsd épdioidelcail of paelishwpwidviraetiechpd tojthe Bogpfflt Bo®urn coil. 46. The
system of clgim gr{’?evg}gtéﬁ'o@altaﬁ?él%ﬁ&gin e dof1Gs £Qhdle RRAFLH.AL an outer radius

of body at angul y-“spaced points and encircle the face of the body one
turn endi ng a6. anThewyeremmoddias 4D herbie throdiyes of the cPH degiy st arpuést ragivgiom 46
wherein . the wires.of the coil .beqi t.the. peripet : 48. The
system dﬂog%?ta?flﬁlﬁﬁw RAE é’loﬂl%ﬁ?g 68%536 By ?fétg%g%d}yﬁ)& ng%rﬁdltn{%at? ﬁg%lernner

radi us qhdibdwerthoshdy. 49. The system of claim 48 wherein the Laval nozzle
conprises an annul ar di sc shaped nozzl e arm coupl g t.o the hub. 5Q. The
syst em of cl 47'm 4a8hsyete®;of clain 4¢ é’hﬁﬁemtﬂI‘FeW’é‘?srﬂ%ﬁgcﬁoﬁ %A &t HEBCHUTHS! an
annular1ﬁpg9§d gas plenum and a constricting-expandi ng nozzle with a face
of the hub. 51. The system of claim50 further conprising a plurality of
gas channel s 4Bor ndbe systemind claim 44 méetein thobpdy spaptsedn hi formingdhegarerp| enum
52. The sy | aim 51 further conprising a valve seat ring had a
pIuraIif§g§#&32$%§&Seats aligned with the plurality of gas channels. 53.
The system of49c| aiThe ddtefnfclaen 48 sirpringhaiaval siirle gdmpusgp peehnular dise body. 54.
The system af claim42 further .conprising a power conversion systemwthin
t he chaﬁﬁganééﬂe?ﬂﬁ”¥9@$§H£%§M%|ain154 where in the power conversion

system conprisges @&hdsydtel dficlaim B9 shsfemCythéendithecain fadigethe bade®rhoami ng a
cylindri aggxlﬂars s%;}];e%cggs 1iolgnuam ];rildr as éongt?lgtinrg?e ipgn%inogfnotzzqg w?tﬂ%q%)c%ro'f the hub.

51.  The system of claim 50 further comprising a plurality of gas channels formed in
the hub and in communication with the gas plenum.

52.  The system of claim 51 further comprising a valve seat ring had a plurality of
valve seats aligned with the plurality of gas channels.

53.  The system of claim 44 further comprising a shroud coupled to the body.

54.  The system of claim 42 further comprising a power conversion system within
the chamber.

55.  The system of claim 54 where in the power conversion system comprises a
plurality of semi-cylindrical electrodes forming a cylindrical surface in a first end region of the
chamber.

56.  The system of claim 55 wherein the plurality of electrodes comprises more than
two electrodes in spaced relation forming a gap between adjacent electrodes.

57.  The system of claim 56 further comprising a second magnetic field generator for
creating an azimuthally symmetric magnetic field within the first end region of the chamber
with a flux substantially parallel to the principle axis of the chamber,

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

an ion collector positioned adjacent a second end of the plurality of electrodes.
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56. The system of claimb55 wherein the plurality of el ectrodes conprises
nore than two el ectrodes in spaced relation formng a gap between adj acent
el ect r odewo 2606/09¢17Te system of claim56 further conprisi RgTASI@EOBEESITAGNEL | C
field generator for creating an azimuthally symretric nagnetic field within
the first engg.regii@nyaémbhaaiahEneherwbmprising | ux substantially parallel to

the principle axis of the_cha r, an electron.call.ect.or.inter i-ng the
first argesad Bh‘éal%bfﬁ@ﬂ‘Eyllpiiréqrgggﬁ"é’f?ngaft%{}?lggﬁﬁgmggf%{élér&; LT %‘?‘O%%d of the
plurali %@1&{ ofShEGhMBHEFher@A theadBedn@Phgalty 6£dl@ofRTbinbARe thoadihacent a second
end of the plurality of electrodes.58. The system of claimb57 further

