Title: MAGNETI C AND ELECTROSTATI C CONFI NEMENT OF PLASMA Auvdué ZobELD REVERSED
" CONFI GURATI ON [err] Abstract: A system and nethod for containing
~plasna and formng a Field Reversed Configuration (FRC) magnetic topol ogy
are described in which plasma ions are contained magnetically in stable,
non- adi ABENTERNGTIDNAISAPPEICATION FRCISHEDUNIERITHE PATENECGIPERQNGN FRERTY @Ot ai ned
el ectrostaticall y in a deep energy well, created by tuning an externally
applied ma net i C eI d. The sinul jZfledys el ectro- static confinenment of

ol ect rngl &"“"’r‘ﬁf s R 0'HlﬂlIIIWIIIQIIIHFHIIIIHHIIIMMIIIIIHNIIHIIIIHII impor t and

facilitates c 55' eC"‘&nt ai nment

confi gur d el ectrons Ty have ansiLy d t enperature
so t hat &:)ié(mg E(]IOE t'“"%'jj y are Hﬁﬁgd t 8 tgma (mj%lil'ﬁ r"ce t hus
relea3|ng on- en rgy reover, fu5|on at can be used

rrmueed to

R BT T e P TR
neut r sl al's nt agﬁ ﬂ{%}%ﬁ% gﬁlﬁ S.

August, 1 R 0285§A

CONFI ézlgt%““ﬁ\égﬁ%é?ﬁa hz‘A Eﬁﬁlﬁgﬁ REVERSERmOONE (USLRATRIDOKIT Wity [LSSENt | ON Was
made R VET FlRERe: SRR bdo2 EHE &) Cont FtddtberNaurt, N@@M@maQQHIUS)BS? awar ded
by the Ofice of Naval Research. So KALBY %{5 ch was. 5 %lpported
by t hesUiifse Lappar t ment of Energyngfxsﬁr%i};@( % e %ﬁﬁm ShE rHXekd.has
certain rights in this invention. Fl ELDO@EUSTHE I NVENTI ON The i nvention

rel at €9 Rybliggipellabeyagt:o t he fi el d Biglishl ?@’g%“‘é and, _in part [ cu ar to

met hods and apparati for confining p

parti G@I&{Q&l“ Do | NtEE St (81%2;0% (e pudessx s %é;h@”&’ @%@Bmg f usi on

reacti Orl’it)/z97086 8 June 2001 GM, HR, HU, ID, I, IN, IS, JP, KE, KG, KPKRKZLC
(0R.06.2001) US
LX, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
Not furnished 31 % 0L,
o furhishe anuary 2002 (31.01.2002)  US MX, MZ, NO, NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK,
SL, TI, TM, TR, TT, TZ, UA, UG, US, UZ, VN, YU, ZA,
(71) Applicant: THE REGENTS OF THE UNIVERSITY 7W. Z
OF CALIFORNIA [US/US]; 1111 Franklin Street, 12th )
Floor, Oakland, CA 94607 (US). (84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
(72) Inventors; and Burasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
(75) Inventors/Applicants (or US only): ROSTOKER, Buropean patent (AT, BE, CH, CY, DE, DK, ES, FI, FR,
Norman [US/AUS]; 10 Perkins Court, Irvine, CA 92612 GB, GR, IE, IT, LU, MC, NL, PT, SE, TR), OAPI patent
(US). BINDERBAUER, Michl [AT/US]; 27 San Leon, (BE, BJ, CE CG, CI, CM, GA, GN, GQ, GW, ML, MR,
Irvine, CA 92606 (US). QERUSHI, Artan [AL/US]; NE, SN, TD, TG).
[Continued on next page]

(54) Title: MAGNETIC AND ELECTROSTATIC CONFINEMENT OF PLASMA IN A FIELD REVERSED CONFIGURATION

330 395 330

T O

/ \
J30 J25 330

(57) Abstract: A system and method for containing plasma and forming a Field Reversed Configuration (FRC) magnetic topology

~~. are described in which plasma ions are contained magnetically in stable, non-adiabatic orbits in the FRC. Further, the electrons are
contained electrostatically in a deep energy well, created by tuning an externally applied magrnetic field. The simnltaneous electro-
static confinement of electrons and magnetic confinement of ions avoids anomalous iransport and facilitates classical containment of
both electrons and jons, In this configuration, jons and electrons may have adequate density and temperature so that upon collisions

a they are fused together by nuclear force, thus releasing fusion energy. Moreover, the fusion fuel plasmas that can be used with the
present confinement system and method are not limited to neutronic fuels only, but also advantageously include advanced fuels.
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BACKGROUND COF THE | NVENTI ON Fusion is the process by m@@&@uﬁggogrght nucl ei
conbine to forma heavier one. The fusion process releasés a trenendous
anount of energy in the formof fast noving particles. Because atonic
nuclei are positively charged - due to the protons contained 15 therein-
there is a repulsrve e\ ¢ rHMMMMHht For tmo
nucl e—e ¥ it e pEEUr s whe
two nuclei are br ought cIose enough together mhere the short-range nuclear
forcegﬂb%@one strong eno hto over@oWekmhe@GEﬁWeWBMheweeﬁah&eﬁw%e t he

nucl ef™. eﬁ%’gﬁ 8L, g/bereerbfwteﬁeaﬂf:hg Bfods 6;?' PHITEPAHE “CotiE b
barrier FEBFVIGEE by their thermal Oem‘ﬂ?“‘Wﬁt mist 20 be very hi gh.

For exanple, the fusion rate can be appreC|abIe if the tenperature is at

| east of the order of 104 eV - corresponding roughly to 100 mllion
degrees Kelvin. The rate of a fusion reaction is a function of the
tenperature, and it is characterized by a quantity called reactivity. The
reactivity of a D-T reaction, for exanple, has a broad peak between 30 keV
and 100 keV. 25 Typical fusion reactions include: D+ D -, He' (0.8 MeV) +
n(2.5 V), D+ T-* a(3.6 V) + n(14.1 V), D +He' -, a(3.7 MeV)
+p(14.7 MeV), and 1 1 August 2005 WD 02/062112 PCT/US02/02854 p + B" -*
3a(8.7 MeV), where D indicates deuterium T indicates tritium a indicates
a helium nucl eus, at indicates a neutron, p indicates a proton, He

i ndi cates helium and B" indicates Boron-11. The nunbers in parentheses in
each equation indicate the kinetic energy of the fusion 5 products. The
first two reactions |listed above - the DD and D-T reactions - are
neutroni c, which nmeans that nost of the energy of their fusion products is
carried by fast neutrons. The di sadvantages of neutronic reactions are
that (1) the flux of fast neutrons creates nmany probl ens, including
structural damage of the reactor walls and high levels 10 of radioactivity
for nost construction materials; and (2) the energy of fast neutrons is




collected by converting their thernmal energy to electrig enghgys Which is
very inefficient (less than 30%. The advantages of neutfonic reactions
are that (1) their reactivity peaks at a relatively |ow tenperature; and
(2) theiodmeses due to radiation are relatively | owpdya&gssgssd he atomc
nunbers of deuteriumand tritiumare 1. 15 The reactants in the other two
equations - D-He' and p-B" - are called advanced fuels. Instead of

pr oduci ngVIANETIEUAND BLECIR OSTATIE OONRINEMENT R PLASMA IN RHIELDS usi on
products are charged particl es. van f the advanced fuels is that
they create nmuch fewer n&ﬁ%@%ﬁ@%@#@g suffer less fromthe

di sadvant ages associated wth them In the case of D He3, sone fast

neutrons areMﬂﬂ%ﬁ%m{sﬁ%@ﬂﬂ@@d’veﬁ@ﬁﬁié@?&tuﬁ&r@%ﬁzﬂ”ﬁ@.@i%ﬁlﬂ—rOnS account
for only about 10 per cent of the energy oOf the fusion products. Thep-B"

react i orP% k08 7eawasfled bycthe Qffise 06Neval Reseaishghome baskgwupd 15epgec 8o me sl ow
neytrons__t hat. . resuyl i h f
br b1 enePhgtRL BB, DTSR R £h1901 6085 e GLRREIRED D0 o

thei r f usitgin ipgheduthisinemtdome col lected with a high efficiency, up to 90
per cent. In a direct energy conversion process, their charged 25 fusion

products can be sl owed do | i ic.energy converted directly to
electricity. The advanced%ﬁﬁ*ﬁ@ﬁﬁ%ages, too. For exanple, the
atom ¢ nunberpe dfveniidigeR@y pierdy toiat Seld o€ plaba# iysics, 2h@in eSS for B").
Therefore, their radiation | osses are greater than in the neutronic

r eact i ormethodsend appargtiforrenfining plestog. fpse continpmecatis pagtigdarkooligeificed f uel s

t q,f use. i LV G . much hi gher tenperatures and do
qu Auwfg{ﬂ%ﬁ@f?&%eﬁ%ﬁ g%éﬁ%%@#&%%%?@%854 not reach as high as the
reactivity for DDT. Causing a fusion reaction with the advanced fuels thus
requires that they be bBAGHGROAGND OF THBANE¥ERIIHNSt ate where their
reactivity i signjficant. .cor dingl t.he advanced fuels st be
contained fo ug_o?% °fﬁSW€5W?@@h§dﬁé?°é?lﬁ°?ﬁ’é‘f}%c Hnﬁée F%ﬁg‘%t to

appr opr i BleGudistPprottss fNdids a@mendond AB0E Bf GlefpyEn thelfbieoif fast mdvidgasma is At =
r2/D, where r is a mninmumplasma, _ dinension and Dis a diffusjon

coef f i cingrticlesTRecasbeaiemisancloareposiivelyitharged tudiedn heguttpnscraaned i s De = a? /
thsle W&E%r in2: thete fsgq'e sﬁ\re%‘ﬂcﬂ:{)%fe}lcgf:a(gc@?o%,?c&}:??étv@@erﬂtﬂé?ﬁ.eﬂ;?%éOn col I'i sion

tie. usi on according to usion coefficient is called
cl assi caluclet mrfageothis refifisive barrier must be overcome, which occurs when two nuclei are

brought close enough together where the short-range nuclear forces become strong
enough to overcome the Counlomb force and fuse the nuclei. The energy necessary for the
nuclei to overcome the Coulomb barrier is provided by their thermal energies, which must
20 be very high. For example, the fusion rate can be appreciable if the temperature is at least
of the order of 10* eV — corresponding roughly to 100 million degrees Kelvin. The rate
of a fusion reaction is a function of the temperature, and it is characterized by a quantity
called reactivity. The reactivity of a D-T reaction, for example, has a broad peak between
30 keV and 100 keV.
25 Typical fusion reactions include:
| - D+D— He'(0.8 MeV) +n(2.5 MeV),
D+ T - af3.6 MeV) + n(14.1 MeV),
D +He’ - a(3.7 MeV) + p(14.7 MeV), and




Bohm di f f usi on coefficient, attributed to short- wavel epgt | guégﬁ§$bllities,
Is 10 DB =(1116)a | 52" mhere S2, is the ion gyrofrequenc usi on
according to this relationship is called anonal ous transport. For fusion
condi ti @sozobBlz De = (1/16)S2,t,e 108, anonal ous tr ggaRklekesults in a
much shorter containnment tinme than does classical transport. This relation
determ nes how |l arge a plasma nust be in a fusion reactor, by the

requi renent that the containnment tine for a given anount of plasnma nust be
| onger than 15 the tine for the plasma to have a nuclear fusion reaction.

Therefore, classi cal transp nc_c;rgf(i,] P&‘Q’a nore desirable in a fusion
reactor, allow ng for small i niti S. In early experlrrents wth

t or oi dawherel indieaesdeutdiupi, @Sm‘ﬁcatmuﬁ:tﬁm aundhat&s 4 hellmmofucledd, n= r' / D, was
observed. Progress in_the | ast ars has_increaged the_containnment tine

to At - mmteszywonm@d@ﬁﬁegapwamf Iig v@wawéaelt% apdRc dticates Bopw-lokamak. The
66
T st r s iy Sirefoely S BRA e BR el D) KR By G B’ | 70 10

f ussegrodikts.he Tokamak reactor using a D-T fuel. These efforts have
culminated in the International Thernonucl ear Exper| mental Reactor (ITER),
i |l ustrated Thﬁﬁl“ﬁ@woﬁacméﬁiedé&qyérrﬁﬁﬁ@% I TrenetipRiks ®ggest t hat

cl assic I Is e m ni num
pl asma u#gh%?@ﬁl@@gnn S%afgl OStZ uced E]%ngnﬁl%t%s?qsn l*rgduceé&n?éfasosrs JtlThe e
exper i npaindnd. P diedvinbged dﬂne@&dmwmnweﬂ@e@w ﬁlebmfdiﬁfaéﬁﬂuﬁ'MIOO keV), to
heat the plasma to terrperatures of 10 to 30 keV. See Heidbrink & G J.
Sadl er, cre@enmenyepipb ﬁ@&l%@@@%& ymagﬁ@f@ﬁ@ag@[ Wéllﬁb@éﬂﬁghdﬁ‘@ﬁ n these

e eri l.ly while the

er matergPr ﬁlggﬁaq%goﬁ %S ct@!”?l use%@@l ousniel;ﬁ 4sa§eﬁﬁgﬁrléeason for this
Is t hat. o&t&@te@ﬁ?bﬁﬁkﬂﬁg&%ﬂ@@ﬂiﬂdﬁ@@y%@cﬁ&ob@fg@wﬁﬁh&ﬁ@@ﬁ&fﬁ@i&ﬂt as such,
are insensitive to fluctuations with 3 1 August 2005 WD 02/062112

PCT/ USOfl¢ss 2884 0%ha T B¢ advgetnges shunuitenic reggiions ate thg A gheibreaglivits peaks < a) . The

short - wavel th fluctuations n ver a Vel nd t hus

cancel . 8@ (})ﬁ%ow %W%“F mﬁda@ﬁlgg rlﬂi%ﬁ%g% l%@?ﬁ) nga§? e gglkgo"?so t hey
respondbéogugemee gtbﬁgtmbﬁmsd@mw@amﬁﬁa@nonal ously. Because of anonal ous
transport, the m ni num di nensi on of the pl asha nust be at 5 least 2.8

nEt ers. Due The retrtantsdn thernthes fivo eqyationy ERDWHE and @i erd-gﬁcalbder s high and 30
meters |0 QlANELe Tl o plotubig pSTRLAGAL a2 b TRlATRK RS bgRCT o7 that s
- fusion products are charged particles. One advantage of the advanced fuels is that they

create much fewer neutrons and therefore suffer less from the disadvantages associated
with them. In the case of D-He?, some fast neutrons are produced by secondary reactions,
20 but these neutrons account for only about 10 per cent of the energy of the fusion products.
The p-B'! reaction is free of fast neutrons, although it does produce some slow neutrons
that result from secondary reactions but create much fewer problems. Another advantage
of the advanced fuels is that the energy of their fusion products can be collected with a
high efficiency, up to 90 per cent. In a direct energy conversion process, their charged
25  fusion products can be slowed down and their kinetic energy converted directly to
electricity.
The advanced fuels have disadvantages, too. For example, the atomic numbers of
the advanced fuels are higher (2 for He? and 5 for B"). Therefore, their radiation losses
are greater than in the neutronic reactions. Also, it is much more difficult to cause the

30 advanced fuels to fuse. Their peak reactivities occur at much higher temperatures and do
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advanced fuels, such as D-He3 and p-Bl1l, the Tokarrak-tyﬁ[%gﬁﬁ%ég)r woul d
~have to be nuch |arger because the tinme for a fuel ion ave a nucl ear
reaction is nmuch I onger. A Tokamak reactor using D-T fuel has the

addi ti oG p2RkQP em that nost of the energy of the 10 fff‘i‘ﬁ} oRéoduct s ener gy
Is carri ed0 by 14 MeV neutrons, which cause radiation amsgg and induce

reactivity in alnmost all construction materials due to the neutron flux. In
addition, the conversion of their energy into electricity nust be by a
‘thermal process, which is not nore than 30% efficient. Another proposed

react or j [ [ : HChi : lcéi ng 15 beam
Feact or PR o0 e ke b Il DY, O A ion i e D e
conpr i sdueld thosrespiteh trmhihenbe bypughh &t a highemendngy statg wherelilzoir tedotivith®sr mal pl asna.
Produci ng uyseful fusion reactiqgns.in this t of react.or has, been
i nf easi mgglﬁs%aég@@ﬂ%lwa%a@%@ﬁgﬂe& L e%?"é%ig‘% fﬂ%\i‘?%?’igmied’ﬁn%arrs. Var i ous
proposa Y b cdiagdhem and maxi m ze the nunber of
nucl ear @g%g}tﬁgﬁ%ﬁ%gﬁ%g?ﬁggéﬁ%%%ggmpatgﬁ No. 4,065,351 to Jasshy et
als di scl oseSheaconeitnsht tie forneihsmia iAo, ertster rdaaiagmonl gléstiang beans of
deuterons and tritons_in a toroidal _ confinenent _system In U.S. Patent No.
4, 057, 46pnension gadiBys adifiysion cosfficient. o Rigsistie Vgﬁﬁgﬁé‘?ﬁ@sm f"é‘t‘g@ﬁﬁt 0
counteract theg effects of bul k equilibriumpl.as drag.,on qne of the ion
speci es 8 h?"?éf@i'ﬂﬁqre%‘wlf’ a 'ffsﬁngﬁﬂsgfqlﬂ’é%%l:tm”e‘g’n%on okanmak. 1n
U S Pa .25 . 4 . ' tritium
5 sﬁaar?%flyg 108 tzlg cl\:%lmgs?%ai &i{lﬁggﬁ Q&ﬁ{menl? ﬁ%gﬁed%flz}sggﬁ th%ﬁﬂﬁma?’q%

are injecte pp sane average velocity kamak,

m nor, ®ohhi dffihioneeffisRat, slaitutedus sortomavelEigih énstabilities,iow density cool
background plasma for the sole purpose of trapping the beans. The beans
redct bdeau@élf)ifsy,, where (aishhaibn gpwfrequatey: diffasich &cavdingdo thdsvn i s nainly
caused by electrons that acconpany the injected ions. The electrons are

heat ed Isfationghip tsreell¢danamplons trasparh Jor fusiongpedifions, Bovit: T/ 19RFna1 . 4 1

August 5 02/ 062112 PCT/ USO2/ P2854 L n n f viices, however,
does an%ggﬁl?qr?\%uls ﬁ?sé’f)éé?s}lfﬁcmfagifcg Sp?rgegma ﬁ?'"o’%ﬁt&n 2 @éﬁ%ﬁ?@@éﬂer eis no
att enpt yhfspbRATES rel foneNRIMIBEY ivelRfze 2PNRAR histhelifi @ Mg rbactdr) ethe pat ent s
consi der electrostatic confinenent of ions and, in sonme cases, magnhetic

conf i nemespireipént Gabthe corfsinmeridisre fone giyersameust ofmaseatmugbbe Ignges than 02 t o
15 the time for the plasma to have a nuclear fusion reaction. Therefore, classical transport

condition is more desirable in a fusion reactor, allowing for smaller initial plasmas.
In early experiments with toroidal confinement of plasma, a containment time of
At = ¥/D, was observed, Progress in the last 40 years has increased the containment time
to Af = 1000 #%/D,. One existing fusion reactor concept is the Tokamak. The magnetic
20 field of a Tokamak 68 and a typical particle orbit 66 are illustrated in Fig. 5. For the past
30 years, fusion efforts have been focussed on the Tokamak reactor using a D-T fuel.
These efforts have culminated in the International Thermonuclear Experimental Reactor
- (ITER), illustrated in Fig. 7. Recent experiments with Tokamaks suggest that classical
transport, At = r*/D, is possible, in which case the minimum plasma dimension can be
25 reduced from meters to centimeters. These expetiments involved the injection of
energetic beams (50 to 100 keV), to heat the plasma to temperatures of 10 to 30 keV. See
W. Heidbrink & G. J. Sadler, 34 Nuclear Fusion 535 (1994). The energetic beam ions in
these expetriments were (;bserved to slow down and diffuse classically while the thermal
plasma continued to diffuse anomalously fast. The reason for this is that the energetic
30 - ‘beam ions have a large gyroradius and, as such, are insensitive to fluctuations with
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5 Farnsworth and U. S. Patent No. 3, 386,883 to Far ”S"‘Driﬁ’uﬁ%’l\ﬂbﬁﬂs di scl ose
electrostatic confinenent of ions and inertial confinene of el ectrons;
U S Patent No. 3,530,036 to Hirsch et al. and U. S. Patent No. 3,530, 497

to Hrsgh ghely are simlar to Farnsworth; U.S Pat%@gﬂzsﬁ, 233,537 to
Li rrpaecﬁg)r , FOV\ﬂI ch discloses electrostatic confinenent of 1ons and nmagnetic

confinement of electrons with nultipole cusp reflecting walls; and U S. 10
Pat ent No. 4,826,646 to Bussard, which is simlar to Linpaecher and
i nvol ves point cusps. None of these patents consider electrostatic

R L L S S s S

none of gnb @averRige ovdtaeeeld et thils @atelbElecthing thotraeer] iefr b hiidh siglleet rost at i ¢
fields when the ions have the required density for a_fusion reactor.

Last | y, sysradiacodieyrpapophtoche Buatyations aag draespent sepaowlyti el d rever sed
configurati magneti c topql oqy., . The .f| el r [ tihon (FRO
was di scoveﬁg%ag%gﬁa%%%ﬂ%&ag%ﬂh%e Té‘%’ﬁ"“’%éﬁm %l%}é%ﬁg\%lp?%@égglﬁ allEabor atory
dwing 1dagta® MétBe DAY REhisEmédsion the VIERC#hs drkifed 300nete Bigh andi8y ei n t he
internal magnetic field reverses direction, is illustrated in Fig. 8 and

Fi g. 10meterrdndipmeter| Ehis isthe smaliestD-Friokamek-ypowactpithatigfeasileafer Fig. 14.

Regarding th FRC, resear ¢h ted in the
Onired e ity Siien PP (02 55T B0 PG PR G PSR PR e ot e
theory gfeh RXREbHBRIRe Bhe FRE filef RS BdVela@Mear k@R Hon R&fich RRgerMA Tuszewski ,
28 Nucl ear Fusion 2033, (1988). A white pag;lr on FRC devel opnent descri bes

t he res@akantukirepctbpggng Pl fustanthandditional probiem thatraest of the enertoftigee L. C.

St ei nhaver et al., 30 Fusion. T Q 116,.(,1996) . ..To this date, in FRC 25
e nifton Srodiepetie e o7 SF BT RAfort Wtk riceogifiet rBeh Bl o
CoNseqUERGEE: MctiviiPinalhedt AR chRRusRh Atkriak dub @) thé heunboR Mex aRihdaikieg! r ons each
carry half the current, which results in a negligible electrostatic field

in the pleaemersioichiiteirdnergyrints ektiicitcmndt babyre thermal Prasessowkiclisaob| ect rons in
t hese FRCs tﬂerﬁ)gco%%ai PEd magnetically. In alnost all FRC 5 1 August 2005
exper i BTS2 LHohEFPGEE  t ransport has been assumed. See, e.g., Tuszewski,

begi nni Ng_of ARG pkpdscliBactor caifighAGEn RUTCAIidHIPYUNR Yedshor. Tk dohENT! ON To

address the probleéns faced by previous plasnda contai nment systens, a system
ahfl appheaat wesctar; & badigrognd plasma ie hrbmbirdesrity behms plions vidwibeases dogiprisont ai ni ng
pl asma $ons with an epergy that is much larger than the thermal plasma. Producing useful fusion:
reactions in this 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.
20 For example, U.S, Patent No. 4,065,351 to Jassby et al. discloses a method of
‘producing counterstreaming colliding beams of deuterons and tritons in a toroidal
confinement system. In U.S, Patent No. 4,057,462 to Jassby et al.,, electromagnetic
energy is injected to counteract the effects of bulk equilibrium plasma drag on one of the
ion species. The toroidal confinement system is identified as a Tokamak, In U.S. Patent
25 No. 4,894,199 to Rostoker, beams of deuterium and tritium are injected and trapped with
- the same average velocity in a Tokamak, mirror, or field reversed configuration. There is
a low density cool background plasma for the sole purpose of irapping the beams. The
beams react because they have a high temperature, and slowing down is mainly caused by
electrons that accompany the injected jons., The electrons are heated by the ions in which

30 * case the slowing down is minimal.




herein described in which plasma ions are contained magg #&S@%éy I n stable,
| arge orbits and electrons are contained electrostaticalfy I n an energy
well. A mgjor innovation of an enbodiment of the present invention over
all pr ewoq]%ﬁz\mr k with FRCs is the simultaneous el ectyqals /62§54confi nenment
~of electrofns and magnetic confinenent of ions, which tends to avoid

anonmal ous transport and facilitate classical containnent of both electrons
and ions. In this configuration, ions nay have adequate density and
tenperature so that upon collisions they are fused together by the nuclear
force. thus foloRestiigkelddiba oG, Bes sf EARNAIAGILAIGEGY piRY alPPRCt OF L he
present invention, there s provited an apparatus for contdining plasma
conpr i sifughantheledngmiteenphrbdice, va ¢vengonsifper) anoinplabs @ansport.a  nmagnetic field
generator coupled to the_chanber to ply a_ magnetic field within the
chamber subs F%W%F%‘?ﬂ&leﬁtf‘ﬁﬁnﬁﬂfg;@m&%@%%a? L IIEARS, a current coil

coupl ed ] RReS 0 ' & Bt henp 928 axis of the

chanbermttagnég?g% e an azfie%u ngﬂ Tﬁ%?%%@?f’y%?e “\\/I\n&t3h2|3§’4tﬁﬁjg chanber, and a
plasma Fauswatd mdiing dutentNp. 3336888 cFanswontd, whikle dise¢losezleatrcktations i nto t he
chanber. According to a second aspect_ of the_ present invention, there is

pr ovi degondingengdions andiaertipfontnesmept efelastrensy Uy PetrridYa: 4308301 ons wi t hi n
an_appagtise iibld uispACEN13866 407 Hlbla of fimARRG Flrm@hordE . nvent | on,
t he met hod conprisrng e steps’of magnetically confining a plurality of
pl asma paes N dd3BhTioTambadcha abhivh disdlbsen ele@raatatit condinehant of iopd asma

el ectrons. According to a third aspect of the ﬁre_sent invc(fntion, there is

provi de@ndmpgnetipepngnemens phelerirors witk myltipelpsnsgtecting wglls: 484 Bd- nagnetic fiel d

rovi oes Witk muliels 7Y mag)
ofd tho PO B850 HRRRL Sbih s Mo I RRFRE RRLRG MR 7 1 0 o

nmagnet i gushh.ENéhel of thei@pfhididdidvasiderichicRostatidGoiRaiwat dfRleotréBandmigmtigust 2005
chanber, injecting ion beans into the applied magnetic field within the

chanber corfisemeni@f ions.r Althquigh grers kaxpbeen saany FrseaPiproicets oA slepfErstaliayi ng a
| oi dal tic.self-fi ' ks ic field t
P oor easEoRERR R iobS gontp bt pRBRUERRAR PO IR ML kbG8 L) © 1 01 S o o

t he nageicktsdnitio fieldh aheoP@s fink Baveehd refuiirk deiity o fusien RhasiTdaltBam over cones
t he magni tude of the applied magnetic field causing field reversal, and
j Y ni ngnone of the patents cited above discuss a field reversed configuration magnetic topology.

