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i nvent i onywa®dede W th Gover nnmen der Contract péayydyeaskk4
99-1-0857, awarded by the Ofice of Research. Sone background

research was 5 supported by the U S partrrent of Energy for-'1992 to

1993. The MEGNEENC ANIS BEBUTHOSTATIC SONFINEMENT\WGENPLASM A MEADFIBEITHE

| NVENTI ON The invention relates generally to the field of plasma physics,
and, in particular, to net hod%E\é]g]& éﬂGIPTBA TEQRk i ni ng plasma. Plasna
confinement is particularly of int erest 10 for the purpose of enabling a

nucl ear fusi on £G2EHAFon NP3 rhth OGN Pl K, Aac ocess

by which two [i nuc conbirne to forma Vi er one usi on process
rel eases aQﬁ-I@BBﬂdmaﬁdalmwhe chﬁceeof@ﬁag,w Reseaivd. ﬂomnhabkgrasmd resaaircigwas

» particles. Because atom.c_nucl ei p05| ti r due t t he
protdns co%‘PH?rﬁ%‘H ﬂ@ettﬁﬁf]é?ﬁﬁmneph fir%?/ for 1§§%¥%@3 %@&‘?V&‘P’éﬁq bagy
Coul onb, ﬁqﬂht for two nuclei to fuse, this repulsive barrier
nmust be overcone IC occurs when two nucl ei are brought close enough
t oget her where the short-range nuclear forces becone strong enough to
overcome the Coul onb force andFIELEOF AEHMINVENTIONe energy necessary for

the nuclei to overcone.the, Coul o bar ovided b heir th I
energi es, which! h"rﬁb‘é’f’n%rﬁléte\?ﬁ?ﬁ tL?ﬁPlderré’Eﬁﬁ P yﬁgs]%/aa 118|1\)31Ft§ﬂ'1§1 qgn be
appr eci abl eiht)d§ gjh£ %ﬁrf@f é’cﬁﬁmﬁr& ﬁﬁsnlxaeqslhsrﬁé c&ﬂfﬁxeﬁfeﬂﬁrs peftick@Ay @Y imterest

correspondi ng rou I"I'on degr ees Kel vin. The rate of a fusion
read6i on |ﬁar&dmmseMewblmgemWWurrmcﬂand it is characterized by a
quantity called reactivity. The reactivity of a D-T reaction, for exanple,

has a broad peal s between al fu5| on reactions
include: D+ D -a He3(0.8 W¥W%ﬁ/§@¥nﬁﬁ¥ﬁbﬁa(3 6 MV) + rt(14.1
MeV), D + He3 Fus%@ls%hé\ﬁ&es‘b%@%& MaMlight daélei corphORY B8 bhéavier one.

PCT/ US(12/1128s.1 + --~3a(8.7 MV), where Dindicates deuterium T

i ndi cates The fusmlmpracqshml@a@%%ﬁmﬁ@pu%mlﬁwIOéGECIgYsﬂﬂﬁé@@é@%@“&nﬂ\@ﬁgr on, p

i ndi cates a i cat s hel i The
nunbers inP ?Fﬁ?léﬁtﬁ&aé‘ﬁe "iltﬂméc i %&lfé%osgwely 3&%{1 e Bﬂ] quih%z% ?[gﬁéejﬁoen} élne'dof t he
fusijgn pr oglfdis-— Tilge fsianSpultive elee@dsetdtionsr Coslbed, ﬁb@b\/&twcerithanDFBramd DT
reactions - are neutronic, which neans that nost of the energ‘y of their

fusi on protedeido ifissecthis tepeisig bamier nyvsi e GieEcomIER whirhsasq Y Arliey £50 SHClge®er oni ¢
reactions t.he f

ot uai g Sepal el et vt PESho BRI AR RERY a0

radi oact i Veddhghs oE8Eme eestduleihb Gtcemidfusatifnuakd TR eﬁeh@/ weedsayy fof tHeast
neutrons is collected by converting. their thegrra%‘ener to el ectr| C
y

ener gy, whiedeijts oyericgmp i Cowlpmpbagrics prekidad v thets! gRrgise-ayfieh grust
B L e ey
because t hef the@rder ofil0b&F s— obrrebpoding tomghlyctotlOD miillinnadegreks 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- He3(b.8 MeV) + n(2.5 MeV),
D+ T — a(3.6 MeV) + n(14.1 MeV),