conpr i sielegiredes ipaerdplafioa Hiyngs eapditvacy piiagt ¢50todfSect r odes for mng a
cylindrical surface 1!3’[?: f?el@%e&%ﬁl)r %QIJa% %Zﬁﬁutﬁﬁ@ smﬁl@@ﬁrmagﬂ@tﬁ:rﬂdq_ t he
second plurality ofgle ectrodes conprises nore than two el ectrodes in spaced
rel at i onwithor i sepord geipediot efshrchatipeaceit a Bivesbstantiatly raraldite te REBHREI ¢ fi el d
gener at or. f? chea]%i ng an azinuthally symmetric magnetic field within the
second &h§° gﬁic H'SF the chanber with a flux substantially parallel to the
princi pl e axiSseddhd tlb&roaRaldeert int@pssipohel fisst act thichmegietie Gtldizenanttens podi ng t he
first and third nmagnetic fiel eneratorg and adjacent a first end of the
second prigeat p st g1d ithecerwd ,rggﬁ8£§e“g@a?§nﬂq i on col | ector positioned

adj acent a sgcaidd fRGoMcid: BesigseeBdadhnt @kbddenalof Bl eebnopRalibE. The system
of claimb58 further conprising ion beaminjectors coupled to the vessel.

60. The e@y@?@ﬁq of claim59 wherein the ion beaminjectors include a neans
for neutrallzhng GfieeGkackthi SUREAE Qlphilifs iAoARABETLALRA dem Lhe -
injectors. 61,7 A et hod o faopnl ng a field reversed configuration magnetic
field wvekieh a chanber conprising the steps of creating a magnetic guide
field in a chanbe di stri.buti neui ral - i rall el
wound W res gﬁ ! fFBWYFﬁ%‘&?ét’ félnr%g&‘év %rgﬁll%%%ﬁofl }39&21?131 e‘éfé%sl 1?1‘88? Jémg%}s F@rvm' ndi ngs of
t he shoalkugalizing tRnéldtigchiafye ofs idniieama cipit@s fiam tbg agdctong t he formed pl asnma

fromth hock coil in he .ch r al f.ield lines. h i fiel
omthe s OC61. COA methgdooftforﬁlilgg aa HEHS revglrngI <90nﬁgueratcljon mag%gncoftlel& W?thg% de el d,

chamber comprising the steps of

creating a magnetic guide field in a chamber,

distributing a neutral gas over a coil of parallel wound wires of a low inductance shock
coil,

energizing the coil windings of the shock coil

ionizing the gas into a plasma,

ejecting the formed plasma from the shock coil into the chamber along field lines of the
guide field,

creating an azimuthal electric field within the chamber causing the plasma to rotate and
form a poloidal magnetic self-field surrounding the plasma,

increasing the rotational energy of the plasma to increase the magnitude of the self-field
to a level that overcomes the magnitude of the guide field, and

joining field lines of the guide field and the self-field in a magnetic field having a field
reverse configuration (FRC) topology.

62.  The method of claim 61 wherein the step of energizing the coil includes

energizing all wires of the coil.
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creating an azinmuthal electric field within the chanber causing the plasm
to rotate and form a pol oidal magnetic self-field surrounding the plasng,
i ncr easi ngotzh@/met7at i onal energy of the plasnma to increase/ush@ecmaggni t ude of
the self-field to a |l evel that overcones the magni tude of the guide field,
and j oi ni ng §i.el drildhi@Bodast clahie 6 guheleinfthedteh @rdertirimgsid doilfinadhddsi n a magneti ¢
field having a field reverse confjgurati an (FRC{) therI Oe%t’ 62.d The et hod
of cl ai FIGAZIRHEE & Aetof #ies Y CBFERIBAGEARA GoHOR & IEXHIST R REF ¥ ™ Eher gi zi ng al |
wires of the eail. 63. The nethod of claim6l wherein the step of energizing
the coil includes energizing a first set of wires and ene,r%' ing a second
set of wires6&ft eTheanith@déthrlwﬁﬁé’éiel'&mh%ﬁtem‘?feﬂqcﬁﬁg the plasnpg, tﬁ‘é?shod of claim