The field reversed configuration (FRC) was discovered accidentally around 1960

at the Naval Research Laboratory during theta pinch experiments. A typical FRC

oy

topology, wherein the internal magnetic field reverses direction, is illustrated in Fig. 8 and
Fig. 10, and patticle orbits in a FRC are shown in Fig. 11 and Fig, 14. Regarding the

20 FRC, many research programs have been supported in the United States and Japan. There
is a comprehensive review paper-on the theory and experiments of FRC research from
1960-1988. See M. Tuszewski, 28 Nuclear Fusion 2033, (1988). A white paper on FRC
development describes the research in 1996 and recommendations for future research.
See L. C. Steinhauer et al., 30 Fusion Technology 116 (1996). To this date, in FRC

25 expeiiments the FRC has been formed with the theta pinch method. A consequence of
this formation method is that the ions and electrons each carry half the current, which
results in-a negligible electrostatic field in the plasma and no electrostatic confinement.

The ions and electrons in these FRCs were contained magnetically. In almost all FRC




field lines of the applied magnetic field and the magnetic self-field in a
conbi ned magnetic field having a field reverse confi guAagiar00FRC)

t opol ogy. According to a fourth aspect of the present invention, there is
provided a nethod of formng a field reversed configuration magnetic field
wi thin a chanber of an apparatus built in accordance with the first aspect
of the invention, the nmethod conprising the steps of generating an applied
magnetic field in the chanber, .injecting plasma into Ipe_appli d nagnetic
field meﬁmnwﬁmm%msp%}ameﬁ@%&wnagﬁ%t%ﬂt@%%ﬁ e of within the
chanbe [ ma to rotate and form a pol oi dal nagnetic
self-f%%%@ﬂﬁéﬂ%akpﬁﬁggﬁging the rotational velocity of the plasnma to

i ncrease the magni tude of the magnetic self-field within the plasnma to a

| evel that overcomes the magnitude of the applied nmagnetic field causing
field reversal, and joi SWMMARY @F THEENVENTHeNappl i ed nagnetic field and

the magnetig self-fjeld in C i ned netic field having a field reverse
configurati @H a&%ﬁ“’t H%B‘F@@ %Gﬁ@geweﬁ%mmme@ag B ha

confin : r : . : o erator for
aopl yi Eaion BB e AR iy o EAPTEL B IRl el & O Pl
axi s, BédinaBscbedinarhith ﬁissma oAy &e coiaihedR@TclSAly i stable dadgabibity beam of

ions. lons of the annular plasma beam | ayer are substantially contained
wi t hi nandectiensriye contpnetheledtioaiptisally in oy iersy vwelld Athgoipeeatemef air e
substantjal.ly cantained.in an el ectrostatic, ene 1. In one preferred
cnbod FERSRd Ao Lo et 21 Bt BRO P coi '

Pr ef er ghlufandoli€elSotRbaR Edh”ﬁh&ﬁént%?@i@éﬂo%?%nﬂh&%ﬁ%ﬁf e AnemBRRFidlie ends of the
chanber that 1ncrease the magnitude of the applied magnetic field at the
ends oivhicheendhandeid anbhalous yaispon ambfacilimce dasipilicestamnteatstibotlj ect or f or
injecting a neutralized ion beaminto the applied magnetic field, wherein
t he betlastems andiogn Ity configeraticn, ione muy haye adsgupéadapgityt and terapiatied nmagneti ¢
field. _In another. .preferred empodi nent t he stem forns magnetic field
navi g ReRgn SatjsBE S, € fuseT BRShERY Bemcge ke B [ERRRRHE 005 A so
discloaﬁgﬁis a nethod of confining plasma conprising the steps of
magnetical'ly confining the ions in orbits within a magnetic field and

el ect r ost at Acadrdliig tecofifst aspeg of the pasent invenison, theseris progidgy amepdgaratudn appl i ed

magnetic field may be tuned to_ produce and control the electrostatic
fiel d. for gomspiaing plasem cRmprigng ahdongaterhamberdaying agripgpal axis, a

magnetic field generator coupled to the chamber to apply a magnetic field within the

chamber substantially along a principle axis of the chamber, a current coil coupled to the

chamber and concentric with the principal axis of the chamber to create an azimuthal

electric field within the chamber, and a plasma source to inject a plasma containing
 electrons and ions into the chamber.

According to a second aspect of the present invention, there is provided a method
of confining a plasma having electrons and ions within an apparatus built in accordance
with the first aspect of the invention, the method comprising the steps of: magnetically
confining a plurality of plasma ions, and electrostatically confining a plurality of plasma
electrons.

According to a third aspect of the present invention, there is provided a method of
.forming a field reversed configuration magnetic field within a chamber of an apparatus
built in accordance with the first aspect of the invention, the method comprising the steps

of generating an applied magnetic field in the chamber, injecting plasma into the

6




tuned so that the average electron velocity is approximtely zero. In

anot her enbodinent, the field is tuned so that the aveEAagest@DéTtron
velocity is in the sane direction as the average ion velocity. In another
enbodi nent of the nethod, the nmethod forns a field reversed configuration
magnetic field, in which the plasma is confined. In preferred enbodi nents,
an annul ar plasma Iayer IS contained within a field reversed configuration
magnetic field The rlses L i ons,

Wher oi HagtlsE o v Ty B aEp i TReenre S iin e oo AineCr r ons
cont ai Redatinyd ﬁd&hﬂb@ﬁn%ﬁﬁitﬁ@&ﬁﬁiﬂeﬁhﬁlﬁ?gﬁﬁol&ﬁwma he Rifarmp | ayer is caused
to rotate and forma magnetic self-field of sufficient nmagni t ude to cause
field apphengan azimnthplrekdcarafedd @mmsnﬁmgtaummelqﬁlta@meméafm gpnise at | east

oo, & goaRta: ity BORSHER0: Ofe Rhenti B Bhaltifih MR PLSRABLD® 2TVaNCPd o

t o prey@Moniddehe BANBIONThS sppePRaknAt ﬁlelfarbﬁusn@ﬁéld Fe@@rs&leaﬂilqﬂﬁm a FRC,
because the magnetic field 'vanishes (i.e., is zero) over a surface Wi t hin

t he pl Belddiney e applicdmagnetiefigld and dietmaspetis sei-fiekbinjapombiiedi ve to

short -wavel.e fJuct lons that cau us transport. Magnetic
confi n'é’ﬁ@?ﬁu %gfd ﬁ}—qur%eoog &@Rg‘ggogﬂiéjgy"t hey have a snal |

gyroradi us- ﬂU@r&@g t&wfom BIpledt dmeqneraﬁt iRveRtib) icpd RpevERASIthéth@l t O
short-wavel ength fluctuations that cause anomal ous transport. Therefore,

the el elforoing adield reyarsed conléguyation sadenetischigldwithis ashapbrrofien appaggds. by an

| ect field l ous I t of
cner gy DB tut Seedin b A RT3 e G e ho R s B e ©
travel of geﬁ&raﬁﬁgemmlagnecuﬁﬁ@ewﬁﬂem 8 ch@dbier lifictitigl plassidnifta tiee dppliéhe surface of
the plasma. In so doin nost of their energy is spent in ascending the
ener gymagnetic figlderithin @élcg raraﬁﬁb’ﬁlg antpgingthpd ﬁ}ﬁCt@eﬁﬁléd’éﬂ&lh@lel eave W th fusion
Pr 0dUCky b AP eouliiE MG a b Sl EafIBREY it §iRenchik AERGALang TE SLT ONY

el ectrostatic |on dr| orblts rotate in

the di ﬁaﬁﬁ@ﬂi@g 1he rélhtiopsl velitity aﬂthb bﬁtsmh BEMerRise ﬂmnaganm@@loftﬁélﬁlagieaet rostatic
field further provides a cooling nmechanismfor electrons, which reduces

thei r yehidiicdd wahmrtbfs@l@%nawlweh@gwer@wsthGWWNé&mph%t ai nment ability

neutr omedis BBENAR A eARNIRST o g MRS ot BB RAE® 1 °°

nﬁut rOﬁﬁitaémagieﬁdy&sﬁelbyn§eﬁm1darmagreﬁ@ﬁelamsvm@uﬁelarrevm i nprovenment over
the DT
configuration (FRC) topology.

In a preferred embodiment, a plasma confinement 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
magnetically in orbits and the electrons are substantially contained in an electrostatic
energy well. In one preferred embodiment a magnetic field generator comprises a current
coil. Preferably, the system further comprises mirror coils near the ends of the chamber
that increase the magnitude of the applied magnetic ficld at the ends of the chamber. The
system may also comprise a beam injector for injecting a neutralized ion beam into the
applied magnetic field, wherein the beam enters an orbit due to the force caused by the

- applied magnetic field. In another preferred embodiments, the system forms a magnetic
| field having a topology of a ficld reversed configuration.




7b 1 August 2005 WD 02/062112 PCT/ US02/ 02854 reaction. Thep-B" reaction,
and the like, is preferable because it avoids the probl Angusdf005 ast
neutrons conpl etely. Another advantage of the advanced fuels is the direct
energy conversion of energy fromthe fusion reaction because the fusion
products are noving charged particles, which 5 create an electrical
current. This is a significant irrprovement over Tokamaks for exanple,

where a thermal,. conversio rocess. i s used to .con er kinetic energy of
fast neutr i‘?éldfsﬁ@ﬁedg‘?g& ﬁfogcgﬁ Py SompEgng the f conver si on

pr ocesmajfeticAlWeionfitiag the 36HGin vibas mmtahﬁa@fem fitle aﬁcyelaftrodnaﬁ@a;ly ener gy
conversi gn_ can ege as high as 90% aspect s ﬁ]d features of the present

i nvent SN the detiopeingysasgRwer f%wppilgdg@ggqhaéie BROGHNEHE £ ol | owi ng
descri %BHQ& ah@k.@rﬁro'l fhe CRRIrSNMIC RN, M &d® iR IRSHPINASMieMId bRy 89S. BRI EF
DESCRI PTI ON. OF THE DRAW NGS Preferred enbodinents are illustrated by way
of exafwedso thﬁltdhﬁmwralg? elmt;omwreloqtmammxmtely ﬁerphlé anp@grr@do fnenhe

acconp refer to |ike
conrpongl%%ﬁsﬂﬂq?ﬂﬁl&y\éor\g\‘?§t f@%%@\(fv&ér};‘%&g&g 8?6“@1? force acting on
a p05|ave@eanﬁveh)cﬁytdgahmthaenﬂmdmtGﬁtgsmemédammodﬁnmshﬁehbr orbits of

char ged es Lh a co i field..20 Fig. 3 shows the E x |
drift. rev%?ﬁ; %‘HB‘%%”P?%"E? ﬁ%ﬁéﬂf‘%’{ﬁ%‘i&aﬁﬂ?’g‘s BB ws an adi abatic particle
orbit in a fﬁ%ﬁ@ﬁé’d embddémerfds, 8 il pleiia &R abhtsingdiwvithigladicly bit in a
betatron. Fig. 7 shows the I nternational Thernmpnucl ear Exper i ment al React or

(| TER) reversss! gonfjeurgtioppagnetiocldnislasmanavsr eppprisgs pagtivelyic§arged A and 9B show,
[ espec hs’%lh)éreuhghgstgﬁ Qﬂ%f’th%1&@%&&%—&%5&@&%@1@@1%@&6&@&' rection in a

| 10 shows t | di ng beam system
thhln an electrostatic energy well. The plasma layer is caused to rotate and form a

magnetic self-field of sufficient magnitude to cause field reversal.

In preferred embodiments, the plasma may comprise at least two different ion
species, one or both of which may comprise advanced fuels.

Having a non-adiabatic plasma of energetic, large-orbit ions tends to prevent the
anomalous transport of ions. This can be done in a FRC, because the magnetic field
vanishes (i.e., is zero) over a surface within the plasma. Ions having a large otbit tend to
be insensitive to short-wavelength fluctuations that cause anomalous transport.

Magnetic confinement is ineffective for electrons because they have a small
gyroradius-due to their small mass-and are therefore sensitive to short-wavelength
fluctuations that cause anomalous transport, Therefore, the electrons are effectively
confined in a deep potential well by an electrostatic field, which tends to prevent the
anomalous transport of energy by electrons. The electrons that escape confinement must
travel-from the high density region near the null surface to the surface of the plasma. In so

“doing, most of their energy is spent in ascending the energy well. When electrons reach-
the plasma surface and leave with fusion product ions, they have little energy left to
transport. The strong electrostatic field also tends to make all the ion drift orbits rotate in
the diamagnetic direction, so that they are contained. The electrostatic field further

provides a cooling mechanism for electrons, which reduces their radiation losses.
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Fig. 11 shows a betatron orbit. 8 1 August 2005 WD 02/062112

PCT/ US02/ 02854 Figs. 12A and 12B show, respectively, thaugwypde@dic field and
the direction of the gradient drift in a FRC. Figs. 13A and 13B show,
respectively, the electric field and the direction of the ExB drift

inaFRC. 5 Figs. 14A, 14B and 14C show ion drift orbits. Figs. 15A and 15B
show the Lorentz force at the ends of a FRC. Figs. 16A and 16B show t he

tuning of t electric fiel t.he ectric tentjal, int col liding
banm Oy o et heeressed caraiedt By alf=Tpeh: bt Biiioid s sl 48R Snu 168
show t Hasf'ﬁidFd-B‘r'l Sastdﬂrﬂs DehtAInicXeackin sush SOD Y hrfd DAT. bi fhe DiHE’ fesctiohar ge- angl e,
ion-ion collisions. 83 19 show A, B,, C and_D betatron orhits when

smal | -@ﬁfgwétrowé%@rpéwe ¥ secopdary teagfipns.dbare gp énprovepent pygdhe Bda 208 and
20C show the reversal of the magnetic field in a FRC. 15 Figs. 21A, 21B,
21C and 21D show the effects due to tuning of the external nagnetic field
Bo in a FRC. Figs. 22A, 22B, 22C and 22D show iteration results for a DT
plasma. Figs. 23A, 23B, 23C, and 23D show iteration results for a D He'
plasma. Fig. 24 shows iteration results for ap-B" plasnma. 20 Fig. 25 shows
an exenpl ary confinenent chanber. Fig. 26 shows a neutralized ion beam as
it is electrically polarized before entering a confining chanber. Fig. 27
is a head-on view of a neutralized ion beamas it contacts plasma in a
confining chanber. 25 Fig. 28 is a side view schematic of a confining
chanber according to a preferred enbodinment of a start-up procedure. Fig.
29 is a side view schematic of a confining chanber accordi ng to anot her
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preferred enbodi nent of a start-up procedure. Fig. 30 B%@@%@%es of B-dot
probe indicating the formation of a FRC. 9 1 August 2 /062112
PCT/ US02/ 02854 DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS An i deal

fusi on ol ves the probl emof anomal ous trans th ions and
W{ﬁ[{]ﬁig% glft‘gtm Hb2580!

el ectrons. nomal ous transport of ions is avoided Dy nmagnetic
confinenent in a field reversed configuration (FRC) in such a way that the
majority of the ions have large, 5 non-adiabatic orbits, naking them
insensitive to short-wavel ength fluctuations that cause anonal ous

trans ' o : ; t of
ener gy FEo O e B e R A 1

devel op fast aéutongeompdaéiyi ¢ fiel d, which confines themelectrostatically in
a deep potential well. Mreover, the fusjon fuel plasmas that can be used
with the predeptheradmimntageof e agyaseeiiacls idhediprst detmy camersapof e0eEY it ed t o

t [ . . R ls. (F
o scdon) YERReR Yot R B ASNER RARHE kb PR BNAR AR YNt car
| NSt r umefdat: ;artbctridvEitdiaes. This RwsgficakemgasvementAr @l ckaddls)tbr64 (North

Hol | and Amnst er dam %] The solution to _the problem of, anomal ous transport
found héranple, granahponyeTsigp BrOcpss és yed eropeert the kigeticonesey of 884 on, whi ch

found e . ot the ket . which
ragnet | aoqeap g Akt Yoo el b ELBRERL A yiod ok Bl Bty O 1CC 1N

mej or i t Bow, whersasahid eficibndy of 8iéct elta@Kanostsioh ddnaelay higehos®@sdescri bing the
system and apparatus in detail, it wil| be helpful to first reviewa few
key concept s Qfhee aspeels yndfeaturesielthe priesent inuention walbberome apnarast HoMer ei n. 20

Lorentz Forece and.Particle s ipn a neti ¢ _Fi icle with
e?(iﬁ-:ct ri 30%%% aélgnﬁfﬁﬁ\%ﬂr?é,m\/ﬁ %\Q\Péﬁ%%iﬂ?%/m\%%ﬁggoﬁavjzﬁe e:jaféfrﬁ?%ﬁg’h experiences
a force ghlwigigsven by VXB FL = 9 (1) The force FL is called the Lorentz
force. It, as well as all the forrmulas used in the present 25 discussi on,
is given in the gaussian systemof units. The direction of the Lorentz
force BRIEF DESCRIPTION OF THE DRAWINGS
' Preferred embodiments are illustrated by way of example, and not by way of
limitation, in the figures of the accompanying drawings, in which like reference numerals
15 refer to like components.
Figs. 1A and 1B show, respectively, the Lorentz force acting on a positive and a
negative charge.

Figs. 2A and 2B show Larmor orbits of charged particles in a constant magnetic
field.

20 Fig. 3 shows the & x B drift.
Fig. 4 shows the gradient drift.
Fig, 5 shows an adiabatic particle orbit in a Tokamak.
- Fig. 6 shows a non-adiabatic particle orbit in a betatron.
Fig. 7 shows the International Thermonuclear Experimental Reactor (ITER).
25 Fig. 8 shows the magnetic field of a FRC.
' Figs. 9A and 9B show, respectively, the diamagnetic and the counterdiamagnetic
direction in a FRC,
Fig. 10 shows the colliding beam system.
Fig. 11 shows a betatron orbit.




depends on the sign of the electric charge q. The forcel ndi cul ar to
both velocity and nmagnetic field. Fig. 1A shows the Lgfqgg?éz?épgfce 30

acting on a positive charge. The velocity of the particle is shown by the
vect or gnetic field is 34. Simlarly, Fig. the Lorentz
force 3§%’a"8’3’-§%8ﬁgn a negative charge. 10 1 August 200"%9@%?‘062112 :
PCT/ US02/ 02854 As explained, the Lorentz force is perpendicular to the

velocity of a particle; thus, a magnetic field is unable to exert force in
the direction of the particle's velocity. It follows from Newon's second

law, F = ma, pibhab A andesm Sldve résb%ﬁdel&,&h@ﬂﬁ@ieﬁc fi6ld asC @l Afradtdn ofthpar ticl e in

the direction of its velocity. magnetic field can only bend the orbit of
a 5 par giadiest drifilin affiR€E. magni t ude of its velocity is not affected by a
magnetic field. Fig. hows th rhjt .of .a.posifively.charged particle in
a const ant n}éi%égf‘%“dgf%gla’“@ﬁ?s?eﬁﬁ@a}f %ﬂ?@“ﬁ%@g@n@é‘aﬁﬁ&f‘ﬂ?g@se is '
constanw ni &:ﬁ%g and the orbit 36 of the particle forns a circle.
Thi s ci Bi 6 is called a Larnor orbit. The radius of the

cigcul ar Orbfigs.:’!@A,i MEEAld 18¢ Bo@ YordAi%s, 38. 10 Usually, the velocity of a
particle has conponent that is parallel to the nagnetic field and a
conmponent t hBigs.i15A ped pEB dicvwutha Loteotztforge ftithd ends pFa BREh a case, the particle

e and a. Sieseand 55 diathe hmen el disdie a 8 oo Rl ot  one

creat eshﬁh@@dlﬂiﬁ%ﬂ@abJﬂeﬁQV"s the magnetic field line 40. This is indicated
in Fig. 2B. 15 particle in its Larnor orbit revolves around a nmagnetic

field |ine. Hipel7showea Maafvell didirtnsort r avel ed per unit tine is the particle's
gyr of requency, which. i enot ed, b d given by .lL2=. MC where m

i 80t he nass gs-tl%aﬂgl!lgri‘g‘?@‘éﬂ’a‘t’e&g"”f‘ﬁ%“‘@%\e‘g@t&&f’%flhj’ﬁtp‘g%ﬁ'% gyroradius aL
of a 2 g%efanﬂgrféd]ﬁéi@ns! s given by ac = vl -(3) n where vl is the

conponent~ of “the velocity of the particle perpendicular to the magnetic
Figs. 19 show A, B, C and D betatron orbits when smafl-angle, eleciron-ion

‘collisions are considered.
Figs. 20A, 20B and 20C show the reversal of the magnetic field in a FRC.
15 Figs. 21A, 21B, 21C and 21D show the effects due to tuning of the external
magnetic field B, in a FRC.
Figs; 22A, 22B, 22C and 22D show iteration results for a D-T plasma.
Figs. 23A, 23B, 23C, and 23D show iteration results for a D-He® plasma.
Fig. 24 shows iteration results for a p-B"' plasma.
20 Fig. 25 shows an exemplary confinement chamber.
- Fig. 26 shows a neutralized ion beam as it is electrically polarized before entering
a confining chamber.
o Fig. 27 is a head-on view of a neutralized ion beam as it contacts plasma in a
confining chamber.
25 Fig. 28 is a side view schematic of a confining chamber according to a preferred
embodiment of a start-up procedure.
| Fig, 29 is a side view schematic of a confining chamber according to another
preferred embodiment of a start-up procedure.
Fig. 30 shows traces of B-dot probe indicating the formation of a FRC.




field. Ex,5 Drift and Gradient Drift 25 Electric fiel u%gtﬁb the orbits
of charged particles, as shown in Fig. 3. In Fig. 3, e magne%lc field 44
points toward the reader. The orbit of a positively charged ion due to the
magnet i A4 alone would be a circle 36; the sa for an

el ectroﬁ Adiﬁbﬂl the presence of an electric field 42% Hﬁa%@grﬁ when t he
lon noves in the direction of the 11 1 August 2005 WD 02/062112

PCT/ US02/ 02854 electric field 46, its velocity increases. As can be
appreciated, the ion is accelerated by the force q . It can further be
seen that, acoprAiid HESEAPIBONIRETHE PREFORREDAMBODIMENTS! NCr ease as its
vel ocity does As the ion is accelerated by the electric field 46, the
magnet i ¢ fi efuidéd fheonisadttiesobies the peblenbofianomelows iwanspat for pdh st he i on

reverses cti and ins to ve.in recti S|tetothe

CF oot s adGiisfhs, cthe ATy 13 e by Fabad crBPRRR T ang | (s

gyr or adgeg ré\lé?sé@f:&iﬁ%u&ﬁ% &fiﬁﬁ%n su-Eﬁﬁ wa9'ﬂ1a§ttﬂ¥ﬂaﬁ’6rﬁ§| b%e idi&h‘ﬁa\ie F@as es and
decreases in alternation, giveS rise to a sideways t of the ion

ordit 48on-mlighatic ohbnemnal@gtﬁﬂnasenmﬂmmmrt-vmvglengh ﬂmbtu@mnﬁﬂlatcmuses called E x
Bdrift. Si e n. or in hes me di.rection 50.
A ot | aporhaliue Bkt e S aa0inth F o YR GorRothe bntlons ot BEERTDUD o 44 s

i1 1 ustr adasbaind turdinhe éxteﬂnauﬂ@hedf'mag&ﬁc ﬁaa ReddvBlob h@,&yngﬂefec&w fie towards the

reader. The gradient of the "nagnetic field is in the di rection 56. The
i ncr easwhizh corlfmesrﬁmgmdactroﬁntwhhly ® asteerepyertial well. ddpicoverdhbipsichdodienser anount

~of dots jint ure. 15 FromE it follo t hat, t he gyroradius
is i nveP@%"‘PV Bﬁb @tlrss%mﬂl#}???%@l 3‘?’%’@%{1@% %%@tqr% B4l e] d. When an
i@ MoV ESitbdioldaerdi Sk 'oﬁgr B dsﬂﬁﬂﬁﬁﬁgétﬁslmnﬂe'aﬁvmﬁé@ﬂuﬁs {Fer @yroradi us

w' Il decrease, because thé Lorentz fofce increases, and vice versa. The
ion's gghlswsadm ofsadvimesd Gebsy m&ﬁeldbaﬂhmﬁc%&ba@ler,dvmleuebmamm andhi ch gi ves

R T B D B A 22,
opposi te di r'ﬁiétsbﬁl'ﬁoﬁfbm@?ﬂoﬁﬁﬁidﬁn&ﬂﬁoﬂ%&nﬁah@@ﬁ'}ﬁr&?ﬁlﬁkéh&sofMDSt pl asma

conprises adiabatic particles. An adiabatic particle tightly follows
specific magnetic field configuration, which is the FRC. In particular, the existence ofa

15 region in a FRC where the magnétic field vanishes makes it possible to have a plasma
comprising a majority of non-adiabatic ions.
Backeround Theory
Before describing the system and apparatus in detail, it will be helpful to first
review a few key concepts necessary to understand the concepts contained herein,

20 Lorentz Force and Particle Orbits in a Magnetic Field

A particle with electric charge q moving with velocity ¥ in a magnetic field B
experiences a force F‘L given by

= ¥xB
Fp=q

Y

¢
The force F‘L 1s éalied the Loreﬁté forée. It, as weﬁ as all fhé fo;mu]as used in the present
25 discussion, is given in the gaussian system of units, The direction of the Lorentz force
depends on the sign of the electric charge g. The force is perpendicular to both velocity
-and magnetic field. Fig. 1A shows the Lorentz force 30 acting on a positive charge. The
velocity of the particle is shown by the vector 32. The magnetic field is 34. Similarly,
Fig. 1B shows the Lorentz force 30 acting on a negative charge.
10




the magnetic field |ines and has a small gyroradius. thuﬁﬁsﬁbgg\s a
particle orbit 66 of an adiabatic particle that follows tightly a nmagnetic
~field line 68. The magnetic field lines 68 25 depicted are those of a

Tokamakwgfefagii2di abatic particle has a |arge gyroradiddsysod/bessioes not
follow the magnetic field lines and is usually energetic. There exi st

ot her plasnmas that conprise non-adiabatic particles. Fig. 6 illustrates a
non- adi abatic plasma for the case of a betatron. The pole pieces 70
generateamagneticfield 72. As Fig. 6 illustrates, the particle orbits 74

do not 30 f akkplaihétk EE@Retd forch isleghehilivgier t6Zhe \ﬂeﬁ)city obgpisiiclel @k, WO
02/ 062112 PCT/ US02/ 02854 Radi ation in Plasmas A npving charged particle

r.adi at ed TAsBeticiistbig HaehietogavbBreein thegipetionod theqpaigle’ sielocite Particle is
proportl o al to the square of the charge. The charge of an ion is Ze,

where efol “islf@“bqq%‘(f@ﬂéﬁecéﬂ%laﬂefrarma 7ihaia mpgoetie Beid & wwablptoraceeferaleef ore, for

each io The t ot al

pover 1 SAPARIeT fhotichinc s By ATHREBRE B By M Sepb B Bote 00 of The
at®dnic pamtble;bl(t&a)em@nﬁu@ﬂm@aﬂba@hﬁoﬂaﬁeﬁe@m iﬁugwn8ﬁslaoms t he magnetic
field of a FRC. The systemhas cylindrical symretry with respect to its