D + He* — a(3.7 MeV) + p(14.7 MeV), and
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15 The reactants in the other two equations - D-He3 and p-B" - are called
advanced fuels. Instead of producing fast neutrons, as in the neutronic
reacti onsywg PfRisih usi on products are charged particles. Opgraghianisage of

t he advanced fuels is that they create nuch fewer neutrons and therefore
suffer less fromthe di sadvantages associated with them In the case of

D He3, sone fast neutrons are produced by secondary reactions, 20 but these
neutrons account for only about | O per cent of the energy of the fusion
products. The p-B" reaction is fgq919%3kﬁ§§ trons, although it does
produce sone sl ow neutrons t hat “r'esul om secondary reactions but create
much f evegppleabffigatesARtAtdNam, TduaRhegfitRin, dadadsateiumurlickus,% t hat the
energy of their fusion products can be collected with a_high efficiency, up
to 90 per imglévates almeutron, zr mdicatss e pyyton,die diviates heliwocand BY h@l?w@rﬁnrg@dl%
fusion products can be sl owed down and their kinetic ener onverted
directly tinedyuehers iginayentheses iy fochepption ) C%‘%‘S? eglﬁag%fﬁg §6ﬁ’§%?% For
exanpl e, %R$Hagonic nunbers of the advanced fuels are higher (2 for He3 and
5 for B"). erefore, their radiation | osses are greater than in the

neut roni c reacthefigst thb $€actibhs listedatole rotiee OHD b DIT rdactiomuseart he 30
advanced fuels to fuse. Their peak reactivities occur at nuch higher

t enper at unesramicl vduclpmeang\imatongstos the energpof thegoRsiop saductsds cardgd By &t hi gh
as the reactivity, far T. Causing a.fusion react.i Wit h ed
fuel' s t huSeHHEQH; &@g%ﬁi}g}’anﬁg@ Oilée"gﬁprfgrﬁ?Ct’t‘)BS SFG?Pﬁ%}r{whs r@?‘é{/ﬁa@f ggui'%ﬂ ere
their rea%#e'af’e'sw ng??rélﬁlgﬁh,fihaﬁﬁ‘ihg s@ﬁ&ﬁfa@ﬂﬁﬁ:’i%é ofithereastyaaBdadduahs 1Rt be
contained for a ger time perrod wherein they can be brought to
approopr i atorddikzictivity fordndst oomstrudtivn matetialsyandr(2) thereaerfgyof fasphewtrons iss ~t =

r~I D, where r is a mnipumplasma dinmension and Dis ﬁ?ﬂi,ffusi.oeg .
coef f i ci esellectedbysonyerting) thgnihgamaeneiey to pleplisi cgRrayowpich ds ¥y Mgt a2

time D fKast e 3tsdy TR foRREES 10uBRE shacBiob Park Ml Binety FELAAR el ) 2
cl assical g § 8sRRIY low RepBRdiTe ddd O pihel 1656d duetb eadiaticH dre irdlativety fow

short-wavel ength instabilities, is 10 DB = (1 / 16)a; SZ; , where S2; is
t he ion gypecdusetheatayic Minifepsofoteutesivor didrigtivm artils rel ationship is called