62 wherein.the st ] Lng the plasma includes ejecting an annul ar
shaped &eg%n@aénaggﬁgnﬁ%epegéﬁ%% of claim6 1 wherein the step of creating the
guide field shcl utlesmehet aickimgl shpleinrthé steryofsieatingthd goidk figldarrdudes rror coil s

extendi ng about the.ch r.. 66. The t hod .of ¢l ai urther conprising
t he st eSiBEZINEEM ﬁﬂtﬁﬁﬁg‘ﬁ&?ﬂi&ﬁ?%cnﬁs ?Xr%eendlgn iag%&ftlligecgg%P%' mai ntai n the
rotating plaggm athmBhe&rEtceimicnadiheacindriskigzies stépiof inthasingthemthgoftudel ai m 6 1
wherein the step of creating the azi nuthal ﬁl ectric (Iiileld i ncl udes the step
of ener Gif therayids fislsk ta mmpeirain fhg fotaigiag PLagmerRt HPEAYCENNIERYAISKE i ncr easi ng

current runngnag t"f'ﬁé)&ﬁgcﬁoé He1ERIGh wiERin thD §epBt HOing theGlLiniumabdetherigtin t he
step of increasing the rotational ener the rotating plasma includes

y of
i ncr easiimgudeh derstepeof ofergitiap g betefont fhve ceaw@mth@ elvabRAd ARG EASHE CHEE i | . 69,
The et hod. of coluaf'lmeggﬂfurther conprising the step of increasing the rate
of chan&%n%l?gtthﬁegcurren’t runni ng through the flux coil to accelerate the
rotating pl asga t ohd methodof danel67 mdiesit thastep efiermgssingZie roftienatendigiolof cl ai m

6 1 further co ising the step of creatin el ectrost.at | w thin
t he charpbee‘io.tat“?ggfasw@%W?%Bﬁeaﬁglgglfe Ftr%c’%hafqg? ?ﬂléer ¢ gr&%r}lﬁ%?%{é&f“\}gg Iﬂlset ep of
tuning tyg electrostatic well. 72. The nmethod of claim7 1 wherein the step

of tuning the electrostatic well incl udes_maml1 ul atfj-”é% t he magni %ude of the
gui de field. 69. The method of claim 68 further comprising the step of incteasing the rate o

change of the current running through the flux coil to accelerate the rotating plasma to fusion
level rotational energy.

70.  The method of claim 61 further comprising the step of creating an electrostatic
well within the chamber.

71.  The method of claim 70 further comprising the step of tuning the electrostatic
well.

72.  The method of claim 71 wherein the step of tuning the electrostatic well
includes manipulating the magnitude of the guide field.

73.  The method of claim 69 further comprising the steps of injecting ion beams of
fusion level energy into the FRC and trapping the beams in betatron orbits within the FRC.

74.  The method of claim 73 wherein the step of injecting and trapping the ion beams
further comprises the steps of

neutralizing the ion beams,

draining the electric polarization from the neutralized ion beams, and

exerting a Lorentz force due to the applied magnetic field on the neutralized ion beams
to bend the ion beams into betatron orbits.

75.  The method of claim 73 further comprising the steps of magnetically confining

jons within the FRC and electrostatically confining electrons within the electrostatic well.
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73. The nmethod of claim®69 further conprising the steps of injecting ion
beans of fusion |evel energy into the FRC and trapping the beans in

bet at r on wolwdsmosaehi n t he FRC. 74. The nmet hod of cl ai mp¢3/ush@ec@sest he step
of injecting and trapping the ion beans further conprises the steps of

neutral i zi ng74.he TIRAMARATET cladth ab Ririhgr donprieing dterstep gf ddrminigAatioroprofircom t he
neutralized ion beans, and exerting a Lorentz force due to the applied
magnet i ¢9%Bi el d on the neutralized ion beans to bend the ion beans into

betatron orbi4s. 7R mdh& el 6 Alrthel @niPriéde it stdpeit eieifipihe Sish@ prétmest eps  of
magnetically confining ions within the FRC and el ectrostatically confining

el ect r oneswionhihe FREan e emikpseasti ¢ wel | . 76. The nethod of claim 75 furt her
conprising t st form [IeTqEpels LomB 77. The method of claim
g§ .E.%la&fn? RIS gngrbg%hé}ghq% sgﬁéi:lﬁ othPfiSng

76 further conprising of“ exitin e fusion product ions fromthe
FRC i n an anauhatbebkaing a/i@inchlqdx@sma- el ectri ¢ power generation system