‘axis 78.-In Fwé&ﬁ@wsﬁh%?réﬂaf%pq%ebé@arg%p clwt@ntmagp@q i nes: open
10 80 apgdyq gﬁ%ﬁé}kﬁéﬁg@e §6‘ﬁ1fﬂ?i§@as Es ét%lﬁﬂﬁ# agcg%hgﬁgaéﬂﬁo?al led the

separatriXx orns a rlcal I'n which the

‘magnet i ¢hefpartict forans stivde. T&lﬁkdiﬂﬁﬂar (ﬁ’@llﬂBﬁ &lcalpat 4 Lﬁ&oﬂ(ﬁrbﬁ.h'ehd::%uible magneti c
field dges_ not chang pr eci abI y in the axial direction. At the ends 90,
t he nag#hsrcireulps abig3 E?e‘-‘@J ci abl y | n the axial direction. The

m@net' c fi eJUg{l q‘ﬂgvcﬂ&qi?/%?ﬁk clgﬁéssa%)gn fi%p .afla% gﬂ'%ﬁ'? tche FRC, 15

ch gives ris e"to t everse everse I'gur ation

(FRC). ﬁddlﬁn@ac&ﬂpoﬂehﬁhmman&cﬁlm%%dﬁﬂl@lH&uﬂi‘adab@tﬁv.plai’hcmﬂface 94 is in
the direction 96. A The nmagnetic field inside the null surface is in the

dir ect | BeoEpes fifo simultensovRRLonY mmﬁ@onenorl%@pmwme fielddiseped ®nt z force 30
acti ng ﬂa :
appr eci grtg%él °§gf§g%ﬁyitlﬁé\@‘§ e &rh?gﬁwk qf[’iﬁﬁs %%es-m{e ¥ tefgﬁ?r‘;ﬁ%/i!hég in the
di rect i engic oK), lineal0] Eﬁxsﬁﬁﬁﬂﬁw&hﬁlimg. ZBhe Lorent z force al ways points
toward the null surface 94. This
15 A particle in its Larmor orbit revolves around a magnetic field line. The number
of radians traveled per unit time is the particle’s gyrofrequency, which is denoted by Q

and given by
Q=% @

where m is the mass of the particle and ¢ is the speed of light. The gyroradius a; of a

20 charged particle is givenby.
v
ar = h-j:' H (3)
where v, is the component of the velocity of the particle perpendicular to the magnetic
- field.
Ex B Drift and Gradient Drift
25 Electric fields affect the orbits oficharged particles, as shown in Fig. 3. In Fig. 3,

the magnetic field 44 points toward the reader. The orbit of a positively charged ion due
to the magnetic field 44 alone would be a circle 36; the same is true for an electron 42. In

the presence of an electric field 46, however, when the ion moves in the direction of the
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phenonmenon gives rise to a particle orbit called bEtatfgﬂg@&bes to be
descri bed below. Fig. 9B shows an ion noving in the dire€tion 104, called
counterdi amagnetic. The Lorentz force in this case points away fromthe
nul | sugpfeas, Thi s phenonenon gives rise to aty it called a
drift orbi t,m%g2 be descri bed bel ow. The di anagnetic H?ﬁcﬂ’?%?ﬁ on for ions
I s counterdi amagnetic for electrons, and vice versa. Fig. 10 shows a ring
or annul ar layer of plasma 106 rotating in the ions' diamagnetic direction
102. The ring 106 is located around the null surface 86. The nmmgnetic

field 1 : : &Bﬁ% I ARPLASIE, s — | lon with an
extérna%tﬁggglﬁ?'g’dl@/n‘gg%g{l C |eg'l épllp, P%I?}r%s%e%mn%gﬁéﬁcc %‘P% havi ng t he
t opol Ogﬁle%rc@gE:?’Qt ERGuhER Be $2R Blaf) WeokdnSBRYN3, the foh @ gHloradhd whill August 2005
WO 02/ 062112 PCT/ US02/ 02854 The 1on beamthat” forns The plasma | ayer 106

has a t peaseadsiits @clotityatoed.ore, the velocities of the ions forma Maxwel |
distribution in a frame rotating _at the average anguylar. velqcity of the
fioolg s hends g

i on beam COM?}@F‘EH% agoelerpind byithrdecic figld #@ thspagpe _f"ége“ldé to fusion
reACL Ofgss Jebi. Aﬁé&rﬁlﬁx@%ﬁ?ﬁeg ePdr MRedRA Thd s td- @By f oCftlebifsh @ col 1 ding
1 g. shows t

beam 5 system e main type of Ton orbrts 1n a colliding
beam syspmeite wahd elebtric fiddd4@at Waen disthappehd, Zhe idn ixaicadlérated,@ntitt 112 can be
expressed as. a Si ve centered on the null circle 114. As expl ai ned

. e C

above, EHeraigiherstere dpaeageso The ia’ seproradips tipsingreases, and deffsases InThe p| ane of

t he. orpy g2 ' . : ' ; : s inthis
orbit 1%1%%[1%%%’0‘%/%&?%(’%%%?#& I?ﬁéﬁ%{l@?ﬂ%ﬁ%@?@%ﬁgT re(@gnénaddsla?arti ng poi nt
116. Angi NS Talep | 7 : | ' ' ion in the
radi al ?Ho?g;é?:ﬁ%ggs.( g@?g@ﬁ | ICSS' ard %%@ﬂ{éﬁ\oﬁﬁﬁ#@’%@ﬁlg@%ﬂ %ﬁ%hg transl ati on
allong t the samé tirection 5@ 114. Fig. 12A is a graph of the magnetic field 118 in
a FRC. The field i l.i.brium nodel,

to be di scus%é{?“bé i ?%P%?Fé{lﬁ\éggzﬁ%h{]@aj %ﬁﬁenle?%ﬁg ?lhg-%gslyiﬂg&]aquén i nventi on.
e 1o, EREAL AR pylgh S PO APLARAN S bk, gL et
depi ct smapietic fieldrietni the direetich 561 STheamirebest the mbgretinfibld's srengthes r adi us 120. As
SO | St el ST G g Lhe mulcirele will see a
15 From Eqgs. 2 and 3, it follows that the gyroradius is inversely proportional to the

strength of the magnetic field. When an ion moves in the direction of increasing magnetic

field its gyroradius will decrease, because the Lorentz force increases, and vice versa.

The ion’s gyroradius thus decreases and increases in alternation, which givesrise to a

sideways.drift of the ion orbit 58 in the direction 60. This motion is called gradient drifi.
20 Electron orbits 62 drift in the opposite direction 64.

Adiabatic and Non-Adiabatic Patticles

Most plasma comptises adiabatic particles. An adiabatic particle tightly follows
the magnetic field lines and has a small gyroradius. Fig, 5 shows a particle orbit 66 of an
adiabatic particle that follows tightly a magnetic field line 68. The magnetic field lines 68

25 depicted are those of a Tokamak.

A non-adiabatic particle has a large gyroradius. It does not follow the magnetic
field lines and is usually energetic. There exist other plasmas that comprise non-adiabatic
particles. Fig. 6 illusirates a non-adiabatic plasma for the case of a betatron. The pole
pieces 70 generate a magnetic field 72. As Fig. 6 illustrates, the particle orbits 74 do not

30 follow the magnetic field lines 72.
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126 of the magnetic field pointing away fromthe null purtagee§d. The
magnetic field 20 outside the null circle is 122, while The magnetic field
inside the null circle is 124. The direction of the gradient drift is given

by the gwopssfifoduct B x VB, where VB is the gradi gritnabhizase magnetic
field; thus, it can be appreciated by applying the right-hand rule that
the direction of the gradient drift is in the counterdi amagnetic direction,
whether the ion is outside or inside the null circle 128. 25 Fig. 13Ais a
graph of the electric field 130 in a FRC. The field 130 is derived wusing a

one- di nensi oRadiatREh Plathdgum nodel , to be di scussed bel ow i n conjunction

with the theory of the invention. The horizontal axis of the graph
represents tfanayingchaged paticle ediatasslegiremagnetis wavss FRE powesradBtedThe el ectric

fieldisyin volis/.cm th raph _depi cts he.electric figeld 130 vani shes
ol ose ¢ B BeRinsiif Mophifiahel fo A6 B GP Mk frag TCHBAEGEM Gpid 2, (o210,
PCT/ USO3he@3¢hé\slestiadhalob afd is tASBomidRintdee Cittictefork, Bt dAch Pk thedls 1S

deconfining; it points away fromthe null surface 132,134. The nmagnetic

fikld, #8llbefdeeclesteons that Wil rdistec Thotetal powerradiated by theser? ¢lectwppiseci at ed by
appl yi ng_the right-hand.ul e t.hat 1h irection of the Ex Bdrift is in
t he di aﬁ’ff@ﬂ%‘f’?%%d@?(g@%ogﬁl}eﬁ%‘fﬁgpﬁ?ﬁ%i on is outside or inside the null
surface 136.CharfddTrticledM @RRC14B show anot her type of common orbit in a
FRC, called a drift orbit 138. Drift orbits 138 can be outside of the null
surface, as Bigohwhows tieirpgnatifieldef 2 FRS Tee systemdgs elindrical pyrpnefty 14B. Drift
orbits 1 rotate,in.the.d,a tic directiondf the B drift

doni nat BLRaEBI sl HE RS B R Pt O o R i 1

dggm nat 8§ andldiesedl BL.f TheubfhdesdividRg SHRAWD réglonsiidslled thé s $4. rdeat e in the

di amagnetic 10 direction.102 fromstarting point 116. Adrift orbit, as
 shown i AREifgrmsisglindrical il surfeqsatin which shemagratic fidd vastishes. dhtheng over a

relativel. i I .Cir The ircle, 142 spins,arqund.i;ts axis in the
onoe 1 faptral Rt of B e BEp T cla ool S Sndié s R D, O 305" (e
poi nt  14fedfioh.! Aiﬂh@-@ﬁisi%.iﬁaﬁﬁ@nsﬁcﬁEl@TdBeﬂHﬁilés’ﬂhﬁpﬁe@iaﬂlﬁ&ath@ﬁxiEli gs. 15A and 15B

show the direction of _the Lorentz force at the ends of a FRC. In Fig. 15A,
an i on figectihpwhhemegnatc figld aleag e apmieyaaisi7@ renersetdiresion whe¥RG, a vel ocity 148

|1 @ magnebic £ Ll 8 i0m beveA0r IR rRRPR SRS B8N ARR Y@ the 11 ght - hand
In Fig. 9A, the magnetic field outside of the null surface 94 is in the direction 96. '
The magnetic field inside the null surface is in the direction 98. If an ion moves in the
direction 100, the Lorentz force 30 acting on it points towards the null surface 94. This is
easily appreciated by applying the right-hand rule. For particles moving in the direction
20 - 102, called diamagnetic, the Lorentz force always points toward the null surface 94. This
phenomenon gives rise to a particle orbit called betatron orbit, to be described below.
Fig. 9B shows an ion moving in the direction 104, called counterdiamagnetic.
The Lorentz force in this case points away from the null surface 94. This phenomenon
gives rise to a type of orbit called a drift orbit, to be described below. The diamagnetic
25 direction for ions is counterdiamagnetic for electrons, and vice versa.
Fig. 10 shows a ring or annular layer of plasma 106 rotating in the ions’
diamagnetic direction 102. The ring 106 is located around the null surface 86. The
‘magnetic field 108 created by the annular plasma layer 106, in combination with an
externally applied magnetic field 110, forms a magnetic field having the topology of a
30 FRC (The topology is shown in Fig 8).
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Lorentz force 152 tends to push the ion back into the {gg%gg 28hs cl osed
~field lines. In this <case, therefore, the Lorentz force I's confining
for the |ons In Fig. 15B, an ion is 20 shown noving in the

counterﬁ; piic direction with a velocity 148 in g poikg field 150.
It can appreC|ated 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.
25 Magnetic and Electrostatic Confinenent in a FRC A plasna |ayer 106 (see
Fig. 10) ca %HF@ | ans around
the null supp% g tﬂnﬁsdt Bﬁa%%lt ng%;irﬁeé%tlﬁg:érgcﬁfé&]@relfogﬂgﬁ%e(p\ detail ed
di scussielbeitids off itefi@rsefotm alarads disfribhidormin rdratdeaoBfR(g atic agbragaa ri ng f ol | ows
below.) In the circulating plasna |ayer 106, g?%%?of he_i n have bet atron
orbits &q&ﬂaefg@emwfﬂwmah@ﬂn SR BsionABeEEER 994 9 0 Fig. 11),

are ene [ ve to short
mavelenggﬁ%f%ﬁg |on§ﬂ%%§?Qh§§%%hgﬁgﬁa oﬁgkﬁggﬁgggf%maﬁgﬁkgistudy|ng a
plasma kayes, 106 |n equi libriumconditions as described above, it was

di scovered that the conservation of popentum.i nposes a relation between the

5 angul ar veFigcilishows thearain (e afign prvds Errgolliding ferpsysigm %ctrons we.
(The deﬁ,lftx o e O A Blifid %ﬁ‘ﬁhﬂ{‘ oh B ¥Rl Whelvif ORI B0 4 L1 L he

t heor Invent (4 L no

J mc |ﬁu1E§ircIc41 14Z As%xpllﬁﬁletﬂ ghbvattheringenetieriield on tHe rufl cirtle 114venishess, e is the

el ectron charg B. is the 10 magnitude of the_applied nagnetic field, and
‘c is t hg'hgplé@ﬁféhe qu@ﬂﬁZlS'Pﬁ@P@l%ﬂfﬁtQWPé@SW e%theBBEaMém@lw bt his rel ation:

R ahoot ot A g died eyl R HofE HaMZRON A MR8 o0, D07 11

' det er m pagkrod drBifhdEGwo ﬁoﬁBﬂﬁ@iﬂS@lﬂaﬁ&l 1l thsrmial diyetion @6rpesdidulur vethe by i nj ecti ng
ion beans into the FRC, the 15 angular velocity of ions co, is determ ned

by the vl gisde bid).landatiaaslation elppe ge lsirgde dld-W , ~ which is gi ven by
Fig. 12A is a graph of the magnetic field 118 in a FRC. The field 118 is derived

using a one-dimensional equilibrium model, to be discussed below in conjunction with
15 the theory of the invention. The horizontal axis of the graph represents the distance in
centimeters from the FRC axis 78. The magnetic field is in kilogauss. As the graph
depicts, the magnetic field 118 vanishes at the null circle radius 120,
As shown in Fig. 12B, a particle moving near the null circle will see a gradient
126 of the magnetic field pointing away from the null surface 86. The magnetic field
20 . outside the null circle is 122, while the magnetic-field inside the null circle is 124. The

direction of the gradient drift is given by the cross product B x VB, where VB is the
-gradient of the magnetic field; thus, it can be appreciated by applying the right-hand rule
that the direction of the gradient drift is in the counterdiamagnetic direction, whether the
ion is outside or inside the null circle 128. |
25 Fig. 13A is a graph of the electric field 130 in a FRC. The field 130 is derived

using a one-dimensional equilibrium model, to be discussed below in conjunction with
the theory of the invention. The horizontal axis of the graph represents the distance in

_ centimeters from the FRC axis.78. The electric field is in volts/om. As the graph depicts,
the electric field 130 vanishes close to the null circle radius 120.
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V\#2mV2:2merre)2 Here, V, = w,ro, where Vis the |nig<a%§woy§| ocity of
ions, co, is the cyclotron frequency of ions, and ro IS e radius of the
nul | surface 86. The kinetic energy of electrons in the 20 beam has been

I gnor edywhrapakse the el ectron nmass ne is nuch smal | er gcdi@ikoddpgsd on nmass  ni.
For a fixed injection velocity of the beam (fixed w, ), the applied magnetlc
field B. can be tuned so that different values of we are obtainable. As
will be shown, tuning the external nagnetic field Bo also gives rise to
different values of the electrostatic field inside 25 the plasma | ayer.

Thi's featureatnd 1@3‘@ V4 g eb(ghﬁﬁin% &ﬁ? 16B. Fig.
16A shows three plo &o?n% ﬁﬁe%e c&%é#@ﬁ%i&%?ﬂm VO ts? ai ned for the
sane i njieot thenull sefaoe132y134c The magne8 firld 14 befnre, idin thefdinections £22,104f f er ent

val ues of the applied magnetic field Bo: 16 1 August 2005 WO 02/062112

PCTI USO0 2k Wpﬁﬁeoiﬂteé\bp bppdyingrieg might-teand rwdé tha( ﬁo)iir@l:iemoifthm Eariydrifir vel ocity

(vve) 154, w,0 e Baz5. 15kG 25x10' s’ 58 Bo 15.5 kG
b L 1 PyinjieGuitightriadetion, fheghesn 5 iy =R det o mi ned |
acgor ding topfg. 14?&%@1@B%%Wam%b6f&nﬁlﬁﬁorﬁﬁmﬁ@crlﬁ@éasaciﬂi’@t 20 > w, in
Eq. 4, so that electrons rotate 1A their counterdi amagnetic direction.

Fllg 16l]f’mﬁc3\8/s Dirifeorbitsel38ca bpatsde ofdbe rullsurfadel as)shown intlig 14800 set  of

F
Uhe c° a8 edRin e %@f?g&% f%rﬂ%w%p 41%1@@5%@9«:%?%%&%& merers. The
G ven b 6 T aThRtR s e S emesee GrP R St m i it on, | These
expr eSSH@l‘ﬁﬁlaﬂ:@p'?E@dtﬂ’é 6809136 sﬁ&vﬂ\ﬁlmgdwmfaﬁdlﬁm%i&l%&mn&%awpl ai ned on

si mpl e physical grounds. Wen the ions rotate in the diamagnetic
di ect i dirsctiond02 o startingpoit i ied magnetical ly by the Lorentz 10 force.

T R W A (MG S
woul d n@&elﬁ%ﬁvelﬂﬁ@éér Bedle. THAnRlFEE VBB spiRAYSunk e 2Bk ASHBseAtt44a% @ result, a
surplus of positrve charge is
also rolls over the big circle 146'in the direction 102. The point 140 will trace in space a
path similar to 138.
15 Figs. 15A and 15B show the direction of the Lorentz force at the ends of a FRC.
In Fig. 15A, an ion is shown moving in the diamagnetic direction 102 with a velocity 148
in a magnetic field 150. It can be appreciated by applying the right-hand rule that the
Lorentz force 152 tends to push the ion back into the region of closed field lines. In this
case, therefore, the Lorentz force 152 is confining for the ions. In Fig. 15B, an ion is
20 shown moving in the counterdiamagnetic direction with a velocity 148 in a magnetic field
150. Tt can be appreciated by applying the right-hand rule that the Lorentz force 152
tends to push the ion into the region of open field lines. In this case, therefore, the

Lorentz force 152 is deconﬁning for the ions.

25 Magnetic and Electrostatic Confinement in a FRC
A plasma layer 106 (see Fig. 10) can be formed in a FRC by injecting energetic

ion beams around the null surface 86 in the diamagnetic direction 102 of ions. (A
detailed discussion of different methods of forming the FRC and plasma ring follows

below.) In the circulating plasma layer 106, most of the ions have betatron orbits 112 (see
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created. This sets up an electric field that prevents phﬂgﬁstgb@s:trons from
| eaving the plasma. The direction and the magnitude of this electric
field, inequilibrium is 15 determ ned by the conservation of nonentum
The rel gpaRbspt hematical details are given bel ow i pcgRRbMIGHI on With the
theory of the invention. The electrostatic field plays an essential role on
the transport of both electrons and 1ions. Accordingly, an inportant aspect
of this invention is that a strong electrostatic field is created inside
the plasma | ayer 106, the magnitude of this electrostatic field is 20
cont r ol {8d{ Ry, _whi ch can be

easily a #g i ‘taé%:lgﬁéaéxp gﬂlcer?g %d@%{ﬁ 1ﬁeétr g;(%g{;sfégéﬂ? tfj I's confining for

el ectrowsveﬂéngthdluctaaﬁbnsﬁmtsdmewmonialnuEtrglspdzﬁB the depth of the well can be

i ncreased by_tuning.the appl.ied nagnetic.field, A t. 2005 WO
02/ 062112 P%%%@Mag%%déyﬁ%%ﬁqﬁbﬂgﬁ %é?%‘b‘ﬁ#‘%@@ﬁ‘??ﬂ%&ar the nul |
circle, w&ﬂﬁseﬁb&&& fh @né@ﬁ#P%Yﬁoﬁemlﬁ&oﬁﬁﬁP&ﬁgh%éwe%—MEef ore, electrons

respond to short-wave uctuations anomal ously fast

disf f usi afulapt@ecity ol ondlif dndThahgulaPvdleuity of BedtRes BRI (Thatidivediéh gfot.enti al wel |
once the fusion reaction occurs. The fusion product ions, being of nuch

hi gher isarlgtjon is givembaow frecapitmstion wittothathieatyaf thedtivention kyibetelatient ral i ty, t he
fusion products must pull electrons out of the plasnma with them mainly
taki ng the electrons fromthe surface of the plasma |ayer. The density of
el ectrons at the surface of t pI sma is ver Bloma and the electrons that
| eave the plasma with th@;&uslpn~paodﬁaksapy e replaced; othefam se, the
potential well mould dlsappea 9 JFig. 17 shaes a Maxwel lian distribution
162 of el ectrons. y very energefic eIectrons fro the ta 160 of the

Maxwel |hcﬁqsﬁfzﬁmqleﬁateew%ﬁw@%m%eef ¢ HEcton sharge d{wr eave with

faasi on &C%;Bl nuously
cllréeat e g@ ?%%%%phf ? %C %:i%l #lgl%ggnﬂgpﬁée@ﬁteﬂ?@gg}ﬂ%ﬁé%?ﬁﬁ density near
t he nul parsbididaBahis ﬂ&tﬁmeme el SnaBh@R IS, b blebtrddaigular \Eamitjr agyroradi us,
so that anomal ous diffusion permts 15 themto reach the surface fast
enough 4od theion ampitatvelotityen,d &ftsotolf figmf anskmrwnpthe thialtcan badeternilired energetic

el ectropns | ose their energy ascending the potential well and | eave with
very | et Eg. ”energy. Al t hough the el ectrons can cross the magnetic field

r api d'y, UG S AN el {015 R0 bARRERIHR bEART Y todaes g Nd L0 be

avoi ded because rgy is
15 angular velocity of ions @, is determined by the injection kinetic energy of the beam W,
which is given by

1 1
W, = Emefz = Emi(miro)z'

Here, V;= oy, where V,is the injection velocity of ions, @, is the cyclotron frequency of
“ions, and ¥, is the radius of the null surface 86. The kinetic enefgy of electrons in the
20 beam has been ignored because the electron mass m, is much smaller than the ion mass
m,. |
For a fixed injection velocity of the beam (fixed @), the applied magnetic field B,
can be tuned so that different values of @, are obtainable. As will be shown, tuning the
external magnetic field B, also gives rise to different values of the electrostatic field inside
- 25 the plasma layer. This featu’re of the invention is illustrated in Figs. 16A and 16B. Fig.
“16A shows three plots of the electric Feld (in volis/cm) obtained for the same injection
velebity, @, =1.35x 107 S“, but for three different values of the applied magnetic field By:
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:

transported. 20 Another consequence of the potential welAughs 2005trong
cooling nechanismfor electrons that is simlar to evaporative cooling.
For exanple, for water to evaporate, it nust be supplied the | atent heat
of vapom@aesumz This heat is supplied by the remainiwgudotiopssd wat er and

t he surroundi ng nmedi um which then thermalize rapidly to a | ower
tenperature faster than the heat transport processes can replace the
energy. Simlarly, for 25 electrons, the potential well depth is equival ent
to water's |l atent heat of vaporization. The electrons supply the energy

requirdd to as d the do i al | | he ermal i zati on . procesis that
re-supplies th@ggnergy dfgq%ﬁ%&%ﬁ%&ﬁf ﬁe@ﬁﬁ so ‘{f??gfm %W@E?‘Bp can
escape.| —The thermnlizatiiaon process thus resi i

n
tenperature, ags4t is migh=FppL@r than any hegtipg process. Because of the
mass diif ference between |el’'ectrons and 30 protjorfs

the energy transfler tine
f r om pretenrs—s—about—1800—+ires—t-ess—than—i t 2005
WO 02/ 062112 PGH US02/ 028R4 5.131@k mal i zat i on tii ge. g 43y s14¢Q@l i ng mechani sm
al so reduces the radiatilon loss of electrons.| Thi's is particularly
i npor t gmmt—for—advanced-filuets,—whereradirattontosses—are—enhanced-—hy fuel
ions wijth atonl® nunmber [B;=15.5& el ectrostatlis i.bl d161o affects ji on
transport. The majority|of particle orbits in 5 the plasma | ayer 106 are
betatron orbrts 112, Large-angle collTisions, that 1S, collisions wth

scat t er fRgvangloe s RhYBER BRaNde &%ﬂ?ﬁ%?gc Q. Rebal kg orbit to a

drift orbit. As described above, rection of  rotatron of the drift

or bi t iappiaﬁaemhmp@mmsmmgetdmm@ﬁm&mm&&m&a&iﬁm&rift and the
gradient drift. If the E x B drift domnates, the drift orbit rotates in
the di afeuprsdippagnelieditacon. Hig. oBshowsthe electrid ppteatiali Gnivolts) & the he drift 10
orbit rotates in the, counterdi gmagnet,ic. direction. This is sho in Figs.
18A and Safagset ofpafyies g @ﬂ%@%ﬂgﬁ’fgﬂ%ﬁnﬂ% 0 3 LoB, aresT et o a drift
ordit dygish@ Honl B2 FRY ddisSts0 [ ; Ll 72. The drift
orbit continues to rot atsc? i?%oyﬁgﬂgﬁ}rnﬁjgg%%%gﬂet ?%)g&g%%%cause the t x B
dri k doeimessiess offfigelechBBfi«lh awmbthe aletitie potdaial arelglvies below ibednjurictiod hi s case t he
electrostatic field is weak and the gradient drift dom nates. The drift

or bi t 1%ithfigdheony af theinventione Thesg srmressionndepend stonglyoneei on. The direction of

rotation of ’E‘Ipeeangrré J&Eultgrceta)ﬂﬁe g{%fa?nreH] Irf(sai?np € pehtyglga{l g'rotunhss \%ﬁé}{c t'hQ 1eo(1j:1s or not.

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

10 force. This was shown in Fig. 9A. For electrons, rotating in the same direction as the
ions, the Lorentz force is in the opposite direction, sé that electrons would nc;t be
confined, The electrons leave the plasma and, as a result, a surplus of positive charge is
created. This sets up an electric field that prevents other electrons from leaving the
plasma. The direction and the magnitude of this electric field, in equilibrium, is

15 determined by the conservation of momentum. The relevant mathematical details are
given below in conjunction with the theory of the invention.

The electrostatic field plays an essential role on the transport of both electrons and
ions. Accordingly, an important aspect of this invention is that a strong electrostatic field
is created inside the plasma layer 106, the magnitude of this electrostatic field is

20 confrolled by the value of the applied magnetic field B, which can be easily adjusted.