anomal ous transport. For, fusion conditj.ons, D~ 1/ 16) S~ 1 Gs,
anohl ous tranzlyrc)ﬁﬁrr'ﬁ"'““i1 Utee P e%t%@gaém—t— - eéﬁ?%?’?#;eﬁa%elcﬁgeq han does
classical f{ansRPidis. Thiledd bEpBEAGH: Pa%% ﬁ{uﬁb{iﬁ%s ROWe Indh96hi8 rddb@siEathelst be in

a fusion reactor, by the requirenent at e cont ai nment tir_refor a given
anount of fpdies produistardehatgadgartiddsaOnbmadyimagd ofithé advanbed fuclsisthat thenave a
nucl ear fusion reaction. Therefore,_ classical traps condition is nore

desi r abl e qreptemugl fesyer pewEensrand tharefre Ib s fram ¢ ?Hi%% aniagesgsseqiated |

early exper. S W t or oi~dals ' I PORALL | e
o o 2Tt WhdebehPDaty, FRL RO onP e BRORRR o SRR RERINS T he
conp@i NNergyt tel8néirdas acdRBDXor chiBboNE) ox icsiit 0Tahd eimt@nof thafiision productpt i s
t he Tokanak. The nagnetic 20 field of a Tokanak 68 and a typical particle

orbit 66 aThepiB'lxsactiareid fies of fagt netropsralthpeghyih §pesgpoducgsemeslpsy BRIOPF or t s

have b t he Tokanmk { ' f t
have cur m HEATER Forebohian aron b el miRh il pRtlab haopdRiathed) ' ©
(1 TER), i l4yRL hlafbed fekiiOthat'the r%g/a%gbf AeRe0LioR glioguwdstcan Bokaleicd witlggest

that cl assical transport, ~t i S possi , In which case the
m ni num pl ghvaffidienensipto arer bent25n a ditet everzy ocomveesion processcbairichereed s.

These experinments_ involved the jnjection of energetic bea 0.to 100
keV#S to Hasionpredysisfambeslowed donmangd thelr lspe%e”ceg%%?n@‘%?@é“%ﬁwc’ Hei dbri nk
& G J. Sa&%:cﬁéci 4 Nucl ear Fusion 535 (1994). The energetic beamions in
‘t hese expe nfs’ were observed to sl ow down and diffuse classically while

the thermal pl asp@adientddueld hve disddvdarage) onlFouskamplasthe afbldc nembens of or
this is that the ener?eti c 30 beamions have a | arge gyroradius and, as
‘such, are thasdvasiced fusls are higher Rafor Besang & forB'"). 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

2



w0 112/0(2112 PCT/i1S02/1128s-4 wavel engths shorter than the ion gyroradius
(7~ < a;). The short-wavel ength fluctuations tend to average over a ,cycle
and thus Ganeals211El ectrons, however, have a nmuch smaller griadiobsss SO
they respond to the fluctuations and transport anonal ously. Because of
anomal ous transport, the m ni mum di mension of the plasnma nust be at 5 | east
2.8 neters. Due to this dinension, the ITER was created 30 neters high and
30 neters in dianeter. This is the snmallest DT Tokanmak-type reactor that

i s feasi bl F | - Bk T -type
eactor watl ForLyATERAE R AR iy RIS, RS a0 rficton whlifpeRaian ¥

. have a nugh@athuk eafilire® that Sheffbe brdu@hoRra hithdehamngistateaneenheisieagivityTs f uel
has the additional problemthat nost of the energy of the 10 fusion

product s eigrifipani. sAccardingly, thy advaneed/fustaumpgbe copfainen feralongerdmarsrd damage
and induce reactivity in alnpst all c truction materials due to the

neut ron f IWherep eé(&ﬂi{lbf:g’ﬁ?uggﬁ@ @Bmpé]!a&nrﬁﬂog]coqﬁﬁ?r}s. energy into electricity
musts be by a U hefhiRLRGR e 100 Blkshi i1l = PODEwhBRR 180 Yiflunt bRGha ANOLher
proposed reactor configuration is a colliding beamreactor. In a colliding
15 beam r ea@itmvion andud kg diffusibnpoeffivient. sThocthssicdbdalby ofthe diffusion aeficiche
beans conprise ions with an energy that is much larger than the thermal