Genbr ator -t of 0% Baerss Lalf utelt R FESrEshiatrr Rl kiR FERRRNE dbt? 1,
central Wiggi P8nahl bhien shmebiembet ¥ith aflit sibstantidly paialleltd the panaple exis vd t he

principle axis of the chanber, a RF drive system coupled to the central
regi on dhe ¢@behanber, and a current coil concentric with the principle

axi s of the ¢hareL of@in CBRkIGe dbhtdTicpih BRihe 8h@kicr jagd fi el d w thin the
chanber. 79. The systemof claim 78 wherein the RF-drive system conprises a

quadr upol e cychotnt ovil c@Qentrithwitl the pepsiple axis af we Poengitee & cis2iiequadr upol e
cyclotron. ¢ rises .faur. ] kndrical electrodes formng a cylindrical
surface.? u?hraﬁfgc%lflgte@nwlg l?ﬁ%g%ﬂrl%b% wherein the RF-drive system conprises a
di pol e cycl ot7pon. TBEsystEheofsiairh @8nwhéreinlthd RF-Srite sylsemedomptibes adippbstroleycl ot r on
conprises four semcylindrical electrodes formng a cylindrical surface.

83. The W§€t® of claim 78 wherein the RF-drive system conprises modul ating

field coils estendhagsey slclaym adjmheenthd fadpeslerptlatronaonptiessdhasber and t he
current coil .
cylindrical electrodes forming a cylindrical surface.

81.  The system of claim 78 wherein the RF-drive system comprises a dipole
cyclotron.

82.  The system of claim 81 wherein the dipole cyclotron comprises four semi-
cylindrical electrodes forming a cylindrical surface.

83.  The system of claim 78 wherein the RF-drive system comprises modulating
field coils extending axially adjacent the perimeter of the chamber and the current coil,

84.  The system of claim 78 further comprising a power conversion system within
the chamber.

85.  The system of claim 84 where in the power conversion system comprises a
plurality of semi-cylindrical electrodes forming a cylindrical surface in a first end region of the
chamber.

86.  The system of claim 85 wherein the plurality of electrodes comprises more than
two electrodes in spaced relation forming a gap between adjacent electrodes.

87.  The system of claim 86 further comprising a second magnetic field generator for
creating an azimuthally symmetric magnetic field within the first end region of the chamber
with a flux substantially parallel to the principle axis of the chamber,

an electron collector interposing the first and second magnetic field generators and

adjacent a first end of the plurality of electrodes, and
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84. The systemof claim 78 further conprising a power conversion system
within the chanber. 85. The system of claim84 where in the power

conver si oNOy&i@aI7eonpri ses a plurality of sem -cyli ndripcalusedosobsedes
formng a cylindrical surface in a first end region of the chanber. 86. The
system of cl ah n8blievhe hediflorel @djptant Abccdnd @il ofthe plurdilesf dampdisses nore t han
two el ectrodes in _spaced relation form ng a gap between adj acent

el ectrodes. &% THE Syspehfigm g7 Qir'il??r@é’“?g?‘?%er conprising a second magnetic

field gengtalPudify ofeRAti1NAriaN RNl thing aSyERICAl sGrfiRFAbdcend ¢l d Wi thin
the first end region of the chanber with a flux substantially parallel to

the pri rregiph of thx¢hember, whereinribmisernd phwraldly aEelp@iedesonWEESMITH HaR Hg%i ng t he
first an . I | & ﬁpﬁ‘! or.S:.ahd.rdiaeent a first end of the
plurali teyecoggegﬁg%’g?eggg@}&a% ]glllr}gia% cé %eeglajgr pggﬁi oried adj acent a second
end of the platilial migneid fidd eateravatdir cr@8ng Thazimytbalbrymineticansangtic fidkd t her

conprising.a.second, pluraljty of sem-cylindri t.r . 1ng a

oyl |l Eas SR raee Froh S SRy s i SR R g
second pfuiedhbhdyerof el ectrodes conprises nore than two el ectrodes in spaced
relation fopning a gap between adjacen | ectrodes, a.third magnetic field
generator fornéyend ?%Ff‘éfoaﬁ"]éeff%tﬁa?ql@g té?/ﬁﬁ\te?l}di tﬁlr %PF elfiigg?eﬂaq?/hs ft n the
first engslegi,9fefd MR CoaMREr My loReBedddbXasdibst antial Iy parallel to the
principle axis of the chanber, an second electron collector interposing the