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

in Fig. 16B, the depth of the well can be increased by tuning the applied magnetic field
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A particle noving in a drift orbit will also have a 'velAagutty200arallel to
the FRC axis. The tinme it takes the particle to go fromone end of the FRC
to the other, as a result of its parallel notion, is called transit tineg;
t hus, tNeOayosim2orbits reach an end of the FRC in a 2fect/ismonss t he order of
the transit time. As shown in connection with Fig. 15A, the Lorentz force
at the ends is confining only for drift orbits rotating in the diamagnetic
direction. After a transit tine, therefore, ions in drift orbits rotating
in the counterdi amagnetic direction are |lost. This phenomenon accounts for
a | oss rﬂecﬁmwptsﬁommrymmm reghungiear the slpscicethe tlectPdhs hbvays asieatsedili n al | FRC

experinments. t hese ex nent s e . ions carried half of the
current SXIPH dt“f‘?e %?rétf’??’ﬁﬂ?ﬁﬁ?f’éf‘?‘? iéorbfvﬁ@e“ﬁ%ﬂumﬁﬁo%s%g‘émcondl tions the
el ectr i (é.n(gl'hﬁbﬁl faﬁ%ﬁk?sldn}}ﬁtepm mﬁiﬁl%ﬁ Iﬁ%&l‘-‘t a 1 a.m t ﬂ} Epla % ent dr i f t

al ways dom nat ed the Ex Bd Hehce, e dr |ts produced by
| arge- amgt@theﬁisionwa@hml QUenIS. Ebeﬁ;smﬁpmduazmnsabmgoftmwhhlgh&“ﬂm&gy,exper| ment s

re g;;tgg? Vﬁﬂ‘["fl’iﬁf us;l,on [ e&ga’gghat w_enre aster tglna hosrgw%gl i cted by 30
ot USO {28 R4ul Jfﬂa find V%‘ltl?fhéﬁlhﬁ%ﬂlﬁﬁ]&%ﬂl?éﬁéﬁ i fibthsurfaBforfip J drift

dom nates the gradient drift t or Its rotate 1n the

di anagn@tasmaéhymec’lﬂnedmsﬂlof cleatams stitbewurfabeoofehd plasnmdnnag lawanddheh Fig. 18A.
When the ch, the ends of the FRC, are reflected back into
t he reg| %attf?% t%FP]éﬁHantﬁg@fB?OI%Ffﬁd‘}PE?r”é‘FFFQGIF’B]PE@ othpgdse, ey remmin 5.
conf i nedqjeRtidi RN S6IEIR electrostatic fields in the colliding beam
system gm? be strong er?]oj%aﬁ so that the t x J drift dom nates the

gt@di ent dri Fig. 17$hows aﬁ\dfmmllmnﬂmmﬁ)umﬁ 62fof electrant. Ohly weyssdrergetiovoul d avoi d

b [ | ' | h whi ch |
o0 CofBRim 5oi o il BE0HBE Maky %uh%%»gﬁc?nigaﬁépﬁ@ae%%m@k&p@@@%' e
appr eci gheRalwidPRsiba Sk, n@hétQﬁlGﬁ b8hd %\%blﬁomlﬁb gr on-ion

collisions on betatron orbits. Fig a et at ron or 112; Fig.
19B showsatethby slactronésidvition tdlRsivksan th;arre@dm afitigtedentigatennthe ndhsuefatd.i si ons are
considered 174:, Fi 19 hows the orhit of Fig. QBf | lowed for a tine
that is PoRisLgetipglections Sl fgve gpmall gyrpragius 0 hat agomaies PER@EtSOr bi t of

Flg.  19Behb Qe thelsffad st BROoubPROREommodate the departing fus10n product ions.

The energetic electrons lose their energy ascending the potential well and leave with very

‘1

littie energy. Although the electrons can cross the magnetic field rapidly, due to
anomalous transport, anomalous energy losses tend to be avoided because little energy is
transported. 7

20 . Anether consequence of the potential well is a strong cooling mechanism for
electrons that is similar to evaporative cooling. For example, for water o evaporate, it
must be supplied the latent heat of vaporization. This heat is supplied by the remaining
liquid water and the surrounding medium, which then thermalize rapidly to a lower
temperature faster than the heat transport processes can replace the energy. Similarly, for

25 | electrons, the potential well depth is equivalent to water’s latent heat of vaporization. The

electrons supply the energy required to ascend the potential well by the thermalization
process that re-supplies the energy of the Maxwell tajl so that the electrons can escape.
The thermalization process thus results in a lower electron temperature, as it is much
faster than any heating process. Because of the mass difference between electrons and

30 protons, the energy transfer time from protons is about 1800 times less than the electron
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15 by a factor of twenty 178. It can be seen that the {oapghagpopf betatron
orbits does not change due to snmall-angle, electron-ion collisions;
however, the anplitude of their radial oscillations grows with tine. In
fact, twW®®@MEA11s shown in Figs. 19A to 19D fatten outpowusizosssare, which

I ndi cates cl assical diffusion. 20 Theory of the Invention For the purpose
of nodeling the invention, a one-dinensional equilibriumnodel for the.
colliding beam systemis used, as shown™in Fig. 10. The results described
above were drawn fromthis model . This npdel shows how to derive

equi | i biiermaligatinnding. SHes cooling mechapigmalse Ireduersiiag ltadleﬁonhlossenfnhlgmm c fi e:j dl
he el T
or esent i Sputigifty SR RoraBlichd fil i efietor o s fMGpeathe (e g

in a Dﬂetmmmatbm@crnmetzme types of ions (e.g., DT, DHe' andp-B").

VI asov- Maxwel | Equations Equilibrium solutions for the particl e densi ty and
the el ect ronﬂ@f&cﬂes'f#ticeﬁ@% smafﬁectsrrma@smbﬂﬂwamtbyf ol erbits in

55 oo 5 rhR e IS5t ARRNARAT: L R RACRRINRS, R iRoRO e YO (6

VxB witlis&@tbnnlg/afnlgwb bétuﬂeerﬂﬁ)“’(aﬁ&w(ﬁ éan‘éﬁéngé/éﬁétZ&afﬁérﬂftl@deﬁf%rblt5 VB= O (9)

where |j and i =1, 2,... for electrons and each speci es of |ons I n
equi | i bAs GPﬁcﬁ%ﬁdlabo‘mﬁmd@&moqw&mtwon@ﬁﬂlaﬁaﬁmﬂﬂ‘epéﬁdmﬂnedﬂya| me (i.e., alat =
0). To solve the VIasov-Maxwel| equations, the follow n assurrptlons and

appr oxi ﬁﬁ’ﬂﬁ@@ﬁ@n%ﬁt‘@emf‘?%%ﬂnﬁlandﬂlh@raémﬁdﬂﬂarlfthmlf)rﬁp@‘rﬁ agginaiese | ndependent

of axi & / a 00 Thi on nsi dering a
pl as naavll\Lnet% é)%]&fi)xﬁ a’%esﬁth% @%@8@““'%1%ifﬂéwa‘?sle“%ﬁf‘ﬁ?f?&i‘“&% ’t[]?‘li[}?? t he nodel
| ) val i grb@zibtited Drthé RnteetidmdineATifectBB. Thisds fHio%n if Pigs TiRA MM I8BM has
cylindrical symetry. Hence, all equilibriumproperties do not

Fig. 18A 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. 18B shows another 180° collision, but
* in this case the electrostatic field is weak and the gi'adient drift dominates. The drift orbit
15 thus rotates in the counterdiamagpetic direction.
The direction of rotation of the drift orbit determines whether it is confined or not.
A particle moving in a drift orbit will also have a'velocity paralle] to the FRC axis. The
time it takes the particle to go from one end of the FRC to the other, as a result of its
parallel motion, is called transit time; thus, the drift orbits reach an end of the FRCina
20 “ time of the order of the transit time. As shown in connection with F1g 'iSA, the Lorentz
force at the ends is confining only for drifi orbits rotating in the diamagnetic direction.
Afier a transit time, therefore, ions in drift orbits Totating in the counterdiamagnetic
direction are lost.
This phenomenon accounts for a loss mechanism for ions, which is expected to
25 have existed in all FRC experiments. In fact, in these experiments, the ions carried half of
the current and the electrons carried the other half. In these conditions the electric field

inside the plasma was negligible, and the gradient drift always dominated the Ex B drift.
Hence, all the drift orbits produced by large-angle collisions were lost after a transit time.
These experiments reported ion diffusion rates that were faster than those predicted by
30 classical diffusion estimates. |
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depend on O (i.e., 5/a0 = 0). (c) The Gauss |l aw, Eq. 8] Augustepbsced with
the quasi-neutrality condition: 15 Ziniej =0. By assumng infinite axial
extent of the FRC and cylindrical synmetry, all the equilibriumproperties
wil | depana/oeriiy on the radial coordinate r. For thi spcressomsss he

equi i brium nodel discussed herein is called one-dinensional. Wth these
assunptions and approxi mati ons, the VI asov-Maxwel| equations reduce to: 20
(v Wfj+e' E vyfj+ e wxb]v,fj=0 (10) m mc VWxB=4C Y, ejJifjdi (11)

Enjej =0- (12) 21 1 August 2005 WD 02/062112 PCT/US02/ 02854 Rigid Rotor
Di stributi ong tede Kl UBnd8lSetrodBid MOWRNELS afR Ibmiddbts HRprddiACEHMNS nust be

chosen that adequately describe the rotating beans of el ectrons and ions
i n a FRend jhe ddf odnisisbtete i thoidipmagusiic direagiop.uThie svas showntdhevesin- cal | ed rigid

distributi, \ ' Va [ i 5 di [ [ [ i forn
ot at i ngoTEaing it ik 1AL WS s RS pa By cuds T AT B3 " Gt | one. of
the COMSiYed bl 81 iBgion of dodkl fiblaBhed b (F L brohr 516 Thus2ndy ) ©XP1 - T

(13) where nj is particle mass, v is velocity, T Is tenperature, nj(0) is
dehsi t y centfined m the sweteth.wj i s a constant. The constants of the notion are 10

Lingul ar - mome Al Ros i peiin B eollig ok Siins moudt dpbcbvehec B F o the
;lngx fu %%‘9% dr}_ftt.' ﬁon%}ngt%g %@.F‘a%féﬁ% drﬁ’t ’It]:liugltges elgcrtr%stgﬁc field gﬁ tEe gy%{elei\l(:t ric field
would avoid ion transport by eliminating this ion loss mechanism, which is similar to a
loss cone in a mirror device.
10 Another aspect of ion diffusion can be appreciated by considering the effect of
small-angle, electron-ion collisions on betatron orbits, Fig. 19A shows a befatron orbit
112; Fig. 19B shows the same orbit 112 when small-angle electron-ion collisions are
considered 174; Fig. 19C shows the orbit of Fig. 19B followed for a time that is longer by
a factor of ten 176; and Fig. 19D shows the orbit of Fig. 19B followed for a time longer
15 by a factor of twenty 178. It 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. 19A to 19D fatten out with
time, which indicates classical diffusion.

20 .Theory of the Invention
) For the purpose of modeling the invention, a one-dimensional equilibrium model
for the colliding beam system is used, as shown in Fig. 10. The results described above
were drawn from this model. This model shows how to derive equilibrivm expressions
for the particle densities, the magnetic field, the electric field, and the electric potential.
25 The equilibrium model presented herein is valid for a plasma fuel with one type of ions
(e.g., in a D-D reaction) or multiple types of ions (e.g., D-T, D-He', and p-B").

Viasov-Maxwell Equations

Equilibrium solutions for the particle density and the electromagnetic fields in a

'FRC are obtained by sclving self-consistently the Vlasov-Maxwell equations:
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15 Bz = (magnetic field). Substituting the expressions]faaguaneocgy and
canoni cal angul ar nonentuminto Eq. 13 vyields 3 m ( 1z m 2 xrl (14)
frtr'vd-(21tT.) nj(r)exp{-2T. jv-w where 20 ~v-ujj Xxrlz (vX

+yw y+(wWooamsnd2zrVi  and nj (r)=nj (0)expli-- [ej (0 - c'Mresowdizdl}. (15) | |
J JJJ 22 1 August 2005 WD 02/062112 PCTI|1JS02/ 02854 That the nean
velocity in Eq. 14 is a uniformy rotating vector gives rise to the nane
rigid rotor. One of skill in the art can appreciate that the choice of
rigid rotor distributions for describing electrons and ions in a FRCis

justified because the o@fy ol uti oasfLhat ati sfy M asov's equation (Eq.
10) are rigid rotor dis &' E’FJ JSL@"F :rvlﬁj)F A proof of 5 tkis

assertion follows: Proo¥ we req tfat +he sol ution of Vlasov's

equation (Eg. 10) be in the formof a r-|fted Maxwel lian: // 3 rr /[( @
fi\Yw~:[2(r)]2T)exp[_mar)‘v-u|v;lj:}_lglé 10 Li.e., a Maxwellia(gwith
particle density ni (r), tenperature T¢ &r), and nmean velocity uf (r) that
are arbitrary functions of p05|t|on Substituting Eq. 16 into the Vlasov's

equation (Eg. 10) shows th a)at 7t' rdt es Tl (r) nust beggonstants;
(b) the nean velocities uIaé 5 efgemgﬁl feopy y rotating vect o$ “and (c)

the particle densities n! (r)

V-E=dn) e, | fidv ®)

5 V-B=0, (9)
where j=eiandi=1,2,... forelectrons and each species of ions. In equilibrium, all
physical quantities are independent of time (i.e., 8/6t = 0). To solve the Vlasov-Maxwell
equations, the following asmnr;pﬁons and approximations are made;
(a) All the equilibrium properties are independent of axial position z (i.e., &/6z =
10 0). This corresponds fo éonsidering a plasma with an infinite extension in the axial
.direction; thus, the model is valid only for the central part 88 of a FRC.
(b) The system has cylindrical symmetry. Hence, all equilibrium properties do not
depend on @ (i.e., 500 = 0).
- (¢) The Gauss law, Eq. 8, is replaced with the quasi-neutrality condition:
15 2ine; =0,
By assuming infinite axial extent of the FRC and cylindrical symmetry, all the
equilibrium propeﬂies will depend only on the radial coordinate . For this reason, the
equilibrium model discussed herein is called one-dimensional. With these assumptions

and approximations, the Vlasov-Maxwell equations reduce to:

20 G-V, +-LE-V, f,+ L[5 x B V,f, =0 (10)
7 mj mjc
veB=LY e [ (11)
¢
Tnse, =0. | (12
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15 nmust be of the formof Eq. 15. Substituting Eq. 16 i Atgud@0040 yields a

third-order polynomal equationinv : ' / mlyv-u.j mwu.)Z Qlnn.)+
(vV)i.+ (vO)7... TI " 2TI" | ..+T E(v-u!)-2e-[vxB](v-u!)=0. i G ouping
terns oWwdizee2ier der in v yields Ivj2wWTi)... 20 2T pcroshioasa' | Tz

ui ~vVTj~... +vV(Ilnni)+ ns lujl2\y'VTi)-m (y Vui'u.)-e~ v'E+ e wB-~ui...

2TI Ti TI cTi 23 1 August 2005 . WD 02/ 062112 PCTI US02/ 02854 For this
pol ynom al equation to hold for all v , the coefficient of each power of v
must vani sh. The third-order equation yields TJ (r) = constant. 5 The
second- or der RgfidiRbio®Disgibweiensl © N aux auy aux vx ax ax ax aux auy auy vy

VY O oo Bk 5, Bt ot b o
adequately describe the rotating beams of electrons and ions in a FRC. A reasonable
choice for this purpose are the so-called rigid rotor distributions, which are Maxwellian

5 distributions in a uniformly rotating frame of reference. Rigid rotor distributions are

functions of the constants of motion:

f;(rﬁ”){ m’ ] ", (O)exp[~ g—_—“—’f—} as

where m, is particle mass, ¥ is velocity, 7} is temperature, 7,(0) is density at » =0, and &),

is a constant. The constants of the motion are

my
10 £ —-2—v +e,® (for energy) and

e.
P =m, (xvy - yv,)-i--é—‘i[’ (for canonical angular momentum),

where @ is the electrostatic potential and ¥ is the flux function. The electromagnetic

fields are
E = _%® {electric field) and
or
15 B, = 10% (magnetic field).
. r or
Substituting the expressions for energy and canonical angular momentum into Eq. 13
yields
3
NERE m; o
fj(rav)_(zjé,jJ nj(r)eXP{“'é?le“wjxrlz}a (14)
where
20 (iﬁ'-—a“)jxﬂz:(vx+ya)j)2+(vy —xa}j)z-l-vf
and .

nj(r)=nj(0)¢xp{—%-[: ((I)—T"P] > a’r ]} (15)
J
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=v +v' y a + r Zaux..+ vxvy (auy + aux )... X ax y a aAqu(Sﬁzwyx(ax +aa
+vyvxl + ~y =Q  For this to hold for all v , we nust satisfy | aux = auy =
aux _ auy aux any aux aux auy 10 -0 and +- + +- 0, ax ay az ax ay) (ax az)
(ay az Wwooshsaie i s sol ved generally by uJ(r)=(wWIxr) +usskn(sbahzssd n
cylindrical coordinates, take ii., = 0 and mJ = wlz, which corresponds to
I njection perpendicular to a nmagnetic field in the z direction. Then, 11 J
(r) =wlJr8 . 15 The zero order equation indicates that the electric field
must be in the radial direction, i.e., E=Er" . The first-order equation
i's now (hwtdhe ayan weldcitpin Eq. 14 is(d whifofmly-rotatiali Yettoegivéd e hotheBamé 18) TJ J TJ
cTJ The second termin Eq. 18 can he rewitten with 24 1 August 2005 WO
02/ 0621 Tigidseter-RepeiFstion theast cap apmeriale thej thephatye of rigjd rotopdisibations, 1 aue 1
aua u9 = s WF L =W2T Y : o an=u 0000O
ey o fete it clocTitSlald i o PR Ghe uBedbecatll e By confthe B °17 3 1.
=V' ~BxU-satisfy-ViaoA'sequatior (Ed. 110} aré Fidid)rotbx distvibutdng (6. VEq. W), A probAiP) r" (20) 5
Usi ng E%fi. 19 and 20, the first-order Eq. 18 becones

5 7 s assertion follows: : :

Proof _
We require that the solution of Viasov’s equation (Eq. 10} be in the form of a
drifted Maxwellian:

3

fj(F,i:’)m[ ™ Jnj(r)exp[—- e (ﬁ-ﬁj(r))z}, (16)

27T ,(r) 2T(r)

10
i.e., a Maxwellian with particle density ,(r), temperature T)(r), and mean velocity
u; (r) that are arbitrary functions of position. Substituting Eq. 16 into the Vlasov’s
equation (Eq. llO) shows that (a) the temperatures T, () must be constants; (b) the mean
velocities #, (r) must be uniformly rotating vectors; and (c) the particle densities », (r)
15 must be of the form of Eq. 15. Substituting Eq. 16 into Eq. 10 yields a third-order
polynomial equation in ¥ : ' |
- mJ({;—ﬁj) - o\ mj(17~iij)2 -
v V(hl nj)+—-——T——-(v V)uj +—~ﬁ1-?-——(v V)Tj ces

J i

+ A F G~ )—-e-f-[vx.jé] F—ii,)=0
7 ) )=0.

Grouping terms of like order in v yields

20 | ELMZ({;.VT.),..

+5-Vlnn )+ Ll G-V, ) - 26 Vii, i, )~ L5 B+~ 5x B)-i.
; 7, e




8 (Inmn -mtwzr-ej E+e'T a (rA(r))=0. ar j T J T '1@alcugroes The
solution of this equationis 1 n, (r)=nj(Oexpl Mmwr2 -e/~(r)-ejwrAe(r)
(>(21) L 2T) T cTj J where Er = -d(Didr and n (0) is given by 10 nj (0)
= n,0 eqO@e6IUN?r 2+ 0 eJ. ~(r+a cojr A (ro (22) _ ' 'per/ese2dissdTj cTj J |
Here, nno is the peak density at ro. Solution of VlIasov-Maxwel| Equations
Now that it has been proved that it is appropriate to describe ions and

el ectrons by rigid rotor distributions, the Vlasov's equation (Eq. 10) .is
replaced by its first-order 15 nonents, i.e., rwl di .. -njmrw 2 =njejrEkr
+- ¢ B 1 _ T ~ dr, (23) which ere conservation of nomentum equations.
The system of equations to obt ai-n‘*'?eé'uw?ﬁri um sol utions reduces to: 25 1
August 2005 WD 02/062112 PCT/US02/02854 ,2 L rwy 1 n~-nnmrw=njej E, -F C

B. -T" b = : - B, ; 4 £ - c rEnjew
(25) j%rnhgsﬁ:jm%g&ﬁ@f%l&?%% |g%ﬁ3f’ 091%%?%%%&\&% ??h@r%é'e%ﬁem%?t lon 5
Consi deraiikl, st the case of one type of ion fully stripped. The electric

charges are given by ej = -e,Ze. Solving Eq. 24 for Er with the el ectron
equat i on yi elThksthird-order equation yields Tl(r) = constant.

5 The second-order equation gives
(ou, Ou, ou YV
Ox 5’7’.?: ox
] v
5-vii, 5 =(v,v,) Ou, 04, Tu, |V
, & o W

Ou, Ou, ou |v,

For this to hold for all v, we must satisfy

Ou 0 ou
10 a_u’.‘.._:-..._z_z.a_u?..zo and u’v..l..aux = au"‘-l-au" = auz-l- ¥ =0’
ox Oy 0Oz ox oy ox Oz oy 0Oz
which is solved generally by
i,(7)=(8, 7 )+ ik, (17)

In cylindrical coordinates, take #,, =0 and &, =@ 2, which corresponds to injection
perpendicular to a magnetic field in the Z direction. Then, #,(F)=® jré .

15 The zero order equation indicates that the electric field must be in the radial
direction, i.e., E = E .

The first-order equation is now given by

-Vlan )7 6-v8, 7)) 2L5-Be 2L GxB) -, =0, as)

The second term in Eq. 18 can be rewritten with
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m2rco, T. dne Er =-rwe --B~ ---, (27) e c en, dr anquQ@lgmogglng Er from
the ion equation yields 1 dlogn, = Z, e (CO -uje)BzZ ZrTe dl ogne mv? +
nZ,we (28) r dr ¢ Ti T. r dr T T,. 10 Differentiating Eqg. 28 wi th respect
to r anWwos@siiiz uting Eq. 25 for dB, /dr yields dBe pcrsozvomsesr (m -we) and
Z,n, =ne, dr c with T. =T, = constant, and co,, co,, constants, obtaining
1 d1dlogn, =-4nnezZ,e2 (CO -w)2 Z, Ty 1 di dogne (29 r dr r dr T,
C2 T, rdrr dr The new variable?; is introduced: r2 Idld 1 d2 15-2ro rdrrdr

rp d2 (30) Eqg. 29 can be expressed in terns of the new variable ~: d2l ogn,
--4nn0Z,e2ro (w, - é@Te@-I ogge al) d2~ T,. c2 T d2j Using the
quasi -neutrality con | d 2 logn, ne =Z,n, d2~ d2~ 20

yields 26 | August 2005 WO /06@&1 PET US02/ 0208%40 P2l ogn. ro nro 4 nr
= 8(r-1Z n° (3g), .z (1047, X€% c2%: alo|af oni @ (([Tp #l-wti.  (9)

Fog r 69 r 00 / 4

Ou, Ouy, Ou, |y 0 0 O)0

Z z

oz oz oz

/
The fourth term in Eq. 18 can be rewritten with

(x5)4, =ﬁ-(ﬁxﬁj)=i}'-((VxE)xiEj)=i'-l:(-}l—‘-%(me)é}x(—mjré)]

~ d n
:v-wj-é;(m,,)r (20)
5 Using Egs. 19 and 20, the first-order Eq. 18 becomes
g m; , e ja) g
—\ln —— =0
_ a'f’( .nj) Tj G’J Tj r (TAG(F‘))
The solution of this equation is

0’ e,

nj(r) _ nj(())exp m;r g 63} _ e, r4, () ’ @n
a1,

where £, = -d®/dr and n,(0) is given by

m,o; + e_."(D(ru) + ej“’frﬂAf?(rO)
a1, T, f, |

J

22)

10 R nj(0)=nj0exp[—

Here, my, is the peak density at 7,

Solution of Vlasov-Maxwell Eauations

Now that it has been proved that it is appropriate to describe ions and electrons by
tigid rotor distributions, the Vlasov’s equation (Eq. 10) is replaced by its first-order

15 -moments, i.e.,

2 re, dn,
—Rhmra; =ne, E,.+—;—-B T -:;fr— (23)

which are conservation of momentum equations. The system of equations to obtain

| equilibrium solutions reduces to:
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4)cZ, e2 ( -(Je)2 Zi CZ 47lneoce2 (w, _w )2 Here is defauags 2005 T+T
r.Ar=2-,r2 - _C(33) 4 7lflefe Im -Clel where the neaning of tsr wll
beconme apparent soon. If N,= n/n;o, where n;o is the peak 5 density at r =
‘1o, Eq. vRRo2meniones d2l ogN _-8(ar2Nf. (34) Using anot frerudewesyari abl e, | )
z x=21Lj, yields ~N =-2Nt, x the solution to which is 10 N= cosh2(x -
xo where yo = x(ro) because of the physical requirenent that N {r) =1.
Finally, the ion density is given by n -_(n;o 1 =nro (35 cosh2 2l )( -2
cosh2(rr fro fir , | 11 O The signif'icance of rois that it is the
| ocati on of peak density. Not (0)g,= ni IF2ro 1. 15 Wth the ion
density known, B. -ogmhe €ale ]c -E{q 11 ,—_egraqz,:_r can be (@4 cul ated
using Eq. 27. The electrlc an magfhetl oirentlals are r (=-fr_oEr(r')dr’
and 27 1 August 2005 B, 4

T

T o R @

anej 20. (26)
i

Solution for Plasma with One Type of Ton
5 Consider first the case of one type of ion fully stripped. The electric charges are

given by ¢,=-¢,Ze. Solving Eq. 24 for E, with the electron equation yields
m

T, dn
- 2
E, =—ro, 2 ——,
e c en, dr

@7

and eliminating E, from the ion equation yields

1dlogn, _ Ze(coi a)) L ZT
rodr ¢ T T

I

. m,m? N mZ w?
dr T T

I

28)

10 Differentiating Eq. 28 with respect to # and substituting Eq. 25 for dB, /dr yields

dB
———-—ijzneer((oi—a)e) and Zn, =n,,
ar ¢

with 7, = T} = constant, and @, @,, constants, obtaining

1d1dlogn, 4mZe (@ -o,) ZI,1d1dlogn,
rdrr dr T ¢? T, rdrr dr

]

(29
The new variable £ is introduced:
15 S T SO .. (30)

Eq. 29 can be expressed in terms of the new variable E:

d*logn;, __4m,Ze'r) (@, -o0,f 2T, d*logn,
e T 2 T d¢

I

G

Using the quasi-neutrality condition,

d’logn, d’logn,
d*s d*

n,= Zini ]

20 yields
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WO 02/062112 PCT/ US02/02854 AO = 1 f r-rr'B.(F )dr' T ¥AubgstQbbsix function)
(36) r r'=0 Taking r = ihr, to be the radius at the wall (a choice that

wi |l becone evident when the expression for the electric potential O (r)

i s deriwazoshiev ng that at r = 2r0 the potential i scrarsnziorsse., a
conducting wall at ground), the line density is r-fre n 2ar dr 5 N=ZrN, =
fr-0 ez z =2nrteorAr tanh - ... Y r Ar cosh ZI r0OO 2itneOr0O
(because r >> Ar) (37) Thus, Ar represents an "effective thickness.” In

ot her words, for the purpose of |line density, the plasnma can be thought of
as concentrgiied at the nulk. circle in a r|n940f thICkneE—&f W|th const ant

denS|ty ne(ﬁi&'—ﬁe—n&gﬂeﬁ%—@d ks-A4=c L r B (r}=B3{ —- (32
dr'neer’ (r)rdi&s). (B$HZId r=0 The curgrep Igdue to the io0 €2

duel ect ron
beans is fro N e(to 4wie’l (pfopJlr e i ‘e P =n@tr(a, -we~" (39) 2)c Using
Eq. 39, the magnetic field can ewrlt . I:S) (r) =B (0) - 2n" IB -
°(Z€%““’

2)r IBtank r2 - r 0 =-B0 - 27 c rOAr ¢ rOAr In Eqgq. 40,
B, (0) _-BO+2- bR idfshineg B. (Jro)_- BO_Zg 4 c

rakl’
roAr =242 * - (33)

4””&022 ICD, - mel

where the meaning of Ar will become apparent soon. If N;=n/n,, where n,, is the peak

5 density at r = ry, Eq. 32 becomes

d* Ar

Using another new variable,

d*logH, ’
__0_.g_f_=_8[_f0_) N,. (34

7 d*N
=2-LF vyields L=-2N,,
X Ar(f ¥ diy i

2

the solution to which is

_ 1

. cosh® (- %,)’

where ¥, = () because of the physical requirement that N(r,) = 1.