pl asma. Pripdyct pfy/ yseihére bayisitienion ggotradiwmsarid, tithe ioy-plectodn cellisivntinieas been
i nf easi bl e because the background pl asma sl ows down the ion beans. Various
proposal s Diffasiobeecordingdo the clasdicelediffhision poasfivient ianelledectassicgliransporhubifer  of

| i .. 20 Faqr. L e, . S. . 4 5,351 J b
o el G P Hisiogae oS aunbied & Sit SR RO RERA S g boans of -
d d i i i dal fi . ; . Pat ent No.
2065 25> Bo=fALAGTL, WP (b Bieith siRebRERT iR i g tohis g™ °
count er act feaﬂgrésﬁ%é §;c%ﬁ3g£?&ﬁﬂ1&s%%asrprwmb&&mﬁ:ggmﬁmﬂ@/?m-ﬂfs hon

speci es. TH ntinement s emis 1denti 4s & Tokamdk In
U.S. Pat ento 2mobidloud t984potORsils iffasinhehortrednmimherd eintecthanidocaethssicalt i um
are injected and trapped with the same average velocity in a Tokanak
mrror, ortrnsport Thiseeleton desermingsrhony lorge amplasnea mystelip # fwipR reagiop iy the

background pl.asma for the sole rpose of trapping.t b 1T ns
r eac%J bec arﬁg‘é‘"?rﬁ% tys the cony “brﬂerﬁglﬁ%eééf‘ ghen agﬁ) n%&d’\k%ﬁba Iggé\}n%eil%&%rﬁ?%ﬁy
caused by t‘ﬁhﬁﬁ{erfélf‘ﬁl_e Main A6 QU ARV L Fudion RELES. I THSeforthElaShi@Cirk Brial e

heated by the 1ons in which 30 case the sl ow ng down is m nimnal.
112/ 0C2112cdndTiodSd idk©a&sirablelin a ficshen whctoh elewihgfor ersalldn dvidiglglasmises an

ilibri lectric field pl ) t..Further, th i S. 1 tt
Feduce, or  evenHgicaRImES SO ShERIent T ACOPRLRBR PR, ¢
el ectrostaj) £@gg&w%@f\iegs"fp{js@é@@%qaa Q03R48 15 RRfoasdRER 8btEinkRAf e Nt
sSe | ncil ude L. ,

of el ectrons. at ent No. 258,402 to 5 Farnsworth and

U.S. Pat enfp ANex 160038 ,8Ehetexishiag fissier febctomdunceptds thelTakemek e The magmtticc
confinement of ions and inertial confinenment of electrons; U S, Patent No.
3,520, 036 fieldiafeJokamek 4B andpdynisabpattislecnbit /6 arejllysmiofon Rig JiFasdhe Rast o |

are simlar,to Farnswogt h:. U S. Patent . No ' ry Which
di scl oses é,\(l) 8?:3(‘?’%@%1%‘3? O%ﬂiﬁvieﬁg%ﬁ’tcu%sfd o 5%645 %r?gg%ae‘%"?éjs icng%aflsﬁte@glht of
el ectrons it offditt hR! QiimitsRed it themtdrdional Tisermanttiddr Bxpd@mEBlatieRéactip .
4,826,646 to Bussard, which is simlar to Linpaecher and invol ves point
cusps. NondTER);iHestmtahindrigs?. cRersidenperinents mitt Bekamaks pggsetthaiclagsical

| ect d ti fin t of i Alt.h th have b

Fescar ch pFOREETaNGR Lot FUSHIR v Bsh T aHE ALIBRTT HASDS ERECER EREM have
sucogeded |t AhSlkAdo bRindg! ThceeLBERAGR fivrol iRl dfecliper the [ ons
havé~t he requrre ensity for a fusion reactor. Lastly, 15 none of the