first and t hiandecondjioarcpléector ppstiened ediagent xseaond cadchbe second plupadity dnd of the

second péléjcn[r%hgsty of el ectrodes, and an second ion collector positioned
adj acent "a second end of the second plurality of electrodes. 89. The system

of cl ai m 88 f3art h&he geteprdfsiang 38 durthoeamprising ¢cindresmagegbis doupded théhevessel .
90. The seysﬁ em of claim89 wherein the ion beaminjectors include a neans
for neutY4i%zing the electric charge of the ion beanms emtted fromthe

injectors. 9ko A ¢ HEEmAST cthith 8D Rtheletithe A Gesh agdcta@nBiciude ametREconpri si ng
the steps of generating an FRC about a rotating Ql asma, and creating an

el ect ri choyBelizng the clgitechapsof fsign ke Ailted TOHES TFEEYi on as the azi mut hal
velocity of ifQns iAnih& 6QkRideNShsRh@8R&rons in an FRC comprising the steps of

generating an FRC about a rotating plasma, and

creating an electric potential wave that rotates in the same direction as the azimuthal
velocity of ions in the rotating plasma.

92.  The method of claim 91 wherein the step of creating an electric potential wave
includes energizing a plurality of elongate electrodes forming a cylindrical surface.

93.  The method of claim 92 wherein the plurality of elongate electrodes form a an
elongate cyclotron.

94.  The method of claim 92 wherein the cyclotron is a quadrupole cyclotron.

95,  The method of claim 92 wherein the cyclotron is a dipole cyclotron.

96.  The method of claim 91 further comprising the step of injecting nuetral ions into
the wave.

97.  The method of claim 92 further comprising the step of trapping injected nuetral
ions in the wave.

98.  The method of claim 97 further comprising the step increasing the momentum
and energy of the trapped ions.

99. A plasma-electric power generation and propulsion system corpprising

a chamber having a principle axis and first and second ends,
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92. The nethod of claim9 1 wherein the step of creating an electric
potential wave includes energizing a plurality of elongate el ectrodes

form ng avoybeerdsi7eal surface. 93. The met hod of cl ai m #2Taisesosions2she
plurality of elongate electrodes forma an elongate cyclotron. 94. The

met hod of cl aeimmagnhtierfmldlg@hmowml cofatingarn &irauttqalbzctwmpmtre reagpbtot fredh. 95. The

met hod of 92, wher e otr i .C otro 96. The
met hod owlﬂglflgl?errfr%l@n]ierfvﬂﬁltaﬁg‘?( Sbgﬁlrpn?'(]laﬁ %arﬁ[]eﬂ‘lt %‘? %rmc e alXn %HP? Cnhgmnf]rét ral ions
into the vvavaa chant c75heomiEﬁtHOd/1tﬁfthecﬂrﬁiciiﬁle&2{15fdflﬂiemhﬁmb@lf@fdréﬁhﬂgaﬁ he step of
trappi ng |nj d nueL{ ions_in the wave. 98. The nethod of claim 97
further %%Wﬁ Eﬁgwﬁﬁ withip thetB3BYLI ng t he nomentum and energy of the

trapped ions.,,Qfer cmv@;%ﬁsﬁéte%&&adpfedwwﬁrg%ﬁ@mhéé}ﬁnﬁ&dam opul si on system
conprising a chanber having a principle axis and first and second ends, a

first nagnet|%ﬂm$@vﬁﬂgéhé@@ﬁ%ﬁmﬁhﬁﬁ%m@émdﬁ@maﬂwaiﬁﬁuthaIIy symretric
ragnet 1 11 ! gont b 0P GARIBRT, @ kbt AL ARLLR] ngpRcal [€1 Lo he

principle axis of t nber, a current concentric the principle
axi s of plhmlltyhﬁrmercyﬂlocﬂnca}r@aitnodg farmiag & nylhaldatal elréeeric fi eI d wi t hin the