10 N, =

Finally, the ion density is given by

n = ) - Hyo ) (35)
24| Fo I 7 —rt
cosh 2("_')[5 = ") cosh?| —%
Ar 2 oAy
The significance of 7, is that it is the location of peak density. Note that #,(0) =#, (\Ero )
15 With the ion density known, B, can be calculated using Eq. 11, and E, can be calculated
using Eq. 27.

The electric and magnetic potentials are

®=~["E,(")dr and
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If the plasma current Jo vanishes, the magnetic field |aueeasoast. as
expected. 20 These relations are illustrated in Figs. 20Athrough 20C Fig.
20A shows the external magnetic field BO 180. Fig. 20B shows the nagnetic
field dwodmeithe ring of 28 1 August 2005 WO 02/ 063chZudesidisés) S02/ 02854
current 182, the magnetic field having a magnitude of (27dc)le. Fig. 20C
shows field reversal 184 due to the overlapping of the two magnetic fields
180, 182. The nmagnetic fieldis 1 r ( 1 B:(r)=Boll1l+2 tanhrz a
]=-Boll+atanhl | rzrO ], (41) <¢cBO rOAr L rod J 5 using the follow ng
definition for /3: 27r 19 h@e W -roe) 2)r rAre(roi -we) ¢ Bo - cBo neo Bo
27¢c Te +(T, _Z,) cneO%efwf 168,(")dr24  AearéQetflug fwctionfe Bo L t [@6F (neo7; +
nloT )]2 =B2 "Jy (42) Bo’ Wth an expression for the magnetic field, the -

eI ect ,rl G208 rv\%%mﬁﬂfﬁﬁ%ﬁ \A}éﬂ%[l{glgw(aﬁg&%&' ?Vﬂggeecg e%?ihéfilegr a‘?ﬁlﬁgF[:)gtthgl des

tions electric

'BEt Eﬁt. Sl RO Rt Pofel Bosh Al e Ml b0 o gFar (a9 15

whi ch yibglefitl w2MR0?d SrOnihodiE waltat Sotuft) the BndacdlGild) ©

r=d3
5 N, =ZN, = [ T2 o roAr tan 1
' cosh?] 2 —To | ar
nAr
e E2anarAr (because ry, >> Ar) 37

Thus, Ar represents an “effective thickness.” In other words, for the purpose of line
density, the plasma can be thought of as concentrated at the null circle in a ring of

thickness Ar with constant density »,,

10 ' The magnetic field is
B,(r)=B,(0 —-—j "dr'ner(o, ~o,). O @39)
The current due to the ion and electron beams is
._I Y "]Y_e_(a);_a_)_) jo =nger(o, —o,). (39)
Using Eq. 39, the magnetic field can be written as
15  B.()=B (0)—-—1,, ——2-51 tanh rOArZ =B, -27”1,, tanhrru_r"z (40)

Tn Eq. 40,

B, (\Ero )= —B, —E’E—I

If the plasma current Iy vanishes, the magnetic field is constant, as expected.

- 20 These relations are illustrated in Figs. 20A through 20C. Fig. 20A shows the

external magnetic field ED 180. Fig. 20B shows the magnetic field due to the ring of
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Now, the nagnetic flux can be calculated directly fromthiguaopogssi on of
the magnetic field (Eq. 41): fr z Y= -0-Bol+ 6 tanhr2 rO roArl 11 20
... B2 - B2 2 roAr[logl cosh | r I - log(cosh-L 21 I ... | 0oJJJ 291
August 20&/eM2 02/ 062112 PCTI US02/ 02854 2 =-B2 +. 80 pdidsobogee(r) (46) f
Substituting Eq. 46 into Eq. 45 yields BO jrO Ar n (r) Tn (r) wBr2 m
r2C2 =eloga+elRe- e 0 (47) ¢ 4 ne(0) e ne(0) ¢c 2 e 2 Using the
definition of 4, 5 G eBOVYNYpAY=~e 8(n,, Te+nj, 2(Te+T2)z ¢ ¢ 42nmeoez (CQ
-we) =we (neoTe+n+o7) 4 (48) w, -we neoe Finally, using Egq. 48, the

expr essicgentf192, tﬁehﬁa%te@&ﬁél& ﬁa@ﬂg@ﬂagrmhd@@ptzkﬁaﬁ@fﬁlg&obyﬁm ffla become B rz c

nT+n. Tl n (r + eo e 0i hn a and -we neOe J)
ne( 0) 1@6‘@(%9184 duemthénmlﬁppmgmﬁlﬁe ywonliegnetic ficldg IS)O,ISZCV Barz - mrzwe (50)
The magnetic field is
27l
"B, (r)=-B,| 1+ 2 tanh ” , 41
) Ol: cB, rAr :| [ II “n
5 using the following definition for
g_zzf_g__Ne(wi ) )__gﬁ roAre( (a)
¢ B, - ¢B, c B,
...=—2—2 T, +(T, /Z) CH e(a;I —a)e)m
¢ 4nn e’ o, ~w, B
( )P
8min, T, +n,T, ) |?
=[ et } =JB. 42)
0
With an expression for the magnetic field, the electric potential and the magnetic
10 flux can be calculated. From Eq. 27,
T, dl
B o-[Qep Libf, m,,_ 40 @3)
c e dr e dr

Integrating both sides of Eq. 28 with respect to 7 and using the definitions of
eleciric potential and flux function,

©=—{"Edr and ¥=["B,(")rdr, (44)
15 which yields

2.2
__a_)'g_LI;__l__]_Y_e;mne(r)_Ln_r @D,

e e n0) e 2 43)

Now, the magnetic flux can be calculated directly from the expression of the
magnetic field (Eq. 41):

‘I‘:I::—Bo[l-kﬁt

: [ 22
20 ; ...=—-—°—~—-— By rAr log cosh "8 —log cosh-= | ...
2 RAr Ar

0
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w, -we ne a ne(0) ¢ 2 e c Relationship Between 0.). angdageud208xpressi on
for the electron angular velocity we can al so be derived TromEqs. 24
through 26. It is assunmed that ions have an average energy''/2m(rar;)z,
whi ch i wo@etalam ned by the nethod of formation of the1deekher efore, co,
" is determned by the 15 FRC formati on nethod; and co, can be determ ned by
Eq. 24 by conbining the equations for electrons and ions to elimnate the
electric field: z Weer dne do _knrwez +n;rri;rww, -we)B:-Te--T-. (51) dr
dr Egq. 25 can then be used to elimnate (co, - w) to obtain (L." [n enmrwz
+n mrw z1l d +ynrTr (52) dr ),r 30 {E@gus’tz (2 05 WD 02/ 062112

PCTI'US02/ 02854 Eq. 52 can. be—r—nt—e@ 0 to r8 = 42r .{(46)Assum ng

rol Ar >> 1, the den5|ty is very smal | 4at bo’FeIthJboundarl es and B. = -Bo (1
D). I ou at n shows 11 7 Eneonoboe +n;omw koOr = 2rc
[8rc(ne§¥iégtaﬁ‘m§‘lte1q)$§ n%%g ing Eq. 33 for Ar yields an equation for
co,: 5w2 + Zm Q02 - vve) ( 4) Wnerj 90 = 7ZeBo mc Sone
limting cases depi rgg_éﬁl.a M) WO i’ @, = eBo @me 2. co,
= 0 and w, = 00; andcl0 3 mwe"we (@nd ene ) le 0D |.e 2
Using the definition of £,
7 L
5 &BD‘JEFOA"E&\/S”(”enn""imﬂ)z( £ +T;/2)2 ¢
c c

Jam et @-a) "

@ (neOTe + niClj:‘)

(48)

Finally, using Eq. 48, the expressions for the eleciric potential and the flux function

become

2 - ne n,(0)

@D (ﬂeoi’L +n101-;)+_‘7_-;_i|1nne(r)_9_g__30r2 _Z’l’”za’f _

10 D(r)= £ ,
0, -, g€ e| {0 ¢ 2 e ¢

2z
W)= -2y (”“’TE'P"“‘Z} Jln %) gng (49)

(59

| Relationship Between @, and @,
An expression for the electron angular velocity @, can also be derived from Egs.
24 through 26. It is assumed that ions have an average energy Ym,(r@,)*, which is
determined by the method of formation of the FRC. Therefore, @, is determined by the
15 FRC formation method; and @, can be determined by Eq. 24 by combining the equations

for electrons and ions to eliminate the electric field:

-—[ngmra)e2 —!-n,.m,rwf]:ﬂ(wi -®,)B,-T, -d—n——T-di (51)
c dr dr

Eq. 25 can then be used to eliminate (@, - ®,) to obtain

2z
[nemra)f +nmro! ]= ;?_(_B_z_ +> 1,7 } (52)
7 .

r\ 8z
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In the first case, the current is carried entirely by elgghsompsmoving in
their diamagnetic direction (co, < 0). The el ectrons are confi ned
magnetically, and the ions are confined electrostatically by E=T. dn, S
O for rwooyweden, dr ? 0 for r 5: ro (55) 15 In the pegewdoase, the
current is carried entirely by ions noving in their dianmagnetic direction
(w, >0). If co, is specified fromthe ion energy 1/2m(rw)2, determ ned
in the formation process, then co, = 0 and S20 = co, identifies the val ue
of Bo,. the externally applied nmagnetic field. The ions are magnetically

confi ne re tr ati.cal: My Vitejol€ dne 2 O for
o> roct?bﬂé&g%%g%ér e frot rﬂé’%ro@g&s%’&ﬁ%’@ﬁ%slf &gg 5% {0 02/ 062112
PCTI USO i e, nd.no._>.w. .. Elecirons nove in
their C(% t%?ﬂag%éﬁng%ﬁgﬁeéq?f?r%z&?%ﬂiﬁ?rmq“ﬁglea}?gr 1 SR ty. From

Eq. 33, the width of the di stribrytion n,(r) is increased;, however, the

M

total current/unit le 3-snmar ok:&fb{&x(@ozge%@,()]& --w , wher(@3)57) r-0
5N =j' 02nrdrne = 2trrArneo . (58) #¥ Here, rB = -12ro0 and roar cc (w,

-we) - %ﬂ@fo&ﬁr?ﬂmﬁe@gﬁg I%Irg)c,tron angul ar velocity co, can be

i ncrease uni ng e apptred mnagfietic field BO. This does not change

ei ther le or the maxi num nmagnet izt;nf;eld produced by the plasma current,
which is BOVN = (2n/c)|B. Hewverd®, rQdeesog ange Ar and, signi{fékcantly,
the potential (D. The 10 nexi nuffival ue of CF is increased, as is the
electric field t confines the electrons. Tuning the Magnetic Field In
Fi gs. Ziyhérem‘,:t:zg#huanti ties n jneo 186, B~ /(B0 188, CF/ CFc 190, and F/'Fo
192 are plotted-™&§ainst r/rc 194 for various values of BO. The val ues of

-potential ang flux..are normalized,t Do = 20(Te + T)/e and "FO = (cl ).
(Do. A deut egqueﬁ‘#%tlgg%sef er'é’g‘iﬁﬂ@g:‘qlg“éﬁeth the foll owing data: nep = no
=1015 cm; rc = 40 cm '%ijnrow,)z = 300 keV; and Te =
[.y=0 and @, =——; :
mc

2.0,=0 and @, =Q;and

10 : 3. @-mf «<a? ad o, 20)1-2 |,
m, Q

In the first case, the current is carried entirely by electrons moving in their

diamagnetic direction (@, < 0). The electrons are confined magnetically, and the ions are

confined electrostatically by

E = T, dn; 'SOforrZrD. 55)
Zen, dr 20forr<r,

15 In the second case, the current is carried entirely by ions moving in their
damagnetic direction (@, > 0), If @, is specified from the ion energy Yam(ra)’,
determined in the formation process, then Q =0 and Q, = w, identifies the value of By,
the externally applied magnetic field. The ions‘ are magnetically confined, and electrons
are electrostatically confined by

T, dn, z0forrzr,

20 E = :
en, dr <0forr<r,

(36)
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T =100 keV. For each of the cases illustrated in Fig. 2hugfd200%.35 x 107 s
t, and CO is determned fromEq. 54 for various values of BO Pl ot
applied magnetic field (BO) electron angular velocity (we) 154 BO = 2.77
kG we =w @B&@1B0 = 5.15 kG we = 0.625 x 107 a' 158 PortShise we=1.11x10" sl
The case of we = -co, and B. =1.385 kG invol ves magnetic confinenent of
both electrons and ions. The potential reduces to CF/CFc = m(rw,)2/[80(Te
+ T,)], which is 20 negligible conpared to the case we = 0. The wi dth of
the density distribution Ar is 32 1 August 2005 WO 02/062112

PCTI US02/ 02%%em§%89§'ﬁgf clor %%@E&Bgeﬁlﬁeﬁ%ﬁm magnetic field B.

is the sanme as for we '= olUt I 6n asnas o i pl e Types of lons

Thi s angibkisgrstiCdirectich £188duesihe dhrrdn® déndiy. Udem Hgasy B vi@MRE thai Ng mul tiple

types of 5 1ons. Fusion fuels of interest involve two different kinds of

i ons, edigfribution(r) i imereasedihgwewer Bhe toth eureeytfiniii longtuin equat i ons (Eqgs. 24

t hrough 26) apply, except that j = e, 1, 2 denotes electrons and two types

of ions where Z, =1 in egeh "’c%g_ﬁzéfajgc(fgza;),z,vhgml, 2, 5 for the (gpbove

fuels. The equations for el eProns 2zmd twd types of ions cannot Be sol ved

exactly in terns of elementary functions. Accordingly, an iterative nethod

hds been devel oped 10 that Negi|nQmuirsh=2mAampr oxi mate sol ution.(5§he ions

are assumed to have the same vdTlUes of tenperature and nmean velocity V =

rwi. lon-io Ll L n j he A4St .0 ' 0 ' te, and the

nmonment um trq?ae?\és’?fr%r Sdti?"nénd%zrwﬁg&é‘ |%$|%@%§FF@3?\5%&?#§#?B§ﬁ han for

i on-el e 3 §edt}¥, . : ; 'p Ofrh; y usi ng an

approxm{c?grﬁggdtnﬁeﬁ%%bl em%%&?&%ﬂ;{eggaggﬂhg?”ﬁ%@Ei’o.o’;l%gg%%ngg reduced to a

si ngl e chamgemithdyl/comthefhaximomemtgneticdehbmodiatd bnthe glasha omentd whichioons are rr

-n,nirco, =n,e[E +rc'B2]-T ~5 and (59) -n2n2rw2 = n2Ze[E, + rw2 B~ -TZ dn2
(60) BgfﬁjF(Zn/ c)Ie. However, it does change Ar and, significantly, the potential ®. The

10 maximum value of @ is increased, as is the electric field that confines the electrons.
Tuning the Magnetic Field
In Figs. 21 A-D, the quantities n /n,, 186, B, /(BD \[E) 188, ®/®, 190, and ¥/'¥,
192 are plotted against r/#, 194 for various values of B,. The values of potential and flux
are normalized to @, = 20(Z, + T))/e and ¥, = (c/®)®,. A deuterium plasma is assumed
15 with the following data: n,, = 1, = 10" em™; ) = 40 cm; Yomy(ryw) = 300 keV; and T, =
T,= 100 keV. For each of the cases illustrated in Fig. 21, @, =1.35x10” s, and @, is

determined from Eq. 54 for various values of By

Plot applied magnetic field (B,) electron angular velocity (@,)
154 B,=2.77kG 0,=0

156 B,=5.15kG @, =0.625x 107 s?

158 By=155kG @,=1.11 x 10" s

The case of @, = -, and B, = 1.385 kG involves magnetic confinement of both
electrons and ions. The potential reduces to @/®, = m{ra)/{80(T, + T)], which is
20 negligible compared fo the case @, = 0. The width of the density distribution Ar is
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In the present case, T, = T2 an/d w, = co.. Adding the;;gutg\@ggggyatlons
results in 20 -nrlnr)w, —n|(Z)e[E +rwLB=] - T am (61) C dr where n; =n, +
n2; wi g, =w2; Ti =T, T2; ni (Inr) =n,, m + n2n22; and nr(Z) = n, +
n2Z. T @pprioxi mati on is to assune that (m) and (Zl)cm@ymmtants
obtained by replacing n, (r) and n,(r) by nl1l0 and n20, the maxi num val ues
of the respective functions. The solution of this problemis now the sane
as the previous solution for the single ion 25 type, except that (2
replaces Z and m ~ replaces in,. The values of n, and n2 can be 33 |

PguSt 308 3 R3PS 42 ECTUARR! ARARGnfl EVFE A AR g 02, - " o ™

functiopal form Now the correct solution can be obtained by iterating the
equations: dlogN, =mro2nl(wl-we)B~() Te dlog N.+ml ~w ~ and (62) d~- T Bo

Td~T5d| log N. + nR~wtro)2 (63) d~202
T . Bo T dd Jelutien for “ga%%f&&lé 5 fLgs | 0 (22 ~— |. nB . and S22 = ZeBO

nto n2o 2r0 ’Ihsaﬁys?srtenbecaﬁeddmt@hclmﬂmmabeom@ﬁmgmﬂuﬁyt@absﬂltutl ng t he
aﬁgrom mat e val ues of BB(2) in the right hand sides of Egs. 62

63 &g Frayivgle Pﬁ@teff@t @B?lg? e éiﬁefé@rlﬁ“@éto@@ns F@-JaluREISmd Her) | n2(r),

1 el o - RE R IR PetC I e B oleBle delF o8 2 AT 10 47D °

t hr ougheﬁdxo%s%&h@rtypasoﬂmswnetam#Uu@eacﬁ,césahﬁdzz%z—[l/ 9753f02£118 and 1W, 210
are plotted a ainst r/ro 204. Figs. 22 A-D _shows the first a pr oxi mation

(solid Pbavedyelss derqeationsior elP‘é@@F WW@@YR\?&Gf ionsyeayot e selped exgetlt er at i ons for
D-T foryf @&m eftlch i RuSIIR. | XecBaifdiy, 3R seduliVe MRS BESh dGHSHY ©F T 198

10 that begins with an approximate solution.
The ions are assumed to have the same values of temperature and mean velocity ¥,
= ra, lon-ion collisions drive the distributions toward this state, and the momentum
transfer time for the ion-ion collisions is shorter than for ion-electron collisions by a

factor of an order of 1000. By using an approximation, the problem with two types of

15 ions can be reduced to a single ion problem: The momentum conservation equations for
ions are
2 o, d"l
—mmro, =nel E +—1B, —L and : (59)
c dr
ro, dn,
—~nym,re) =n,Zel E, +—%+B | -T, —2. (60)
¢ dr
In the present case, T} = T, and @, = @,. Adding these two equations results in
dn
20 —nim,)a} _ni(z)[ +—c-3] L=+, (61)

: where m=mtmo=o=a, [ =1=T; ”;f(m,.);—:?hml + mymy; and ns(Z) =n; Tl
The approximation is to assume that () and (Z) ate constants obtained by

replacing #,(r) and n,(r) by n,, and #,,, the maximum values of the respective functions.

The solution of this problem is now the same as the previous solution for the single ion

25 type, except that (Z ) replaces Z and (m,-) replaces m, The values of », and 1, can be
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the normalized electric potential 200, and the normali zedghiuwoR02. Figs.
23 A-D show the sane iterations for D-He for the normalized density of D
212, the normalized density of He' 214, the normalized electric potenti al
216, anavdémsnozr nmal i zed flux 218. Figs. 24 A-D show pdweysaimsd t erati ons
forp-B" for the normalized density of p 220, the 20 normalized density of
B" 222, the nornalized electric potential 224, and the normalized flux
226. Convergence of the iteration is nost rapid for DT. In all cases the
first approxi mation is close to the final result. Table 1: Numerical data

for equi uLat i for _djff nt | ty Units DT
D He3 p- olgetid HoR R B AANE B i " }Sgﬁmﬁﬁ%ﬁeﬁ%ﬁi 62112

PCT/ usogé@aggﬁme@@%hmoﬂﬂgi ts DT D-He p-Bu n10 cnB 0.5x1015 1/3x1015
0.5x1015 rc2o0 cmi 0.5x1015 1/3x1015 i014 VI = v2 cm 0.54 x 109 0.661 X
109 0. 764 x No® thexoedt splufien/cad(®O ohBdedbyiterating the equattodseV 450 675 3300 2
mev2 w, =wl=W2 rad/s 1.35x10"  1.65x10' 1.91x10' ro cm40 40 40 Bo kG 5. 88
8.25 15.3 (Z,) 9Negéd 1 3/ %21(aﬁ?w§@(§w25ﬂ2051\/2 o dd,r, -7 €60 rggés 2.35 X
10' 4.95 x 10' 9.5 x 10" Zog(m g radls48.575 xgl0m o1 x 1699

100 WC=ml!l rl w

1.52 x

2
s dlogN, . a0 (@-0)B@) ZI dleN, , m(on) 63)
& L B L 4 I
where
2
N =By B0 E=1—, 0= ama =25
g My 2r, me e

The first iteration can be obtained by substituting the approximate values of B(£)
and N () in the right hand sides of Eqs. 62 and 63 and integrating to obtain the corrected
10 * . values of u,(r), ny(7), and B,(7).
Calculations have been carried out for the data shown in Table 1, below.
Numerical results for fusion fuels are shown in Figs. 22 A-D through 24 A-D wherein the
quantities r,/nyy 206, /D, 208, and /¥, 210 are plotted against 7/, 204. Figs. 22 A-D
shows the first approiimation (solid lines} and the final results (dotted lines) of the
15  jterations for D-T for the normalized density of D 196, the normalized density of T 198,
the normalized electric potential 200, and the normalized flux 202. Figs. 23 A-D show
the same iterations for D-He’ for the normalized density of D 212, the normalized deﬁsity
of He’ 214, the normalized electric potential 216, and the normalized flux 218. Figs. 24
A-D show the same iterations for p-B"' for the normalized density of p 220, the
20 normalized density of B! 222, the normalized electric potential 224, and the normalized
' flux 226. Convergence of the iteration is most rapid for D-T. In all cases the first -

. approximation is close to the final result.

Table 1: Numeyrical data for equilibrium calculations for different fusion fuels

Quantity Units D-T D-H¢' p-BY

o cm™ 10% 10 1%
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TLQ keV 96 170 82 T, keV 100 217 235
2005 WD 02/062112 PCT/1JS02/ 02854 Quantity Units DT D
187 38.3 Structure of the Containment SystemFig. 25 illustrates a

roar cn 114 203

st 29951 August
3 p_Bl None

. 228

pref er r s @wbndi nent of a contai nment system 300 accop@infazoissy t he present

i nvention. The containment system 300 conprises a chanber wall 305 that 5
defines therein a confining chanber 310. Preferably, the chanmber 310 is
cylindrical in shape, with principle axis 315 along the center of the
chanber 310 For application of this containnment system 300 to a fusion
reag¢tor, 1S nefessary to ¢reate g vacupm or_near vacuum I nsi t he
chaiber Qu“fG Yconcent r VAR thlthe PHlnci plk ax™H815 ig a b&Miron fl ux
coi Ib 320, locatedlwithin the chanber 310. The betatrom flux coil_3R0
conprises an 10 el ectrd,pal c £ .G 1sry| adqpt odi regt
curfent arbund a |ong coil, etﬂ W @ ch prewr’rably g(g?r})(rl ses parall el
W nging—mttpte—peparate—coits—and—fost-perferably—paratk-el—w i ngs of
abolit foumygseparate caini’s, to fdrimao¥ong| coill3 x FEt sons skilofed infthe art
w || appreciate that current through the betatron coi lf 320 will result in a
maghetic field 1hside the_bet atr Qi tanfiarl
di recti ok of2 t he princthle a 035%5" f015 th@és EO out Si Qg%ﬁf‘ 19 bhanber
wal [ 305 is an outer cstl 32'5. The out er COI| 325 produce a rel atjvely
constant _nmagnetic| field havinpg flux substiantially parallel with principle
axi § 3151 Thi s magnet i chl eld is gﬁhrrut hal Iy s tricgal. ;’ﬂﬁ apprpxi mati on
t hat the.._wgﬁfneti cl fi elka due to th ut coi | is ¢onstaht and parall el
to axis 315°is npst valid apay fromthe fends of the ¢hanber 310. At each
endiof the chanber 310 is a PO mirror coill 330. The mirror coils 330 are
adapt ed {o producfe an chea>ed nq@@etl c field n5| de the % nber 310 at
each end—mtz s bendi ng “the magneti ¢ fiel d Ilneg |nvvarq é (See
Figs. 8 4nd 10.) JAs expl ained, this bendijng i nward of the field I | nes hel ps
to i asma 335 ih a containnent region within the chanper 310
gener aIaJ;_zw bet ween thﬁad/"g rrof cqisdss 30 by pyghing it ends
where i't Can ‘@scape the ' '
Fo cm 40 40 40
B, kG 5.88 8.25 15.3
(Z None 1 3/2 167
(m) m, 572 512 2.67
a (Z,)eB, 1ad/s 2.35 x 107 4,95 x 107 9.55 x 107
" (m,.)c
o, rad/s 0.575 x 107 1.1 x 107 1.52 x 10
@, =@;|1-—
0,
T, keV 96 170 82
T keV 100 217 235
rer cm’ 114 203 313
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25 contai nment system 300. The mirror coils 330 can bejadapiiedoso produce
an increased magnetic field at the ends by a variety of methods known in
the art, including increasing 36 1 August 2005 WD 02/062112

PCT/ USO®@a6212 t he nunber of windings in the mrror g&ins@se | Ncreasing
the current through the mrror coils 330, or overlapping the mrror coils
330 with the outer coil 325. The outer coil 325 and mrror coils 330 are
shown in Fig. 25 inplenmented outside the chanber wall 305; however, they
may be inside the chanber 310. In _cases where the 5 chanber wall 305 is
construc a gondugtive npteri @ nsuch [as t.als, it]my begnadvant ageous
to pl aceb‘tﬁ%%tﬂ&oils 32;6]!“ 0 i pside"the chanber \-Igﬁ 305 becBtse thg tine

t hat Ht—takes—for—thewagretieg—ieldto—diffuse through-the wall 305 may be
relatively g arge 'and Néies cajise thegsystgm 3001870 reapt sl gggishly.
Simiarly, the chdnber 310 nmaybe of the qhape of a ho|low cylinder|, the
chanbér Wal'T 305 Torm ng a rong, annutar ring. fm 10sucth—a ctase;—the
betatron. flux coil 320 could be inplenented outside of the chanber wall
305 i n Streciorenf the Cohtatringdnt Syyeenl ar ring. Preferably, the inner wall formng
the center of the annular ring may conprise a non-conducting material such

as gl ass. AsFigi 37 lipgeaissa prefesped cmbpdimeniof acapipiamentinystem 00 pecostings uf £ i ci ent
[ e ' 51 t at
o ound P pfend Sy BidohO Gl feth B dEs00n BB IFRIAL Wl 465 dP) [P 505% ©

mey be Hefinee themin Acomfihdg ichdmbea i 0) Prefefabihtheelantcr 810 Beyimdabilinty, such as
steel. In such a case, the chanber wall 305, due to induced

count er Shpe-arthpringipleaxis3df alopg the cpetpinf therhrmber 31 feForagnlcation of ux. from
escapi ng,: . o~ r Lng:. | f, the chanber wall were to be
o o i QiR Biler g ARSI 1Pis pbbesaly o oG ARREL o' Bt 51 5 L

anot her vateumdssidedhe caibad 310N CobdeptritBeiftcthé Srinciile 41is/X1 500 bétathsh Mecessary. In
such a case, a series of closed-| o%ﬁé(bflat nmetal rings could be provided.

These r Foil320, lergioghwithin theechamber 340 etptton flug epib 320 wemiptisdsanpr ovi ded wi t hi n

t ou -COil Ut Si t lrcul ating plasm.beam 335. Furt her,
these f%lgémgag Fﬁ@%%%é%&%@?%%?@ﬁ ‘riu\ollgl,d Wzég cé’lﬂhaﬁst?gwg’ct Ive flux
del i m t ehivhpeekrabl Cortlpriseephrallsl wmdmgnﬁﬂﬁg& Sdpatafsdils, ahd B4t peffel@bigat er
facilitate the contai nment of magnetic flux within 25 the chanber 310.

Al t er nap3gligl yindings of wbet fevssepsrabo®ils e fse aleng eodlu Perserssidiled n theux
delimt &k il appreciate that current through the betatron coil 320 will result in a magnetic field

inside the betatron coil 320, substantially in the direction of the principle axis 315.

15 Around the outside of the chamber wall 305 is an outer coil 325. The outer coil
325 produce a relatively constant magnetic field having flux substantially parallel with
principle axis 315. This magnetic field is azimuthally symmetrical. The approximation
that the magnetic field due to the outer coil 325 is constant and paralle] to axis 315 is
most valid away from the ends of the chamber 310, At each end of the chamber 310is a

20 mirror coil 330. The mitror coils 330 are adapted to produce an increased magnetic field

~ inside the chamber 310 at each end, thus bending the magnetic field lines inward at each
end. (SeeFigs. 8 and 10.) As explained, this bending inward of the field lines helps to
contain the plasma 335 in a containment region within the chamber 310 generally
between the mirror coils 330 by pushing it away from the ends where it can escape the

25 containment system 300. The mirror coils 330 can be adapted to produce an increased

magnetic ficld at the ends by a variety of methods known in the arf, including increasing
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cont ai N PR taePHFtheddRna{tthed R Wl tRoddh IEHa1ORASh

As expl ained above, a circul ating plasma beam 335, conmpriiuh@®oohar ged
particles, may be contained within the chanber 310 by the Lorentz force
caused by the nagnetic field due to the outer coil 325. As such, the ions
in the Waemaibeam 335 are magnetically 30 cont ai ned pari@sagsdet at ron
orbits about the flux lines fromthe outer coil 325, which are 37 1 August
2005 WD 02/062112 PCT/ US02/ 02854 parallel to the principle axis 315. One
or nore beaminjection ports 340 are al so provided for adding plasma ions
to the circulating plasma beam 335 in the chanber 310. In a preferred

- enbodi mtlﬁ&nunfﬂ@ﬁoﬂ'vﬂh&ﬁ%ﬁh tiRGhEnSr SAR 380,8nRERRE Uk dufehtThB6ih BOmiRR beam at

about the same radial position fromthe principle axis 315 where the
ci r cul acpitip3gl aoverlpping s 8BS pails330 mathileabugdr ceil 32%r ound the nul | surface).

Further, thejinjecto ts 340 d d . ' b 350 (S

o "5h) | o BhE RO Ot e SaF ERbSHh e PBLEEHB: SR o e

cont ai ngg @hﬁmm%m&%%vaﬁhépm@ywﬁgaéﬂ@%ww. IARERs RRGEH0UNd pl asma
(6]

sources 345 for. injecting a ‘cloud non-energetic plasma into the
chanber changher walh 39F sicenstrociedofroundustive mptedal s0ctaakealpiimdy p¢ asma sour ces 345

dapted, t o di t .pl toward th i al t f th hanb
310. "1t Bnagtag el d iR fF o e b et Sl s0R P etenp 1 o bet ter
e%laﬂ?t}e?f} 2335 in the

& q%
contai nment region within the chanber "310. 15 Forr%quon of” the FRC
Convent pwhthbs gausectbel syrstem 300gd react shiggishly. Si@laohy] thra chanybee didl gy Behod t het a pi nch

o Bk i e P P e TS it 8 I0rt 61 o
e i Sl A5 e it AR RS o2 et
i s rapi d0yinrtheeentsedf thatidmtiar rogp Osdferably, the inpertvendl fomgng thie cerftéraif thel | nes
ho. FRCHELE A By By PRt ot coR R i) 2B Ba5% AN posHS 1 | cal and
ot hod e T ety g Sler aAPatl o B R Baftle | C0Ie 25
| n cont plasihg beatmeoriEr 335 tomothte aroued the geindple tkie 3 15 saeivenirmdngsnt i on al | ow f or
a{g)l © ‘The chamber wall 305 may be formed of a material having a high magnetic
' permesbility, 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
20 flux would be necessary. In such a case, a series of closed-loop, flat metal rings could be

provided. These rings, known in the art as flux delimiters, would be provided within the

outer coils 325 but outside the circulating plasma beam 335. Further, these flux

delimiters could be passive or active, wherein the active flux delimiters would be driven

with a predetermined current to greater facilitate the containment of magnetic flux within
25 the chamber 310. Alternatively, the outer coils 325 themselves could serve as flux

delimiters. .

As explained above, a circulating plasma beam 335, comprising charged particles,
may be contained within the chamber 310 by the Lorentz force caused by the magnetic
field due to the outer coil 325. As such, the ions in the plasma beam 335 are magneticaily

30 contained in large betatron orbits about the flux lines from the outer coil 325, which are
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control and provide a much nore transparent and reprodygihg 2oocess. In
fact, the FRC fornmed by the nethods of the present invention can be tuned
and its shape as well as other properties can be directly-influenced by
mani pul a¥0 @nsoifiz t he magnetic field applied by the ouperudobelssy coils 325.
Formation of the FRC by nethods of the present inventions also 30 results
in the formation of the electric field and potential well in the manner
described in 38 | August 2005 WO 02/062112 PCT/US02/ 02854 detail above.
Mor eover, the present nethods can be easily extended to accelerate the FRC

t o reactparallblay die ppiaciplvaikis3s5.a080e dtingdte BaM GiyectitteporBuo eRtako paiilied
advant ageous] y enables the cl assical confinenent of the ions. Furthernore,

the t ecHfl s eksmpiongipsthe giseniating alasmabesaridsda theshambrl 316 Tnary robust as

wel | as {JORAN: 2 [ I, abl. characteristics for
Feact or PLeyed bbfSBler B e dortd Nk aibBasB Rich By FRRRERGPAE' 1 0% e
ci r cul atthewgmplraitaipositaniadd the printiplearis3es ahereded dlcgMtingd)AdsmabRaki r cul ati ng
pl asma beam 335, because it is_a current, creates a poloidal nagnetic

fidld a3 wroniangd (e, sroupd themull syrfasel Foriher, tbf ir&wtoalpow 48 arq adgpta% t he
S pposce  [bobtof SR O Tt i sl nfEAR I iy BE ek bEtnd Rlle'ogtif 0100, | 525,

Cut si de of the cpiisinabplbearbead335t he nagnetic self-field is in the sane

direction as ihe ap&ol i ed magnetic field. Wen the plasma ion current is
suf fi ci ent | yAlSaPEaT ef‘ﬁée%’élofmmeéla@kgm}@ﬂ@&ﬁﬁﬁéSQlﬁ%eSéﬂgfqr.wcﬂn&#d, and the

ticyf] i nsi irGul at 35, thereb
For mt ng 1oR8 Bp et EUEREFRale RO Tnd Bl 11, B4 SRR S ARAT A L T et
fo0 fi ebackpmuad plasmeanrdae345dre adabrd toMitddt Wlaspha A3s6owamd He axial@Ast der an

electric _current P carried by a ring of major radius ro and mnor radius a
<< ro. ofthe hamhced1® ki hasbgendioundfhatdigeting the plesms thiswgy helpnaibeties the ring i s

50~ 2 B e daema SRR o b oo SYRREAL sd e Do BRRAR) 1 5 car i ed

by N. ions avé an anqul ar el oCl e 1"0n circul atin
y g

Q

i nglre
at radi ugionOvithinhe@RamK@P31r0.eBdnvy is the cyclotron 20 frequency for- an
external magnetic field BO. Assune V. is the average velocity of the beam
ions. Field reversal is defined as BP = NPeS20 > 2B0, (64) -roc

15 Formation of the FRC

Conventional procedures used to form a FRC primarily employ the theta pinch-
field reversal procedure. In this conventional method, a bias magnetic field is applied by
external coils surrounding a neutral gas back-filled chamber. Once this has occurred, the
gas is ionized and the bias magnetic field is frozen in the plasma. Next, the current in the

20 cexternal coils is rapidly reversed and the oppositely oriented magnetic field lines connect
with the previously frozen liries to form the closed topology of the FRC (see Fig. 8). This
formation process is largely empirical and there exists almost no means of controlling the
formation of the FRC. The method has poor reproducibility and no tuning capability as a
result. ‘ ‘

25 In contrast, the FRC formation methods of the present invention allow for ample
control and provide a much more transparent and reproducible process. In fact, the FRC
formed by the methods of the present invention can be tuned and its shape as well as other

- properties can be directly-influenced by manipulation of the magnetic field applied by the
outer field coils 325. Formation of the FRC by methods of the present inventions also

30 results in the formation of the electric field and potential well in the manner described in
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which inplies that NP >2 rd a" and IP > eV0 (65) rra, 2ygahengsa, = e2/

nc2 = 1.57 x 1006 cmand the ion beamenergy is z mV,) . In the one-
di mensi onal nodel, the nagnetic field fromthe plasma current is BP =
(2ir/c)mwoomigene i, is current per unit of |ength. Therfidoehsss ever sal

requirenment is iP > eVdrzrOa, = 0.225 kA/cm 39 1 August 2005 WO 02/062112
PCT/ US02/ 02854 where Bo = 69.3 Gand z mV2 =100 eV. For a nodel with
periodic rings and B. is averaged over the axial coordinate (B,) = (2 g/
c)(lals) (s is thering spacing), if s =ro, this nodel wuld have the
sane aveictiabowgNetéover the ptbsas nicthedocm WeieaBp kR toasteleratethé RRCp = | V/s. 5
Combi ned Beam Bet atron Fornation Techni que A preferred nethod of formng a
FRC wi t i FragtRelerd prrapstemsand bighreaprey el cueentss insedvanrpsenslyenpblesthe t ensed t he

conbi ned, RGRITLHAIAEADHRIAN HifthcrdDles (2RREOAG cn SOURERES: QW ener gy bears

of plasma 10ns ron acceleration using flux coil

320. 10 colmpadtidevite Sidapvernrobhitas well ap@syﬁ)ihﬁldmﬁciumgmyﬂsﬂi@%i al ly annul ar
cloud | %er of ~background plasnma in the chanber 310 using the background
pl &sna SBuReterdstignir reagforsystesi | 325 produces a nagnetic field inside the

chanber 310, I ti I J round pl asma. At _short,,.Lntervals,
| ow energy i (I)%Il\‘Eﬂl Eé%srr%ﬁ %}gmfl%jﬁggtfgﬁml@ﬁieﬁ%ﬁsem%i%%?@gﬁgalﬂ@sn{aa’%éﬁg't he

i nj ect or it pa becapprtOiated sk M ciralldting 1AM be4rs 834, Bedali® e hhidl | deald app! i ed
magnetic field within the chanber 310. As expl ai ned above, the ion beans

are tr&molaidahmegnaticfisld, arvviban dadrigahcureentjo asircularwire. dndida the by t hi s

magnet i ¢ £ . i b rated by an iaon accelerator, such
as an a%gte; lgt%n%tp(l)%g%g F?%E FSS'J?D’ﬁ%ﬁ#?%cnseﬁ‘aﬂg‘g@atéﬁﬁg%wmg?Sﬁ e Y (see R B.
Mig| er, applicdiidgeticciecldduetioitieldatePE0BIZES Mitsiddthepiadna Beamrasdnearti cl e Beans,
(1982)). As one of skill in the art can appreciate, the externally 20

appl i ed magaetiorseld-fielddr in the sameddinsetionas therapplicd magnetic .t When thpect ed i on beam

' ters t hanber, 310; . Lt is.desj hat the b
ot *dor PRy lop GRS sdffBertiy RS e el ooiiss b sl O B "o
r eaches nidgfietfel fefdHeddrbdd GnsRle A GrcliRAAS Pldna De@mSBbMBereby forming the FRC
topology as shown in Figs. 8 and 10.

15 The requirements for field reversal can be estimated with a simple model.
Consider an electric current I, carried by a ring of major radius r, and minor radius g <<
rp. The magupetic field at the center of the ring normal to the ring is B, = 2zl,/(cr,).
Assume that the ring cumrent I, = N,e(£2y/2x) is carried by N, ions that have an angular
velocity £, For a single ion circulating at radius 7, = V;/Q,, O, = eBy/mc is the cyclotron

20 frequency for an external magnetic field B,. Assume ¥ is the average velocity of the

beam ions. Field reversal is defined as

B, = z z2B,, (64)
¢
which implies that N, >2 ri/a, and
-
1,220 (65)
,
25 where ;= ¢/ m¢* = 1.57 x 10" cm and the ion beam energy is 1m,V?. In the one-

dimensional model, the magnetic field from the plasma current is B, = (2w/c)i,, where i, is

current per unit of length. The field reversal requirement is i, > eVJnrﬂaj =0.225 kA/cm,
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this problem the ion beans are neutralized with el ectfoiguandoslirected
through a substantially constant unidirectional magnetic field before
entering the chanber 310. As 25 illustrated in Fig. 26, when the ion beam
350 i s sio@mbAad t hrough an appropriate nagnetic fielghridigoResi tively
charged ions and negatively charged el ectrons separate. The ion beam 350
thus acquires an electric self-polarization due to the magnetic field. This
magnetic field may be produced by, e.g., a permanent magnet or by an
el ectromagnet along the path of the ion beam Wen subsequently introduced
into th L h L LG, field bal ances
t he nagﬁ@%acg"f gfggz(@%rrl{ffﬁ@gﬁeéﬁq&gg‘rF&%@gqeigﬁﬁgévﬂ%n%gcrﬁ% |%}?qu 40 1 August

d.. Fig. 27 shows

goﬁﬁad%%e@?f%%%g PR TP AL, SLUH ket BB g@rr"g’“’s?;s. s
o or TaunoR VR AT iR MRentae Shli Bl Rk BB IRARENE, o Crie

pol ari zatithey=IMhen the beamis no longer electrically polarized, the beam

joins the 5 circul pl asma beam 335 in a betatron orbit around the

prﬁ nci pl e ax$embined Bean/Befalion Formationglechmquanhen t he pl asnma beam 335 travel s
in.its bet at!\%ﬂafé}f int1 cfdtb?fm%f@FR@%th@%?%dnﬁem&t fdif which in turn
gives rise to"a po m%% magnetic self-tield. "To produce the FRC topol ogy
Wi t hi n téperibddabiveris Bdbin térined therombhvdbsant/betitronneshsiqué. Ehivapasti y of the

pl asma 10 beam 335, thus increasjng the magnitude of the magnetic

sel f - f | eqmbingsdow eprasihbeamyaf plagmg lonswith hefafron acwiationfsinghehstaren sel f-fi el d
is larg , the direction of the magnetic field at radial distances

- fromthe axis 315 within the plasm beam 335 reverses, giving rise to a
FRC. (See FiDgfirf stpdn i) methdd Badiniet afbsiacially eshuldd@loud l9erei ntai n t he
radial _distance of the circulating plasm beam 335 in the betatron orbit,
it is - nbeckgorndplasnais therhpmberd 10 naingthe bpekgrowad plesmasouress 245 (RSt he out er
coil 325 .a8t S Lo hn avel ocity. control systemis
t hus pr g({}?%zeséﬁ]‘fdg?ésarf‘aﬂ%ngﬁ%g%gﬁhéﬁ&pc?]%%t?]&gtl %%hé%plﬁ"lg%%&%éﬁﬁet ic field, ]

di ct at eBadayrotitEp]adiid. eAtishérhinGuretls, tdveerRtdydon Béahds arbdhjectéd inbr that i vel y, a
second outer coil may be used to provide the additional apﬁlied magneti c

field teRembes3lOthrgugt banjestormiors 3nGsubsientieByiransvesse to e gsteamafil beani s or bi t
o | t3g§)p?i§&ﬁ'?§{e§§ @?{d}%ﬁ%&e CRHRAS 0. AN fRInS iobe he fol Bedthd ! a1 1 N Pl asma

beam
trapped within the chamber 310 in large betatron orbits by this magnetic field. The ion

beams may be generated by an ion accelerator, such as an accelerator comprising an ion
diode and a Marx generator. (see R.B. Miller, 4n Introduction to the Physics of Intense
Charged Particle Beams, (1982)). As one of skill in the art can appreciate, the externally
20 applied magnetic field will exert a Lorentz force on the injected ion beam as soon as it
enters the chamber 3 10; however, it is desired that the beaml not deflect, and thus not enter
a betatron orbit, until the ion beam reaches the circulating plasma beam 335. To solve
this problem, the ion beams are neuiralized with electrons and directed through a
substantially constant unidirectional magnetic field before entering the chamber 310. As
25 illustrated in Fig. 26, when the ion beam 350 is directed through an appropriaie magnetic
| field, the positively charged ions and negatively charged electrons separate. The ion beam
350 thus acquires an electric self-polarization due to the magnetic field. This magnetic
field may be produced by, e.g., a permanent magnet or by an electromagnet along the path
of the jon beam. When subsequently introduced into the confinement chamber 310, the

30 resultant electric field balances the magnetic force on the beam particles, allowing the ion
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betatron flux coil 320 is provided. Referring to Fig. P3ughit20en be
appreciated that increasing a current through the betatron flux coil 320,
by Anpere's Law, induces an azinmuthal electric field, E, inside the
chanber wl@s2lie positively charged ions in the plaaﬁﬁnhﬁgmk§35 are

accel erated by this induced electric field, leading to field reversal as 25
descri bed above. Wen ion beans are added to the circul ating plasnma beam
335, as described above, the plasna beam 335 depol ari zes the ion beans.

For field reversal, the circulating plasma beam 335 is preferably

accel er akediotd@ififundefdobddi w%m siVsWhef-omon bf Hefordam@30 apttef erably in a
range of about 75 eV to 12 To reach fusion relevant conditions, the

ci r cul aconieptytheplesmpntomsakpictedplestrepsiivny feplaswe 32 travcbdlons. about 200 KeV

and preferabl ar ut V,to.3.3.MeV., 4] . ------
....... el iy it b R S S P B SR pea R opi m ¢ he
necessagaMaﬁz@ﬁbﬁSWh@mﬁlefbeﬁmnm mgeaéwmmgsﬂaﬁfeat #heBeant rs@RCEl eration of
single particles is first consi Tegyroradlus of ions r = V/S2;, wll

change bm%atngeplasmmbw@a%?eislnarbdtatrmeorhpptquetﬂthmgmepls@mﬁ BH, ds showm i hange to
mali nta|(q 15?? radius of the plasma beamis orbit, r VIS2~ 5 ar _ 1 avV

as2, O ’ at 52 [ at - s2, at ] -' where aV roe aB eEe e 1 al' at mc
at nr -M 2=@p ?Ya)sma a&ﬂn 33\5 travels lﬂﬁtmm% lofbitf {Hé&owﬂ:g“foﬂs%oﬁéﬁﬁ dr =xr _
(B(68) 10 where I B~)=-BFI r/ B li-I rod (69 romEq. 67, it

f ol | ows awhraant, whiche Bn‘)l gl_ves ﬁseﬂBa pIpBipl magneti¢ self-field. To produce the FRC
' topology within the chamber 310, it is necessary to increase the velocity of the plasma
10 beam 335, thus increasing the magnitude of the magnetic self-field thait the plasma beam
335 causes. When the magnetic self-field is large enough, the direction of the magnetic
field at radial distances from the axis 315 within the plasma beam 335 reverses, giving
rise to a FRC. (See Figs. 8 and 10). It can be appreciated that, to maintain the radial
distance of the circulating plasma beam 335 in the betatron orbit, it is necessary to
15 increase the applied magnetic field from the outer coil 325 as the plasma beam 335
increases in velocity. A control system is thus provided for maintaining an appropriate
" applied magnetic field, dictated by the current through the outer coil 325. Alternatively, a
second outer coil may be used to provide the additional applied magnetic field that is
required to maintain the radius of the plasma beam’s orbit as it is accelerated.
20 To increase the velocity of the circulating plasma beam 335 in its orbit, the
| betatron flux coil 320 is provided. Referring to Fig. 28, it can be appreciated that
increasing a current through the betatron flux coil 320, by Ampere’s Law, induces an
azimuthal electric field, E, inside the chamber 310, The positively charged ions in the
-plasma beam 335 are accelerated by this induced electric field, leading to field reversal as
25 described above. When ion beams are added to the circulating plasma beam 335, as
described above, 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 reach fusion relevant conditions, the circulating plasma beam 335 is preferably

30 accelerated to.about 200 keV and preferably to a range of about 100 keV to 3.3 MeV.
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and (B.) = -2B, + B, assuming that the initial values ¢faBust@pdsB, are both
B. Eq. 67 15 can be expressed as aVvV e a(B~) (71) at 2mcC at After
integration fromthe initial to final states where z nWVo = Wand i mv2 = W
the fixnaoxwediwes of the magnetic fields are: B, = B pepiushBodésa (72) 0 20
and r | r BF =Bl iw 0 +(YQZ 0 -111=10.7kG .(73) 42 1 August 2005 WO
02/ 062112 PCTI US02/ 02854 assuming BO = 69.3 G WW=1000, and r/r. = 2.
This calculation applies to a collection of ions, provided that they are

all located at nearly the sanme radius r and the nunber of ions is
i nsuf fici ent It developiag tHelrecosmgneiprasibhshithe bdttgonaeekiiéraicti thens of the basic
betatron equations to acconmodate the present 5 problemw || be based on a

one- di mafeelcEtion of sjpgle patirlgis disst gensidered e Thagyramsdivs of iongy pFAYNEL beam

assumn i al on field lines.and.,.the

z- depen%ggr#gg bédgﬁ&%%@égsgeﬁg@ﬁg%@%%%m %Jt‘flgf itﬁgl?i%“ﬁf‘fh & tg&}af’n?%*gi st ent

sol uti omacﬁ)ﬁsdflﬂ@p‘lﬂsﬁ@@émﬁ/@mm,yﬁmati ons that can be summuari zed as
follows: (a) The density distributionis , (74) 10 n = (rat r02 cosh2l rAr

which applies to the el ectrogs andpraot@gs |(assum ng quasi neutrality); r
i sthe position of the denspty ' |G %r s the width of @6k
fiéld

~distribution; and (b) The nmgne (r2 -r2 B~ =-Ba - 2 tanhl
(75) where
glizroeBBc:eE,,=_e 1 ?E‘_’ 67
o me ot m m,c 27, Ot .
and ¥ is the magnetic flux:
¥ = [* B,2mdr = m{B,), (68)
10 where .
, 2 2 .
(B,)=-B, [——] -B, [1-[5-’-] } (69)
' A to)
From Eq. 67, it follows that |
&(B,)  oB |
il g 70
Ot ot (70)
and (Bz) =-2B, + B, , assuming that the initial values of B, and B, are both B,. Eq. 67
15 can berexpressed as
ov e &(B,)
AR A s ¥ 8 71
o 2me® ar (7
After integration from the initial to final states where 1mV; =W, and imV?* =W, the
final values of the magnetic fields are:
B =B, g- ~2.19kG (12)

0

B, =B{Jg— +[-§°—J ( %-1]}:10.7 kG, (73)
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cl r-J 15 where Ba is the external field produced by Aifgst@ab§r coil 325.

Initially, B. = BO. This solution satisfies the boundary conditions that r

=raand r =rb are conductors (B..., = 0) and equipotentials with

pot ent i &lo de/os21@2 The boundary conditions are satisfi eptrlinfjsoglgzsga (rat

+r.2)/2. ra =10 cmand r= 20 cm so it follows that rb = 26.5 cm Ip is

the plasma current per unit length. 20 The average velocities of the beam

particles are V, = rw, and V. = rwe, which are related by the equi l'ibrium

condition: co, = w (1- (76) where 12, = eBal(mc). Initially, it is

assuned aBfuringB, 69.7COW/mpe 1600, amd Ay, % 2.NThS atbiltionabpli@ W4 bdifREdigsm there is

an electric field such that the E x ”B and the VB x drifts cancel. 25

Q her edf rqns,mm‘adeértbat@vy@retﬂllelow déanky thesamisaadivsoi, ew! thé nBaber 0fhe

equi | i br] £ t.i 43 1 Augus 005 WD 02/062112 PCT/ US02/ 02854 are
én%%lggﬂﬁ @Q& P]t%%lea{ﬂ@n iieil ) ! :

assurred slowy varying functions of tinme, but

r = VIS2; reh@indsifieabnt fthe bé&ﬂﬁ)eea%ﬂe uaf8nsft8 hedohinfodbtt thdjRest@™ as Eq. 66.
Eq. 67 is also simlar, but the flu unction 'F has an "additional term

i .&., ' [problem WIIJ(I@I)asedmaeo@-@n@smpalaqmbmwmwodesmumg multi-ring plasmw) JJ 5 and

112 BE rQ - Th t | th duel
Lo the BEE AP, e bzt syt gose 6 Rl ines s a0 opideicessn 53 p p
from whibg Reglébtdd. The equiliviufs a8t colRisiddt §dfutled of the Vlasov-Maxwell

equations that can be summarized as follows:

(8) The density distribution is
nﬂl
10 n= — (74)
cosh2l I——fo.
rAr

which applies to the electrons and protons (assuming quasi neutrality); r, is the position of

the density maximum; and Ar is the width of the distribution; and

(b) The magnetic field is
2721 2 _ 2
B =—B 2 tanh[r fo ] (75)
c ryAr
15 where B, is the external field produced by the outer coil 325. Initially, B,=B,. This

solution satisfies the boundary conditions that » = #, and r = r, are conductors (B, = 0)
and equipotentials with potential @ = 0. The boundary conditions are satisfied if

=} +r2)/2. r,=10 cm and r,= 20 cm, so it follows that 7, = 26.5 cm. I, is the
plasma current per unit length.