chanmber, an e con ers tem co Ied t ef rst end of th
Chamber | ana T g S & S Y8 nE e BL B bRt et Fof s ot arer
100. Thethay s¥Eeeddodesl iR bpic@Orelation firfirghgzap BETvEh Lidyakkbpdiesyst em conpri ses
a plurality of sem -cylindrical electrodes formng a cylindrical surface.
101. The syst & oflhes&ien alsdrimal &W@f%ﬂ%%ﬁﬁ#ﬁ%} grstis feldagadattbnpr i ses

nore thap, 'E:i/é‘&‘tu%l a%%%ﬁﬁ@?aﬁ smBARE %figﬁ&m@feld(%t}fu?fh@‘eﬂé}gyacc&@&sﬁaﬁ"sy%ﬂwﬁﬁll acent
el ectrodes The sys en1of clarm 101 further conprising a second

magnet i ca ﬂweﬁ@stg@twélwmr@}lelfc@ﬂle@m@@plpﬁglsaﬁthazhmheraal ly symmetric magnetic

field wthin zh&?ecﬁ&%och‘é tSPlﬂ%é?gfo%f g@?eﬁ%%aﬁﬁ‘sn%'gﬁ&‘mg# it'flerd Qr?e&aﬁ&% fn"i‘d Ly

parallel to the prlnC|p e axl's el ect on col I'ect or
i nt er posadigeettrefikt eang bf Gia dlusdicooittlevagdmidand fi el d generators and adj acent a

L Sheon O e, PURESL 1 8y S5k 0055, ) 801 SDCOLLESLRL POt L onec
claim 102 furtoser T&e8REensbMthiinA02 Beraiet tom@Binglicn Kb@hiﬁhjeﬁoﬁs(@oﬁﬂ’léﬂ ¢ Higgrber .
chamber.

104. The system of claim 103 wherein the ion beam injectors include a means for
neutralizing the electric charge of the ion beams emitted from the injectors.

105.  The system of claim 104 further comprising a thermo-electric converter coupled
to the chamber.

106. The system of claim 105 further comprising a Brayton-heat engine coupled to
the chamber.

107. The system of claim 106 wherein the Brayton-heat engine comprises a heat
exchanger, a turbo-alternator coupled to the heat exchanger, a compressor coupled to the heat
exchanger and turbo-alternator, and a radiator coupled to the compressor and turbo-alternator.

108.  The system of claim 107 further comprising a power storage device coupled to
the turbo-alternator.

109.  The system of claim 108 wherein the power storage device comprises batteries.

110. The system of claim 108 wherein the power storage device comprises fuel cells.

111. A comprising the steps of

generating an FRC about a rotating plasma within a chamber having first and second

ends, and
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104. The system of claim 103 wherein the ion beaminjectors include a neans
for neutralizing the electric charge of the ion beans emtted fromthe

i nj ect or swok0&/09¢tre system of claim 104 further conpri SPOY/UB2006/008251

t herno-el ectric converter coupled to the chanber. 106. The system of claim
105 further epyig siangular Braof Gsidngatduengiafeons tedire dnd scotveendhaftber . 107.
The system of claim 106 wherein the Brayton-heat engi ne conprises a heat
exchangeét®™3%t ur bo- al t ernator coupl ed to the heat exchanger, a conpressor

coupl ed to tkenhedty RXGRAHGE theEitort ptodit Bhi gediat fasm tarfdstand meh eltaric coupl ed
to the conpressor and turbo-alternator. 108. The system of claim 107
further ROSpRP4i ng a power storage device coupled to the turbo-alternator.

109. The systemHinoGhdddtiel OB mahesis Bnd H&tAOWRN the kQATEnRNItRAsICONDT | Ses
batteries. 110. The system of claim 108 wherein the power storage device

conpri ses fudll2¢celThgmethod oficlaim 1d&rverodn g stemef epnegingthe grepdt oftthaiysigh FRC
about a i . 1.t . I i rst and second ends,
andej ectl{rﬁ&gﬁyﬁﬂgﬂ%ﬁ%\éﬂgﬁ %}E “‘?ﬁ@%ﬁaﬁ %%\ékl{}?lgggs fromthe first and
second ends dfjetiing tichamdxdong adwetived path mgthinegeamel gyyliofridaheavity §irmad pf oduct