20 The average velocities of the beam particles are ¥V, = ryw, and ¥, = r,@,, which are

related by the equilibrium condition:

mi
o, -co,(l—-ﬁ-—], (76)

!

where ;= eB /(mc). Initially, it is assumed B, = By, @,= €, and @, = 0. (In the initial

equilibrium there is an electric field such that the £x B and the VBx B drifts cancel.
25 . Other equilibria are possible according to the choice of B.) The equilibrium equations
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(B.)= B= +7tt z LP1P (80) The betatron condition of Egangftbdoihus

nodi fied so that aa= - aB~ LPC al. at -2 at ttrOat (81) "and Eq. 67
becones: av QaB P alp 15 at m a at 2mc L at m 27zr0 at After

i nt egr awowez2112 ~: =-2B~l+rbz _ rQ 1-11 I. (83) rOzpMBush2rRss W = 100 eV
and W 100 keV, AB2 _ -7.49 kG Integration of Eqs. 81 and 82 determ nes
the value of the nagnetic field produced by the field coil: 20 Bc = BO W=
2.19 kG (84) 0 44 1 August 2005 WD 02/062112 PCT/ US02/02854 and 2 2 2
BF = BFO-F] ABA- |1 r0 2 ABC =25 kG (85) r, | reIf the final energy is
200 keV,arB@semdll 18 Be kabidi e, B B alowli GaryihB CurltBEHAR tife, Wat BEVAY, I N the flux
coi |- would be BF nrp | =172 k§ . The plasma current is initially 0.225 8z
5 kA cmigBpipdeqmsiae dge conditiondgnibisiicthe pavhahsdiy. 46 Bqa67 whilolsimiterytehises to 10
KA/ cm an m%geti c field of 6.26 kG 1In ég above cal cul ati ons, the drag
due to Gﬁ?ﬁw Y Bascwaddifipral tram.an el el Y“Ihﬁfet he injection/trapping
phase, it was equivalent to 0.38 volts/cmz It decreases as the electron
tenperature increases duri ng(ﬁjc_:__%—ze_]_r_z_rt;}p m? ~Fheé inductive drag, e

¢ P+l

B, —_--BF[E&) 43{1—[% } (78)
% A :

The magnetic energy per unit length due to the beam current is

5 and

n B.-BY 1
2ovdr] =—t | ==L I,
[ [8,,] LI, (9)
from which
2 2 oyl
10 L =0T 2%T 4
b rb2+ra2 CZ

- C
(B,)=B, t—5 Lyl (80)

0

The betatron condition of Eq. 70 is thus modified so that
B, - 0B, _ Lyeadl,

z

ot & m oo’

(81)

and Eq. 67 becomes:

% _end. e 0B, L0, (82)
0t m, c Ot me "’ B m, 2m, Ot :

- -t |w
AB, =-2B|1+-2—2 | (— 1] 83
= »

For W, =100 eV and W= 100keV, AB, = -7.49kG . Integration of Egs. 81 and 82

15

After infegrating,

determines the value of the magnetic field produced by the field coil:
. w
20 B, =B, |—=219kG : (84)
. WO
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which is included, is 4.7 volts/cm assum ng accel eratyopoh@ 2869 keV in 100
s. 10 The betatron flux coil 320 al so bal ances the drag fromcollisions and
i nductance. The frictional and inductive drag can be described by the
equatiowom@vbzivb | 1 + 1 e L alb (86) at the tb/ nb gwlypiembere (T,ImM <
Vb < (Tinm. Here, V. is the beamvelocity, Te and T, are electron and ion
tenperatures, Ibis the beamion current, and Il 15 L =
0.01257r011n(8QOJ-4] =0.71,uH is the ring inductance. Also, r0 = 20 cm and
a =4 cm The Coulonb drag is determned by 3f(m~ Ty the = 4 19511 see 4
2r mneghoA 2 2mWK tb, = 4)cne 4 InA 54.8,usee (87) 20 To conpensate the
drag, the betatron flux coil 320 nust provi de an electric field of 1.9
volts/cm (0.38 volts/cmfor t[f_l Eoul O(sz and 1.56 volts/cmfor the

i nductive drag). The nBgad)e &t25d& f | ux coil 3ZBS)nust
increase by 78 Gauss/s to ac |ISh in which case IT,, wll be

02/ 060112 POTHSES) tisdeus 2pLkets g 3333@%@%@%%& BHEARE) o B i |1

increase by 1.4 kG The magn%tglc fleld energy required in the betatron

flux cokherg?® thefiBfeotl wodibe -—agz} =192 ks Thd plaskrceilrent(iSRitiall 0225 Bet atron
e

Formati on Techni que Anot her rred nmethod of form ng a FRC wi thin the
TS T ol SRR b Baetft B ok PIIB e RhaL KR AORTRA £7, 1 EP Y
to acc ehag@due fisldofio6 k. i 1A @e@b&%@%ﬁﬂﬁsﬁﬁE diagidngiot G@ilomb collisions
has been neglected. In the injection/trapping phase, it was equivalent to 0.38 volts/cm. It
decreases as the electron temperature increases during acceleration. The inductive drag,
which is included, is 4.7 volis/cm, assuming acceleration to 200 keV in 100 ps.
10 The betatron flux coil 320 also balances the drag from collisions and inductance.

The frictional and inductive drag can be described by the equation: -

y _ _Vb[__l_J;]_i L 3, 6

ot te ty| m,2my ot°
where (T/m) <V, <(T,/m). Here, V, is the beam velocity, T, and T, are electron and ion

temperatures, J, is the beam ion cutrent, and

15 L= 0.012571*0{][{%-) —-:ﬂ =0.71ud
a

is the ring inductance. Also, ;=20 cm and @ = 4 cm.

The Coulomb drag is determined by
3 [2(m) T
e = =of—| — f—— =95 usec
be 4\/;(711]%4111_/& #
_22m W}
; = 54.8usec 8
o = dmme’ A Hoe &7
20 To compensate the drag, the betatron flux coil 320 must provide an electric field of 1.9

volts/cm (0.38 volts/cm for the Coulomb drag and 1.56 volts/cm for the inductive drag).
The magnetic field in the befatron flux coil 320 must increase by 78 Gauss/ps to

accomplish this, in which case ¥, will be constant. The rise fime of the current to 4.5 kA
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betatron flux coil 320. A preferred enbodi ment of this|isgeldiirgge uses the
confinenment 10 system 300 depicted in Fig. 25, except thalt the injection of
| ow energy ion beans is not necessary. As indicated, the main conmponent in
t he bet g @mei19r nati on technique is the betatron fl wera®ebogs® nounted in
the center and along the axis of the chanber 310. Due to its separate
paral l el w ndings construction, the coil 320 exhibits very |ow i nductance
15 and, when coupled to an adequate power source, has a low LC tine
constant, which enables rapid ranp up of the current in the flux coil 320.
Pref er alid 18 pd & Bt th@ma@etié igd BREICRORRRWSS NG TR Hhdhefiofididenegest er nal fiel d
coils 325, 330. This provides an axial guide field as well as radial
magnet i dedquired i thobgiereanits coihdtist he ends to axially confine the plasma
injectéd into the charrbe[ﬁzélo. Once sufficient 20, magnetic field is

est abl i shed, the backgro 248 esg; 3 e energized fr hei r
own power supplies. Pl asn&zé%ﬁﬁa%é@%ﬁmﬂt hgl%g%?fs streans al onggﬂ@?]e axi al
guide field and spreads slightly due to its tenperature. As the plasna
reaches the m d-plane of the chanmber 310, a continuous, axially extending,
anqiul ar- | ayege@frofPdrhhatic] PaMYgi®Vvi ng plasma is established. 25 At this

poi nt the bewm—%’m is energized. The rapidly rising current
in the coil AB@berquefenes metliaistt formmps FGCavithad thé benfinkmert kestero300is i nt eri or .
By virtue of inductiy ffects this rapid jncrease in axial _ flux causes
The gendrutiameiichadon fimade tnbiaie; T fechtiqias peedordayiteds wni oh

per meat ggidifindRas @m?én?&ilpééﬂyf/ {beacéél&éteﬁ%frln%lgtﬁ’é #elﬁg]%% LA hons, this

electric field 1s direct proportiona ange I n strength of the

magnet i bethfrendiukteodl 320.gAgrefatdembodineal CaRkii 12hiqlid UsGORs Odfindnertnsi de t he
coil, i.e. a_ faster hefatron coi urrent r -up wi]l lead to a stronger
bt i oo 0 Eeoited i Bt Puepy b tiinEton Gy e BREHEBIIYs to the
char gedppagdadcl €s in the plasma  and causes a ponderonotive force, which

accelerates the particles in the annular plasma 5 | ayer. Electrons, by
virtue of thésndeawi)tbe mamsenpareat it e Heiatoh femetoetechnique isibe i ence

acceleration._The.initial current forped by this praqcess is, thus,
primari ?iatﬁ‘li’etjh’txcf"ﬂé%&omﬁ‘gm_t crotroand dope the pxasef %&Ew‘@?ragtlﬁop“?i me (around
hundr edg, j@f spr&te Parid WislBags Uhidtruction, the coil 320 exhibits very low inductance

15 and, when coupled to an adequate power source, has a low L.C time constant, which

enables rapid ramp up of the current in the flux coil 320.

Preferably, formation of the FRC commences by energizing the external field coils
325, 330. This provides an axial guide field as well as radial magnetic field components
near the ends to axially confine the plasma injected into the chamber 310. Once sufficient

20 - magnetic field is established, the background plasma sources 345 are energized from their
own power supplies. Plasma emanating from the guns streams along the axial guide field
and spreads slightly due to its temperature. As the plasma reaches the mid-plane of the
chamber 310, a continuous, axially extending, annular layer of cold, slole moving
plasma is established.

25 At this point the betatron flux coil 320 is energized. The rapidly rising current in
the 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. 29), which permeates the space around the fiux coil. By Maxwell’s equations,

this electric field is directly proportional fo the change in strength of the magnetic flux
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eventual ly also lead to ion current. Referring to Fig.]AQgudthbgsel ectric
field accelerates the electrons and ions in opposite di rect I ons. Once both
species reach their termnal 10 velocities, current is carried about
equal | ywioyzioeng and el ectrons. As noted above, t he cper/eskomsd ri ed by the
rotating plasma gives rise to a self magnetic field. The creation of the
actual FRC topol ogy sets in when the self magnetic field created by the
current in the plasma | ayer becones conparable to the applied magnetic
field fromthe external field coils 325, 330. At this point magnetic

r econneimside thekbil,dec arfaten betattdnacoll pemerdt ratpsug willdeadab a kiiengbmdléchid ext ernal |y
produceg Hﬂgnet ic field begin to close and formthe FRC flux surfaces (see
Fi gs. glig 10). The base FRC established by this method exhibits nodest

magnetic fi el igfiivddpEbiid e?ecﬁ'fﬁﬁo@d &%Pfepﬁ)tthtgéhﬁarr%é @%rﬁ@ilzéﬁﬂ gpglasﬁ'fa reactor

rel evant operating par arreters weve I've ele

accel er atd causcs & pordlewviniokiveforce] which accclenitg tiedaitioks ithe @iiulat flaine bet at ron 20
flrggx coi'l Sé%gcont nyes to i ncr ase at arapid rate. The effect of this
processlae: Hlfgonsnly Vigpeetghel ?H’P%ﬂ% aeiyn Bt epepieslogxparienssyt h- of t he FRC

cont i NUES.] primarily limted
by the %%ﬁgﬁ%%{ %85]\]/\%?8(?3%%%9% co ?‘%lgjsgg&%ﬁr#veryyh‘%mcurrent requires a
massi veelesonyg yHm«aneﬁgcfﬁblatn laccehdation eiime (irbuidshundedyutinticoRadonds)wikki ght f or war d
to accel erahgwé systemto reactar relevant conditions. 25 For field

rever safveni 3190yt i Fim 29, this Isle@tneﬁa@aycekéwtb? ated to a
rotati O&@dﬁoﬁ@ﬁ'[d%(nﬂ{;l ﬁ%%?%%&?t&n@%m@%%@é&ﬁe@ E%Qlll%[ iﬁ't"en%mafinge of about 75 eV

to 125 eV. To reac evant con I ons e clirculating plasna
bam 33&1¢mep;cmfremtab¢aynedabmle@xaayeglldmaabﬂwnoﬁ@0 keV and preferably to a
range of about 100 keV to 3.3 MeV. Wen ion beans are added to the

circul ating f}:ﬂ”é’wbﬁ)‘@awmwm%ﬂ‘?ﬁé!%’dh?mn&%%agltf%@sstﬂ $icsma beam 335

Lo PrnggRid figa e BRARof i borbat M BhoreBe i OrarhIded el Io02] 02852

Experi nen rapp| ng an eri nen f opagati ng and
t rappi r@elaﬁreaemwm;emhrrmeﬂthre_‘ﬁmnana)&rb&gﬂzeﬁd:dinpaﬁbl&&@théﬁﬁﬂiedvessa to create

an FRC. Beam | on and trapping were successfully denonstrated at the
f ol | owi Hgenese g%{& e:qteéq,aé ﬂc:jlgld colls 325,330. At this point magnetic reconnection
15 occurs and the open field lines of the initial externally produced magnetic field begin to
close and form the FRC flux surfaces (see Figs, 8 and 10).

The base FRC established by this method exhibits modest magnetic field and
particle energies that are typically not at reactor relevant operating parameters, However,
the inductive electric acceleration field will persist, as long as the current in the betatron

20 flux coil 320 continues to increase at a rapid rate, The effect of this process is that the
energy-and-total magnetic field strength-of the FRC continues to grow. The extent of this
process is, thus, primarily limited by the flux coil power supply, as continued delivery of
current requires a massive energy storage bank, However, it is, in principal,
straightforward to accelerate the system to reactor relevant conditions.

25 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 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.

* When ion beams are added to the circulating plasma beam 335, as described above, the

30 plasma beam 335 depolarizes the ion beams.
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Vacuum chanber di mensions: about 1 in diameter, 1.5 injlagpadhoos Betatron
coil radius of 10 cm Plasma beamorbit radius of 20 cm =~ Mean kinetic
energy of stream ng beam pl asma was neasured to be about 100 eV, 10 with a
densitywajoabawi 10" cm 3, kinetic tenperature on thep@ngRsongts 10 eV and a
pul se-1ength of about 20 Its. Mean nmagnetic field produced in the trapping
vol ume was around 100 Gauss, with a ranp-up period of 150 its. Source:
Quter coils and betatron coils. Neutralizing background pl asma
(substantially Hydrogen gas) was characterized 15 by a nmean density of
about 1(ExpediBentdd Bty Trapin®ardfRCE Borgfatibess t han 10 eV. The beam was
generated in_a d,efla?rati on type plasma gun. The plasma beam source was
neutral Hydr GEesspas T frapasning end fypmnsdf ansriseiind befen BACKIHPIG he gun
t hr ough ogtamggvg;se%fcﬁ,eay@%nv&cufferent geonetrical designs of the
el ectrode assenbly were utiliZed in an overall cylindrical arrangenent.
The char gi ngBeah bagegatios alid/pippmiglvyerPficadiiully dandasi-waien ik folltividg 5 W Peak
breakdown currents in the guns exceeded 250,000 A. During part of the
exper | rré’ﬁ‘[ﬂg}eteffi’ﬁ 5. additional pre-ionized plasma was provi ded by neans of
~an array o 'g.}}ﬁﬁa : . [ hat.a the central gun

el ectrode Ia?ggdr]?% é&%@fg ore?ﬁsg&g%gu%t{gg%abgfeg’nléu I’lél grngas injection. This
provi ded feor Bewtranesgidadius 6810 dhengt hs of above 25 s. 25 The energing | ow
energy neutralized beam was cool ed by neans of streaming through a drift
tube of noh- déaseadbesm grbvdedivs ¢fi208%ore entering the main vacuum chanber.
The beam p] a . - I I ] t this tube
by neans oJf %ﬁ%@% I‘%ﬁ@?‘é&%‘“’%ﬁ%ﬁggwfa g%%%%%%rzgeggﬁ?p{ feﬁét% IrQ/étveI i ng

t o ough the dithhidedsithef shvalt BN @i, Rijetidvempeiued @rthesrdercfU6 eWand he gener ati on
of a beaminternal electric field that o?fset the magnetic 48 | August
2005 WD 02/ Déserienetibefiahoeb20162554 field forces on the beam By virtue of

this mechani i ' t-0 .0r.opa .4 zed above
t hrough a reqgi on&Sﬁ@eﬁ%g‘%?ﬁ’?@“ﬁﬁde‘ﬁgpeﬁﬁgg?&H@%?’i" nd. ﬁ{gg%a%&%’ﬁ)ri her
penetration ipnp-igyseriol afrbsrps. SherchaRiericdCddbefztion elalsi r ed- or bi t

¢ Neutralizing background plasma (substantially Hydrogen gas) was characterized

15 by a mean density of about 10" cm™, kinetic temperature of less than 10 eV,

The beam was generated in a deflagration type plasma gun, The plasma beam
source was neuiral Hydrogen gas, which was injected through the back of the gun tbroﬁgh
a special puff valve. Different geometrical designs of the electrode assembly were
utilized in an overall cylindrical arrangement. The charging voltage was typically

20 adjusted between 5 and 7.5 kV. Peak breakdown currents in the guns exceeded 250,000
A. During part of the experimental runs, additional pre-ionized plasma was provided by
means of an array of small peripheral cable guns feeding into the central gun electrode
assembly before, during or after neutral gas injection. This provided for extended pulse
lengths of above 25 ps.

PR The emerging low energy neutralized beam was cooled by means of streaming
through a drift tube of non-conducting material before entering the main vacuum
chamber. The beam plasma was also pre-magnetized while streaming through this tube
by means of permanent magnets. '

The beam self-polarized while traveling through the drift tube and entering the

30 - chamber, causing the generation of a beam-internal electric field that offset the magnetic
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| ocation and encountered a |ayer of background plasna prAsustedoby an array
of cable 5 guns and other surface flashover sources. The proximty of
sufficient electron density caused the beamto | oose its self-polarization
field ambdmbiioav single particle like orbits, essentp@sntizeppi ng the
beam Faraday cup and B-dot probe neasurenents confirned the trapping of
the beamand its orbit. The beam was observed to have perforned the desired
circular orbit upon trapping. The beam plasma was followed along its orbit
for close to 3/ 10 of a turn. The measurenents indicated that continued
frictiofald forses omibieibedny BY vigvesf this mechanisnhié weepassiblrte propagstettsabyose
sufficient for themto curl r eS|red orbit and, hit
the bet &t ic?ﬁi egg%/d@ﬁ?"f gh?mﬂw@aﬁﬂ %&#W%PE‘? PBrevent this, the

| osses coul dypen feHBIGRAGEAEN RiYo b PRImer $heAsdah kLR thef&k&Vorb® the orbiting
beam by inductively driving the particles by neans of the betatron coil.

15 Expefgopidon and en¢em@tefadrartayer ofbagkgroundi ph@mhoe)vm@dbymdm}aimﬂﬂdet atron

fo mat i on C formati on was _.succ ul |y, deno ated utilizing
cont3M ea&ﬁ E’@&%ﬁ?ggﬁb YT PO TORMIO ﬁf}@ﬁm 8168‘6‘?%? é’ beant bet at r on

format | QRusb BB BEAY D 108&1&@af.ﬁaaﬁzaﬁ&?§e1&mona%% elp¥rtic IR BRAGDEr 1 in in

dianeter and 1.5 in in |length using an external pplied magnetic field of
up to 5eSeially trappingthi bedm.eFaladay owp aiddB-Bettppsteareafurementomnfind@cheof up to 5

kG and. a ac of 1.2, Q toryr. In the experinent ackrond
pl asma FF&EPV’%\g ‘5’%1@6‘}@ &lrﬂf’&eaé‘hﬁa‘i -éﬁoglg\éerﬁe@gneg the | zgd
Hy dr ogeg;-Qea B oﬁ@r ng?ﬁi tb\émﬁ{pla&ngwﬁs £ e@ﬂﬁ% rﬁﬁ?fo E&o&é’tlg@/f 2 x 107

cnl's, and a pul se 25 of around 20 s i'el d reversal
Wid obsef vlh. ThepesasurenentSindieae ﬂmtcmtm@d fnnnohalandlgzdnd:tarehrshat ron fornation
t echni que. ormation. utiligzin et.atron orma technl gue was
success FW?%/&Rg%P@T‘?I‘&V@ érose S‘{fﬁ‘ée’g oﬁ&eﬁéP § Vacuum
chamber deyu@@&%h%&ma&%{aﬁb MMM@.&Q{ d mlggé% tatron coil
radius of 10 cm 49 1 Auguslt1 5005 WO 037 %‘gfjltg ?.Ugggreg%ggg§ Pl asma
orbit r &gilessesaiouldbecompensated by supplying addmonal energy to the orbiting beam by

inductively driving the particles by means of the betatron coil. -
15 |
Experiment 2: FRC formation utilizing the combined beam/betatron Jormation
technigue.
FRC formation was successfully demonstrated utilizing the combined
beam/betatron formation techniqﬁe. The combined beam/betatron formation technique
20 was performed experimentally in a chamber 1 m in diameter and 1.5 m in length using an
externally applied magnetic field of up to 500 G, a magnetic field from the betatron flux
coil 320 of up to 5 kG, and a vacuum of 1.2 x 107 torr, In the experiment, the
background plasma had a density of 10” cm™ and the ion beam was a neutralized

Hydrogen beam having a density of 1.2 x 10" cm™, a velocity of 2 x 107 em/s, and a pulse

25 length of around 20 ps (af half height). Field reversal was observed.

‘Experiment 3: FRC formation utilizing the betatron formation technique.
FRC formation utilizing the betatron formation technique was successfully
demonstrated at the following parameter levels:
--»  Vacuum chaimber dimensions: about I m diameter, 1.5 m length.

30 s Betatron coil radius of 10 cm.
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Mean external magnetic field produced in the vacuum chanhghswagsup to 100
Gauss, with a ranp-up period of 150 Its and a mirror rati¢ of 2 to 1.
(Source: CQuter coils and betatron coils). 5 The background plasm
(subst agfg @lokx1dydrogen gas) was characterized by a ngafysesleisi ty of about
1013 cm, kinetic tenperature of less than 10 eV. The lifetine of the
configuration was limted by the total energy stored in the experinent and

~generally was around 30 ps. The experinments proceeded by first injecting a

background plasma | ayer by two 10 sets of coaxial cable guns nounted in a
ci rcul ar fashlgmaloftit daint be20cd@nber. Each collection of 8 guns was nount ed
on one of the two mirror coil assenblies. The guns were azinuthally spaced
in an equiti Yeamexteraslmagnetinipldprodeded frethe vopumichambes wos tipto €8t . Thi s

ar r angenent lowed for the guns be fired sinultaneously . t her eby
created an ?ﬁ%sg’l‘gﬁl%faﬁ?ﬁﬁj Regfl’%?ﬁ@é‘s@ﬁ%ﬁmé@?%ﬁtﬂ@@ﬁ@ﬁt&m’%f"ﬁcﬁ “ ayer, the
betatron fl u¥isahd bs@sonedas)gi zed. Rising current in the betatron coil

wi ndi ngs caused an increase in flux inside the coil, which gave rise to an

azh mut hal <l &be backerpumd plasmar(hubsigntiatly dhdraghe gisp was eharactstizdd byQuizedn r anp- up

~and high curent in t bet;atron flux coil.. produ a strong electric
field, whi chd%{‘élgé?fleﬂ[f’g‘ft3§13°frﬁe ‘F{WJP‘&PE’I?)‘P"&%}EFQ?%‘J‘?%%d t hereby i nduced a

si zeabl e Cour’I’Eé'ﬂﬁfeﬁ@%ﬂh@hﬁﬂig\ﬂﬁﬁ&l%@ﬁnﬁ&l@tﬁém%rmre@{nqﬁyced a magnetic
self-field that altered the externally supplied fiel'd and caused the

creation of - experifeniladd geneelly archs aonfd 3psat i on. Det ai | ed neasurenents with
B-dot | oops identified the extent, .strength and dquration of the FRC. An
exanpl e of typi CEFUH rf)gﬁ@&%l?ﬁrs?mpﬁ@g%ﬁb&@go PESEBYH B % gnal s in
Fig.  3Qets Jf@aﬂat@blegwﬁn&n&@nﬁsl%ﬁéumﬁénﬁn A thé &gﬁ%&?%&?70f the axi al

conponent of the 25 magnetic field at the axial m I'ane 5 cmfrom
ei t her eoliEchomdfs) guos wadmmoantgkon overnf e two hsumdrawil assgmhbliesa Theagimsl  positi on of

15 The dat 3 . ts.th te st t h of [ i al
compone ML A adRRet ATt ek open SRS SARSBFein S at a
radi 2l eidhaR fibwliof fo gl U fhoflfhanSland RRBELAREY gl Al C2t o0

magnetic field strength inside o l'asma | ayer t ween betatron
coi | andnpllayptmenaldyed e the 30 curve B data set depicts the nmagnetic field

stgenath out gy ge plLe. ke P2 TS NSk nu 5 w2005

current in the betatron coil windings caused an increase in flux inside the coil, which gave

rise to an azimuthal electric field curling around the betatron coil. Quick ramp-up and
high current in the betatron flux coil produced a strong electric field, which accelerated
the annular plasma layer and thereby induced a sizeable current. Sufficiently strong -
20 . plasma current produced a magnetic self-field that altered the externally supplied field
and caused the creation of'the field reversed configuration. Detailed measurements with -
B-dot loops identified the extent, strength and duration of the FRC.
An example of typical data is shown by the traces of B-dot probe signals in Fig.

30. The data curve A represents the absolute strength of the axial component of the-

.25 magnetic field at the axial mid-plane (75 cm from either end plate) of the experimental

- chamber and at a radial position of 15 cm. The data curve B represents the absolute
strength of the axial component of 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
30 curve B data set depicts the magnetic field strength outside of the fuel plasma layer. The
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WO 02/ 062112 PCT/ US02/ 02854 data clearly indicates thata,fshg dgpner magnetic
field reverses orientation (is negative) between about 23 and 47 s, while
the outer field. stays positive, i.e., does not reverse orientation. The
time of wepmeaad is limted by the ranp-up of currentpdiydobidshet atron coil.
Once peak current is reached in the betatron coil, the induced current in
the fuel plasma 5 | ayer starts to decrease and the FRC rapidly decays. Up
to nowthe lifetine of the FRCis Ilimted by the energy that can be stored
in the experinent. As with the injection and trapping experinents, the
syst em cia@ chertyp@icare that the RineM SRl ©RAE fevEiRts drich@libBs Alddhiveiccel eration to
reactor relevant paraneters. Overall, this techni que not only produces a
conpact befeen ghept 23 andstTaisswhiledheieuterfielil stays pesitis, it dass wetrevetse | npl enent .