ions ejected fromth ir nd i.nto el ect.ric.power, and converti t he
energy ot urlaﬂtg #&%lbﬁﬁp%ﬁgﬁei'c&%édn T’R‘a?ﬁf{ r?ﬁéoré‘glélg Ry 2ot fgf%mg ifd uuﬁh%g 112. The
met hod off efdnghtBpdpkthtbiBdt@bdn, t he step of converting the energy of the fusion
product ions ejected fromthe first end.into electric power includes

i nj ecting t heopwHanzbyrptiallnd] ofdthg njpster 1905 t P cuprgA& ety 1% ndr i cal

cavity fornmed,qfin@, Rlu-Aid LvctRE 88 Withfdthé A GRd e18neCh I @e8pristheSRAE €d
relation with one another formng a plurality of elongate gaps there

bet ween, oraomy eeles. agd substantially all of the injected ions' axial energy to
rotational energy. f i . | ~DO l. LG fi Wi thin the cavity,
the electric Cg P‘gﬁ\ﬁdn gcag'riﬁ%%ti%g)loﬁg%ﬁhgégnoéﬁr r“@%%%@%%l eg‘lﬁr ‘converting at |east
a portion of 1tlhe Thamethed gfclaint d2efuethérdon@tisiegthe gigp ofldlyingwm asedlog of
claim 112, further coppri.sing the step of applying an oscillating potenti al
Lo the prigRl tyheniaiiof pesiges

114. The method of claim 112, wherein the step of forming an electric field includes
creating an azimuthal electric field across the plurality of gaps.

115. The method of claim 112, further comprising the step of decelerating the ions.

116. The method of claim 112, further comprising the step of directing the annular
beam through a magnetic cusp.

117. The method of claim 112, further comprising the step of collecting charge
neutralizing electrons from the annular beam as the electrons follow magnetic field lines of the
magnetic cusp.

118. The method of claim 117 further comprising the step of collecting the ions once
a substantial portion of their energy is converted to electric energy.

119. The method of claim 112 wherein the plurality of electrodes comprises at least
four electrodes.

120. The method of claim 116 further comprising the step of creating the magnetic
cusp.

121.  The method of claim 120 wherein the step of creating the magnetic cusp
comprises the steps of creating first and second magnetic fields, wherein field lines of the first
and second magnetic fields extend in opposing directions, and joining the first and second

magnetic fields.
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114. The nethod of claim 112, wherein the step of formng an electric field
i ncludes creating an azinmuthal electric field across the plurality of gaps.
115. The wethadefr2cl ai m 112, further conprising the steptafS2eeoaed2sr ati ng
the ions . 1ég TH%_nethod of claim 112, further conprising the step of
directing t he%nndPameiodef el Uighvissminetop of eapsprting tip encfineofithe fisignof

cl ai m 112y &t 18sm SRMLEI A leAdintd st iB8ud f&&gihgﬁﬁ' H%l&ﬂﬁ{i&eioﬁ%&%?éé zl ng

el ectrons fromthe annul ar beam as the el ectrons follow magnetic field

| i nes of direqted pargiletilosy. cusp. 118. The method of claim 117 further conprising
the step of coekl egt]| t 1100S a_substanti al rtion of their energy
is converted 1?(%’ eﬁtgé%}fgfhgagﬁg%glyl.ﬁﬁ&er‘f%néprrl%ﬁ%%j&?ﬁ gfg‘ﬁogYeiW%lZ wherein the
pl ur al i t gleaomefretit emiksionc Homtheshsmbdr td elastic poudr. el ect rodes. 120. The net hod

of claim 116 rther c r.si.n e step of .creating the nmagnetic cusp.

121. The netﬁég‘o?gﬁFﬁﬁﬁ?fggmﬁﬁE&B??PqW§§@H§ﬁ¥t‘?“ﬁ?@%@?ﬁﬁ“ﬁﬁ@mhagnetic cusp
conpr i semdibthey Bk iR ddimbdreatlbage pdwest and second magnetic fields, wherein
field lines of the first and second magnetic fields extend in opposing
directions, and joining the first and second nagnetic fields.122. The

met hod of claim 111 wherein the step of converting the energy of the fusion
ions ejected fromthe second end into thrust includes focusing the annul ar
fusion ion beamas a directed particle flow 123. The nethod of claim 122
further conprising the step of converting el ectromagnetic em ssions from
the chanber to electric power. 124. The nmethod of claim 122 further
conprising the step of converting heat radiating fromthe chanber to

el ectric power.
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