Mobst i t | : ERC. t ed by-t hi t hod b i |
Mocel er SRERARE e MRS oF G iSSPty cinprh.t dlent gy oe AP ¢ 11 el o
st r engt hOnchlpbsk dusrestibl edadedfi@he btgir@colPRk itdRtdaniemnA ielfad plagdh confi nenment

of high-energ fuel beams. Experiment 4: FRC formation utilizing the
“bet at r odeyeL¥aTEte decrease madl the BRC 14pidip decays rifn tomowribe fetimepfBe FROIS zi ng t he.

b : ' hni b f d, i ly i
chanber t Pp s Merky BRPLAR 0850 1f AR R Eienf AT B R TBRAd 1) hppl i e
magnet i grapifd ekperimes, e HHOmGan Be FSHNRE 'tcpgprfﬂri&é Rinhdr®RA iyerideht ron flux

coil 320 of up to 5 kG and a vacuum of x 10" torr. In the experinment,
t he bacRefelstatign topeadoraelswmpparametersubst anti al |y Hydrogen with of a density

of 10" cm3 l.ifeti.ne of 20 about 40 ps el d.r.eversal observed.
Fusi on Si gni@?egg tﬂiu?/,{ec % o{ﬁéypléo HWF&S@@&%F@%‘?‘%H&@E t ide of a
comt ai ngRdghtfosy &l eMndlénde SMobhRPoray She Bise FRE chdaled byti@bme@syl t i n pl asmas
havi ng properties. suitable for causing nuclear fusion therein. Mre

part i cukanhegeasityrpeceberated &r anydletited d¢vekef rotetidnetieney apd mageetindieldl er at ed to any
desired | L ot ational. ener.gy. and netic field strength. This is
cruci al S#%‘é%f l}g'l{ Solﬁgrélg‘ﬁ“ #%Eﬁﬁof}ﬁgpl Rpng F‘é@%@’&?l @ Wﬁ‘é@t‘gfb “gh- ener gy

fuel béafbeamdsn t he confinenment system 300, therefore, it beconmes possible

to trap and confine high-energy plasnma beans for sufficient periods of
tinme to causexparimgstds ARCSaerdtion utitizing thebatbrrorgbrgiondedmgeedat e f usi on, the

F3© formed bXn gtrt]e%pef t&%&:ﬁ%ﬁ $RC utﬁllrzﬁfg refab%ia&on formation technique has been

performed experimentally in a chamber 1 m in diameter and 1.5 m in length using an

externally applied magnetic field of up to 500 G, a magﬁetic field from the betatron flux
coil 320 of up to 5 kG, and & vacuum of 5 x 10° torr. In the experiment, the background
plasma comprised substantially Hydrogen with of a density of 10" cm™ and a lifetime of
20 about 40 ps. Field reversal was observed.
Fusion
Significantly, these two techniques for forming a FRC inside of a containment
system 300 described above, or the like, can result in plasmas having properties. suitable
for causing nuclear fusion therein. More particularly, the FRC formed by these methods
25 can be 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. In the confinement system 300, therefore, it becomes possible to trap and confine
high-energy plasma beams for sufficient periods of time to cause a fusion reaction
therewith.
- 30 To accommodate fusion, the FRC formed by these methods is preferably
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51 1 August 2005 WO 02/062112 PCTI US02/02854 accel er atagghubt@osppropriate

| evel s of rotational energy and magnetic field strength by betatron

accel eration. Fusion, however, tends to require a particul ar set of

physi cawo emeziitz i ons for any reaction to take place. papa@dpigson, to
achieve efficient bumup of the fuel and obtain a positive energy bal ance,
the fuel has to be kept in this state substantially 5 unchanged for

prol onged periods of tinme. This is inportant, as high kinetic tenperature
and/ or energy characterize a fusion relevant state. Creation of this state,

t her ef oragcelerstediioi abeiDpLiaté Bavbls Of otiivhal GlerS&NBIdaagn¥ili fdld GafgABYY be recovered
I f nmost of the fuel —undergoes fusion. As a consequence, the confinenent

time of belghon grsplergtion.thysipe, Howeysrtends taveqiiresa pauiiguldr set of phyisisall eads to a

iti ent.l.y net .energy. out . A
O g 11 CRRaR Bl Ao B AL Rl 17 b B e efont e Bl 1 nement
system fadldnddtasing pdeited énegy baRAR] the AcBh&IP 8Dk & thlsQRE: GBMdiagyENt ti Mes,
., confinenment tinmes that exceed fuel burn'tines. A typical state for

. e
fudi on juechapgaddor pralonged neripdsed timp. {This is implortawti ssduightisingtic dmperatite t i ons (whi ch

tend to L yel d eratin de).. 15 Average ion tenperature:
in a ra%@B%@%@%ﬁgﬁ%ﬁﬁ%&g& fﬂ%‘g“ ﬁggcgﬁnégtaéep%é%gpgéf@sisﬁtea&e;e fje of about 80
keV to 2Z&firkesizeAble ig@eofiney WiilcH QRN Heté@veredifandsAf¥dRe M about 30 to ' 100
keV and preferably in a range of about 80 to 100 keV Coherent energy of

t he fuelngREERes fysion; é@taé@nseawns@moaﬁmsm@mafthngwbhaamlomgfbegn): in a
{ d ferably. i t 300
oVt o 31e8 ', T fficts ¥ plinteAel hitay A sl 3o o 100 kG

angl prebapably 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 t#& siggificapt adymiqge s Sie peesentorveitivarie et the panfingnent systen han t he f uel
bout 10 to 100_.seconds. Fuel ion

Burn ) T AR PSLOABi f SouiE0E bRy Mk Be SRS, ULl o1,
a rangeineé thabedéed f0didbutotid&] A §picd state for fusion is, thus, characterized by the
following physical conditions (which tend to vary based on fuel and operating mode):
15 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

20 beam). in a range of about 100 keV to 3.3 MeV and preferably in a range of about 300
keV to 3.3 MeV. | ' ' . '

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

25 . Classical Confinement time: greater than the fuel burn time and preferably in a
- range of about 10 to 100 seconds.
Fuel ion density: in a range of about 10" to less than 10' cm™ and preferably in a
* range of about 10" to 10" cm®,
Total Fusion Power: preferably in a range of about 50 to 450 kW/cm (power per
30 cm of chamber length) |
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Total Fusion Power: preferably in a range of about 50 Q.46 F9dscm (power
per 30 cm of chanber length) 52 1 August 2005 WD 02/062112 PCTI US02/ 02854
To accommpdate the fusion state illustrated above, the FRC is preferably
accel er steat/dom12 | evel of coherent rotational energy prgi@peidsy in a range
of about 100 keV to 3.3 MeV, and nore preferably in a range of about 300
keV to 3.3 MV, and a level of magnetic field strength preferably in a
range of about 45 to 120 kG and nore preferably 5 in a range of about 90
to 115 kG At these levels, high energy ion beans can be injected into the
FRC and t r apffedcdomnfimiateithe fokies stete ibatated ylewe iheFRE is gréferapliyasma beam i ons
are magnetically conf%(g)gd and the_ plasma eg&p,el ectrons are

el ect r oSFoteraied o7 levshpy opberentspiational,enerey nreferably de ¢ ragae olabperl AP EF¥ i s kept as
| ow as trGal ' : I | ung

radi ati g‘?\@%‘?‘?f?%?%@%%%érg%&gg,ﬁgggﬁabtog@g | atﬂ ?%’g(iéer}grag@%galadgsses. The

el ect r ostaghetic fehbsteyptvpldferalily inerapgeasfahbut 46 weT0 ki) apd muiegesferablyef f ecti ve

means Qf acconplishing.this. The ion tenperature_is preferably kept at a
| evel tﬁ%?fﬁ&ﬂ%@'@egt%f*1&?@@%%30&&‘@!%18 SNGELIOR Reams fan Beniclds - section i s

a_f unct 0 yRfpid O EFRET 'ty pibt bl 86} OB B HorksiRar tdiRnd 0N QTS s

g
essential to provi assi ca transporlt as drscu I's appl ication.
15 |t ahsgneticallyeanéined dud tisf flasatabearh elensdmlatd didctregativaily bonfihedk]l pl asma. The
magnetic fie ' consgistent with the be$mrotat_ion energ Lt i

d.i : . IS
partially cr Eﬁfféé’%ﬁhet eetign EEpsrapa ket fow g3 Igﬁﬁfdhfdwsﬁlﬂe%lqmﬁucﬁr ovi des the
support yangh Sfdh 1 h L, b . t. Fusion
“Products 20 {e&f%irﬁsgﬁ pr%%@ﬁ@%gﬁ%gﬁg%mﬁﬁgﬁ? ch}ﬁﬁ’ggg&g%e nul |
sl f ace ldseasniThi eleeirdstaty encegyewdibofithe wedehitinvantion promidesant difectbepadaas ri X 84 (see
Fig. 8)..This #;@du . to collisions with electrons (as collisions with ions
do not Ch&ssHRP gctgﬁt er of mass and therefore do not cause themto change

field Iines) @éﬁ%ﬁr | ' ' ' Aore [T1ey I e] have nuch
hi gher ener gght gn t e@ﬁ&ﬁ%%%@%%tﬁggﬁgﬁgﬁBgvg%tsjgo?se can&r’déglgﬁl y Cross

t he 25 siapathatusion dBebs-sétior istafayctian of oayamsbritive. HiphalietttehetrgPdfthehey can

| eave al_ o the open field lines 80 provided,that they experience

scatter iﬂﬁg Ty GRS 15,6508 QP ids eiﬁ%si.caﬁ@m discussed in this application,

15 It also minimjzes the effects of instabilities on the fuel plasma. The magnetic field is
| consistent with the beam rotation energy. It is partially created by the plasma beam (self-
field) and in turn provides the support and force to keep the plasma beam on the desired
orbit.
Fusion Products
20 The fusion products are born predominantly near the null surface from where they
emerge by diffusion towards the separatrix 84 (see Fig, 8). This is due to collisions with
electrons (as collisions with ions do not change the center of mass and therefore do not
cause them to change field lines). Because of their high kinetic energy (product ions
have much higher energy than the fuel ions), the fusion products can readily cross the
25 separafrix 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 notlead 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 FRC topology of the core with the uniform applied field provided outside the
30 FRC topology. Product ions emerge on different field lines, which they follow with a
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this collisional process does not lead to diffusion, i{ au3BstQ0enge the
direction of the ion velocity vector such that it points parallel to the
magnetic field. These open field |lines 80 connect the FRC topol ogy of the
core W wodheiuwni formapplied field provided outsi de gdiaisésekiaC t opol ogy.
Product ions energe on different field Iines, which they followwith a 53
1 August 2005 WD 02/062112 PCTI US02/ 02854 distribution of energies;

advant ageously in the formof a rotating annular beam In the strong
magnetic fields found outside the separatrix 84 (typically around 100 kG,
t he pr ditributiorovfenbaies; ﬁnaxmm(slsamehbﬁmbfahmﬁngmmﬂar@ym Ingdbk i that varies

froma mninum vy of abou cmto, maxl m of cmfor the
most  enSTOR&TaEnH foﬁ“%ﬁ‘r?é‘tsl‘i\? q}ﬁepi“& A %ﬂﬂ'&d gl‘ffg?ﬁg‘?/e | ongi t udi nal
as wel | xasmbqbRthk ésfdaﬁfe%su%ma@ g,g% gﬁﬁw hy {0 VM BrohPa Afmue M Ve, p) 2.

vpe p |Ethe azi nut vel ocity assocC rotatlon around a field
| i ne as valneofabbuitladm temetimuisi of amuhd 2 cfi fot te nosteaerggicgacivotibnaf t er | eavi ng

t he vicini ty of .t t.opol og rotatjonal energy tends to decrease
whle the tBY &w@ﬁc ignlaNe @M@ﬁ%ﬂ%ﬁswa hpsrofeld @Twequence of the

adi abat’| 'di’éf-&' vl i f ns. It is
wel | kngﬁvﬁa%él n ;{L %Ii%{[{& a#ﬁg%ﬁ}%%éﬁp% %ﬂﬁtg@tﬁe}o% %ﬁ%&ina%%etl c field
have a megivataraunda fieldtiica asihe oftitaticontet. nSihteethe fieid linessprebd otituter case of

parti cl fs novi ng . al qr;;%ha sl ow Chatgee@%p netl c field, there_al so exists an
adi abat fe@vingiheicty @thaFREC iopelogn p N Geraersy while thee product

| ons- Of byl icGey ARAHAGABEL TH RIS Eon glt édimg {;sgxr?an@emﬂéetlc moment

and sucn an a apatl| C I nvari ant a SOCI elr notron. Since B

dHrr eas emginfic mchint fithofrodeoivns. 10 is Wetlndjomh@melayttmehehas@rd@aﬂicng of the field
lines), it fallows that vperp will |ikew se decrease by -~about 3.2. Thus,

by the PIW&%@“}?B’&H’G@F @t@ﬁ%amaﬁ%n@mepmsmtwm theiepgtio dndie t hei r

rotatlo I gy; in other
wor ds a nnsfﬁﬁl(?y w%l% %/S‘f‘?@"’.g%' on cﬁéﬁd?ﬁ%%& exg%ﬁaént 20 Wi le the
i nvent i adiabatic fvatapbf thk totion &@bmmsayrmmar c)’alsl GmSprbﬂdctadrisefbaﬁig ve forms, a

specific exarrpl e theregf has been shown |n the draw ngs and is herein
descrl bagunththeigespgetive figld ingseve pmagnstie momsalrnd fashapadiabatitat t he i nvention

not a{?ﬁﬂ Hsgalﬁtg thteﬂ otlB r tsingé’h%iecrfea%gsrﬂl Cagtopéfeagoutqﬁt to the

_contrary, e 1rnvention |s 0 cover al ons,” equival ents, and
al t er natindiegted 1B thé sEeatielvf thetfioli k), ittoltuve s epewill likdniseappeaddd cl ai ms.

about 3.2. Thus, by the time the product ions arrive at the uniform field region their

rotational energy would be less than 5% of their total energy; in other words almost all the
energy is in the longitudinal component.
20 While the invention is susceptible to various modifications and alternative forms,
| a specific example thereof has been shown in the drawings and is herein described in
detail. it should be understood, however, that the invention is not to be limited to the
particular form disclosed, but to the contrary, the invention is to cover all modifications,

equivalents, and alternatives falling within the spirit and scope of the appended claims.
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54 1 August 2005 Cains: 1. An apparatus for containi pgugh@20es conpri sing
an el ongate chanber having a principal axis, a magnetic field generator
coupled to the chanber to apply a nagnetic field within the chanber :
substantially along a principle axis of the chanber, a current coil coupled
to the chanber and concentric with the principal axis of the chanber to
create an azimuthal electric field within the chanber, and a plasma source
to i nj &Jeims: pl asma containing el ectrons and ions into the chanber. 2. The
apparatus of claiml| wherein the magnetic field generator conprises a
plurality of 1fi el Ah gpatagisdxtoondinig pod compdsinghanber. 3. The appar at us of
clains 1 and 2 wherein the magnetic field generator conprises a plurality
of mrror coaddongdte chivaber hpdngd prdncipal &diggi ms 1 t hrough 3 wherein the
magnetic field generator is positioned external to the chanber. 5. The

appar at us of a mbgieti® fidld lgbicPatgtodpledRItRd thainbé RGPS hehdiielfdiaoanss akor is
positioned within the chanber. 6. The apparatus of clains 1 through 5

wher ei nchdntbermubfeitaly klogk 8 pARIASIE atiPbf thSchatwrabl €. 7. The apparatus of
claims 1 through 6 further conprising a control system coupled to the

magnetic fi el dm@anenabiled 8 thelMEmBRRAI Alndent§S with He PindipiRkRYSMe 7 Wherein
the current coil is a betatron flux coil. 9 The apparatus of clains 1

t hr oughciBmbbes Rieatelah Azt EALEOHdId WG YEEGaRB&Rldee] Wi ndings of a _
plurality of separate coils. 55 1 August 2005 10, The apparatus of claims

1 through 9 fuidAQbue Okt a sk @oﬁﬁﬂ% iei%l:-_rsﬁtgxg GhPionE RPIHE ?ha%m?:ef. he chamber

to inject ion beans into the chanber apparatus o alm 10 wherein
the ion beam inj efl AaralsorBdRAPT GiledR tﬁem&g(h%tic field generator comprises a
plurality of field coils extending about the chamber.
3. The apparatus of claims 1 and 2 wherein the magnetic field generator comprises
a plurality of mirror coils.
4. The apparatus of claims 1 through 3 wherein the magnetic field generator is
positioned external to the chamber.
5. The apparatus of claims 1 through 3 wherein the magnetic ficld generator is-
positioned within the chamber.
6. The apparatus of claims 1 through 5 wherein the magnetic field generator is
tunable. :. |
7. The apparatus of claims 1 through 6 further comprising a control system
coupled to the magnetic field generator.
8. The apparatus of claims 1 through 7 wherein the current coil is a betatron flux
coil.
9 The apparatus of claims 1 through 8 wherein the currenf coil includes parallel

windings of a plurality of separate coils.

35




electric charge neutralized ion beams into the chamberi Aldustheosppar at us of
clains 1 through 11 wherein the chanber is generally cylindrical. 13. The
apparatus of clainms 1 through 12 wherein the chanber has a generally

annul arly shaped cross-section. 14. The apparatus of clains 1 through 13
wherei n the pY-asnhesppaietns ebelpinisddiropgh %)fuggqlqomyﬂ&ing oabkage BiAsHIH| asma guns
oriented to inject a background plasma along the principle axis of the
chanber cpéieskte the chirgbes tainectipn bepmsdnia theswhamlss. The apparatus of claim1 |,
wherein the magnetic field generator conprises a plurality of field coils
ext endi ng abbut tTHe appasative of deich 10 wisreimthd iodemdniniters rreadaritel tpdécti oned

adj acent opposing ends of the current coil, wherein the first and second

m nor cGleptsic chrsgereyalized onrbegns intedbe diambbre nmagnetic fiel d generated by the
magnetic field generator adjacent the first and second ends of the current
coil. 16. Th& appbeappmatef ofdlaineg throvghr Idweterdn thadhdhfher fsiehdadly conpri si ng
ion beam injectors to inject ion beans into the chanber in a direction
subst antylaidtigalper pendi cul ar to field lines of a magnetic field producible
by the magnetic field generator. 17. The apparatus of claim 16, wherein the
i on beans arB.selThepppadatisz efklaith8 1 tihoupghtiRachetin 40 Bhdnbenihsa gohaddiyd havi ng

el ectrons and ions within the apparatus of clains 1 through 17, the nethod
conpr i semylalpehapbd possadectisiagnet i cal ly confining a plurality of plasnma ions,
and electrostatically confining a plurality of plasma el ectrons. 19. The

met hod of clpi m T8e appatdnRest SAHMPT iEbip8 18 RhefehORS pRima RBrcd Lopigash 2005
generating a nmagnetic field within the chanber, the magnetic field having a

field phdsTladeiuh@plhghd Qs oftdd th AHQY @ 8¥ok s BEACHIRIN WordthEhficlpiOst at i ¢

field wthin the chanber, the electrosfatic freld formng a ‘electrostatic

pot ent i alis SRS AMmMBE! thward AGni6 QDL B HOctpRep! Ural ity of plasma ions
magnetically within the FRC fmagnetic field and the plurality of plasnma

kbl s & ST T P
' plurality of field coils extending about the chamber and first and second mirror coils positioned
adjacent opposing ends of the current coil, wherein the first and second mirror coils increase
the magnitude of the magnetic field generated by the magnetic field generator adjacent the first
and second ends of the current coil.
| 16.  The apparatus of claims 1 ﬂnough 9 and 15, further comprising ion beam

injectors to injecf ion beams into the. chamber in a direction substantially perpendicular to field
lines of a magnetic field producible by the magnetic field generator.

17. The apparatus of claim 16, wherein the ion beams are self polarized.

18. A method of confining a plasma having electrons and ions within the apparatus
of claims 1 through 17, the method comprising the steps of:

magnetically confining a plurality of plasma ions, and

electrostatically confining a plurality of plasma electrons.

19.  The method of claim 18, further comprising the steps of
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classically containing the plurality of plasma ions. 2iaubh& 208%hod of
clainms 18 through 20, further conprising the step of substantially
classically containing the plurality of plasma electrons. 22. The method of
claim 21, wherein the step of substantially classically containing the
plurality of seeratnga magnsti¢ fid wddibin thoelember, thg majgestic diglsl havingiadieldhe
confinenent structure for a period of tine greater than a burn tinme of the
pl asma. @esedérafiguntad FBE) topalogs 18 t hrough 22, further conprising the step
of orbiting the plurality of plasnma ions within the FRC magnetic field in
| ar ge radi usgdnetating orelatrbstits fehbwithin thetchemigr,he elecdstatge fiold Eedmgtahe

wavel engt hs of anomal ous transport causing fluctuations. 24. The nethod of
cl ai ns &Bctidstatic ghieiBR] enshpyrvedilnaidne st ep of magnetically confining the
plurality of plasma ions includes causing the plurality of plasma ions to
orbit w thi ncdnfiging Bfe@lursiizy ef plesnfal iehsOnapuetidally t-ohie e HRT magnedic fitldgndn t he
plurality of plasma ions. 25. The nethod of claim 24, further conprising

t he st efheq@lurgift) bf plisghatelieerpisitlerirbdtatically withia fid®otenf chdtgywwrellli amagnet i c
direction. 26. The nethod of claim 25, further conprising the step of
substanti al 120.di rehiefdd of Qfin@NBlhahd 09, Burkier édnprifg HeatpPTeiistntdlect i on. 27,
The method of clains 18 through 26, further conprising the step of

gener at tlagicalycoaitlihCle PREMNGL dfpldsinglishsWi t hi n the confinenment structure. 57
1 August 2005 28. The nethod of claim 27, further conprising the step of

rotating thepl agmenrRied of Q4ifs 18 tRodEAPOCulifer2mprifihSthé ste@d¢ The nethod of
claim 28, further conprising the step of combining the applied magnetic

field amsﬁﬁ%g@g&q&hﬁcé@iﬁﬁ%g@lp]glaélﬁ%gfmggﬂar}%cggg magnetic field. 30. The

met hod of clains 18 through er conprising the step of cooling the

plurality ofypl agigy #},S?Bfé?&ﬂﬁr213%her3-ilﬁ?her@?eyb‘?gub?{anﬁeg@ic?ﬁglga]l]ﬁ%!:lfrirt%i?ﬁl d of

conprising the step o ormng fusion product 10

cl aim g Pl’é(?aﬁﬁftieﬂ}lésﬁg icHs ?rR:luQire? &)gl%lir" ﬁ'@th% Ett%g %H&%J éo%ﬁfg?{/me%# Sfchhre ﬁr getrons

i ncludes trans ring energy ftr Iral ener ectrostatic

potenti ﬁléﬁod W?ﬁxlne ggatfefltﬁcjinofblﬂﬁ 81%% %% thie %ﬁ%r‘na.

23.  The method of claims 18 through 22, further cdmprising the step of orbiting the

e

plurality of plasma ions within the FRC magnetic field in large radius betatron orbits wherein
- the orbit radius exceeds the wavelengths of anomalous transport causing fluctuations.

24, The method of claims 18 through 23, wherein the step of magnetically confining
the plurality of plasma ions includes causing the plurality of plasma ions to orbit within the
FRC magnetic field due to Lorenz forées acting on the plurality of plasma ions.

25.  The method of claim 24, further .compn'sing the step of orbiting the plurality of
plasma ions in an diamagnetic direction.

26.  The method of claim '25, further comprising the step of substantially directing
ion drift orbits in the diamagnetic direction.

27.  The method of claims 18 through 26, further comprising the step of generating

an applied magnetic field within the confinement structure.
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33. The nmethod of clainms 18 through 32, wherein the pl agaugQopsi ses
advance fuel ion species. 34. The nethod of claim 27, further conprising
the step of manipulating the applied magnetic field to produce and control
an electrostatic field. 35 A nmethod of formng a field reversed

confi gur at i o maghhstumeshodiof Flainyg t, irkhet epanprising tseteroif raiatig the plaspiapdigh 17
conprising the steps of generating an applied nmagnetic field in the
chanber forming sagpagnaéc sif; into the chanber, injecting ion beams into the
applied magnetic field within the chanber, formng a rotating plasm beam
wi thin the cHanberhempitiodgt alajgo? ifurthier srapmising chesstepfof coribiniglg thegppliddng an
azinmuthal electric field to increase the rotating velocity of the plasm
beam t ;agnofiefigldiang thetmaghétisrself-Hieldrie fomintthelER G fnagietic feignet i ¢ sel f-fiel d

wi thin the plasnma beam overcones the magnitude of the applied nagnetic
field causi ni.fi ellhd nrethod o ehimsd @ dhrb@zh12 SAfugthert coRPHSing fhoistap nficobling el | nes of
the applied magnetic field and the magnetic self-field in a conbined
magnet i plufaligt of pheeunia eigcteonki el d reverse configuration (FRC) topol ogy. 36. A
met hod of formng a field reversed configuration magnetic field within the
chanmber of cilai meThi niettiod BPtlailn/30C irfhel Dhip@ising eheStep 0 fodhingdagorairodigt an
applied magnetic field in the chanber, injecting plasma into the applied
magnet i wnfield within the chanber, applying an azinuthal electric field

wi thin the chanber causing the plasma to rotate and form a pol oi dal

magneti c seld2: fi ahemetidd of AISHERS ivhgein iR ftept Fcbslmgltheihaldy by plaémd he pl asma
to increase the magni tude of the magnetic self-field within the plasm to

a | evel elbdtdhs iﬂ&lﬁﬂé&%&bﬁﬁl@ eﬁ@@}nﬁ&h'qfe p@fenfih%n@@j%ii tﬁé‘@ledfﬁgtﬁﬁ‘é ﬁcﬁ@rﬁiﬁﬁ! d causing
field reversal, and joining field Iines of thée applied magnetic field and
the magwel icdus®d frofiicelodls.i n @ conbined magnetic field having a field
reverse configuration (FRC) topology. 37. The nmethod of claims 35 and 36
wherein t he 53 ep 18L neBBELAULIR 15 o RRRL] SRS clfiids dighatdes

~energizing a plurality of fie coi I's ‘ext endi ng "about t r.

-fuel ion species.

34. The fnethod of claim 27, further comprising the step of manipulating the applied
‘magnetic field to produce and control an electrostatic field.
35. A method of forming a field reversed configuration magnetic field within the
chamber of claims 1 through 17 compﬁsing the steps of
generéting an applied magnetic field in the chamber,
injecting plasma into the chamber,
injecting ion beams into the applied magnetic field within the chamber,
forming a rotating plasma beam within the éhamber having a poloidal magnetic self-
field,
applying an azimuthal electric field to increase the rotating velocity of the plasma beam
‘to a velocity at which the magnitude of the magnetic self-field within the plasma beam

~overcomes the magnitude of the applied magnetic field causing field reversal, and
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38. The nethod of clains 35 and 36 wherein the ion beamg@aig 2opsect ed
substantially transverse to the applied nagnetic field. 39. The nethod of
claims 35 through 38 further conprising the step of increasing the

magni tude of the applied magnetic field to maintain the rotating beam

pl asma at a jgmingifi¢lé tindsré thermpplicd Imaghatie fiekiind Tivenapetivodifdiclddhai s 35 t hr ough
39 wherein step of applying the electric field includes the step of

ener gi zicombiachmagtetiofielfl hemingofi¢ld wiverse configeratdaif®e) topdlbgy. The met hod of claim
40 further conprising the step of increasing the rate of change of the
current throdgh tAeetHodxf fhominghdichioeedred adidigilation aiagictio felgvdathimthdbeam to a
fusion |evel rotational energy. 59 1 August 2005 42. The nethod of claim
41 furt keamleoofulaisis i ghrbiyh ISteemprighg thetegtdfng i on beans of fusion | evel
energy into the FRC and trapping the beans in betatron orbits within the

FRC. 43. Thegdtefatinglarddpplitmigme@bfididhinan@thathBevher ei n the step of injecting
the ion beans further conprises the steps of neutralizing the ion beans,

drai ni ng t heinfkeed flasenalnoakd spphiddanaghéfdd Witk Wd AhhEgd | on beans, and
exerting a Lorentz force due to the applied nmagnetic field on the
‘neutralized ipRikeaBimdil BRAH: HOE Wil (Reaimbbafsifethablhfa @ thhicSnd 60
form a poloidal magnetic self-field, and |
increasing the rotational velocity of the plasma to increase the magnitude of the
magnetic self-field within the plasma to a level that overcomes the magnitude of the applied
magnetic field causing field reversal, and
joining field lines of the applied magnetic field and the magnetic self-field in a
combined magnetic field having a field reverse configuration (FRC) topology.
37.  The method of claims 35 and 36 wherein the stép of generating the applied
magnetic field includes energizing a plurality of field coils extending about the chamber.
38.  The method of claims 35 and 36 wherein the ion beams are injected
substantially transverse to the applied magnetic field.
39, The method of claims 35 through 38 further comprising the step of increasing
the magnitude of the applied magnetié field to maintain the rotating beam plasma at a
* predetermined radial size.
40.  The method of claims 35 through 39 wherein step of applying the electric field
includes the step of energizing a betatron flux coil within the chamber.
41.  The method of claim 40 further comprising the step of increasing the rate of
change of the current through the flux coil to accelerate the rotating plasma beam to a fusion

level rotational energy.
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42.  The method of claim 41 further comprising the steps of injeéting ion beams of
fusion level energy into the FRC and trapping the beams in betatron orbits within the FRC.

43.  The method of claims 35 through 42 wherein the step of injecting 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.
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