‘patents ci bggethbeamdi(Se tsB0kdV)elotheatiie phstia totenmpatares ofi1 Oragileka\6 See
topol ogy. The field reversed configuration éFRC])L Was_di scover %d .
acci dent al W. Beidenink &980. Sadlen 34 Naplenr Ragiern p3h(1996b r Besnpraslic PRy 19RSHR

‘pi h i ts.. A i F t | - oLl i . ti
Plerd rovetisde cperiasntert Rhod fodRay B g LR olfoald silighe HRARA1 ' ©
particle Oﬁ)msﬁﬁ coftiuebRS dffiRe SheMAlobdly Fisel- THelreadtah fot this it4hat Regaethietig t he 20

FRC, many research prograns have been supported in the United States and
Japa@0. Thebearhsoms moeplaie ggiovaivsandeay spelpare msensitiverto doetpations willper i ment s
of FRC research from 1960-1988. See M Tuszewski, 28 Nucl ear Fusion 2033,
(1988). A white paper on FRC devel opnent 3describes the research in 1996 and
recomnmendations for future research. See L. C. Steinhauer et al., 30 Fusion
Technol ogy 116 (1996). To this date, in FRC 25 experinents the FRC has been
formed with the theta pinch nethod. A consequence of this formation nethod
is that the ions and el ectrons each carry half the current, which results

. o D T —



PCT/11S(12/ (1285~ experinents, anonal ous transport has been assuned. See,
e.g., Tuszewski, beginning of section 1.5.2, at page 2072. SUMVARY OF THE
| NVENTI ONwbysardsliiess the probl ens faced by previous pl asnmep@omiejsygnt
systens, a system 5 and apparatus for containing plasma are herein
described in which plasma ions are contained magnetically in stable, |arge
orbits and electrons are contained electrostatically in an energy well. A
maj or i nnovation of the present invention over all previous work with FRCs

cont i neme AV SEREaY oFeF ek 3¢ Fh r R0 DG B 18 S EFRL R Plogae" ' ©

i ( _ d ahomal ous” transpt _

. faci | itat gnalgadtad ovid? aG9bleahd BRRcaftel. DBIBrGACRE WS, RVl ain@idE smiallert hi s

configuration, ionsS may have adequate density and tenperature so that upon

col I'i si ongytonsiusse tHeygespond frethdluchmtionseand drsneport dnonedqustyhus r el easi ng

. fusion energy. In a preferred enbodi nent, .a plasma conf.inepent system
conprises a phgﬁﬁj@s? Oéa%{ﬁﬂg‘ﬁ téa"lsp%tft’gﬁfg’é‘ﬁéff‘é‘?lbﬁ%ﬁe&?foﬁﬁﬁﬂﬁ e rﬂéﬁﬁ?&af c

field in fdisgeiddt PHBRS AL ditlchdioR! REBIER bas BidafdliaBlifie gt nge AAB0AN

annul ar plasnma [ayer that conprises a circulating beamof iohs. lons of the

annul ar phasdrailbéiametedy Thisds theStatitaD-TaldkymaknyR leedonhitts feakibke. Eoanber

magnetically in orbits and the electrons are substantially contained in an

el ect r ost adyancehBretpy sughl as D-He’ anbr-8 p et Tkpmokdypr wacter wolld dpvriohent a
magnetic fie ener at or,, conprd se .current coil. Preferably, the system
Further *caBhILES BerrSr e Grpdoneaier i bV iicsr ek BoTl drtotdis, A

| ncrease t ﬁaﬂﬁﬁfﬁaké&%siﬁgrﬁ*ﬁ%&@@é hRGdARGAS dr6bIbmEthet Adst bhﬁle,%ﬁa?y@hﬂéﬂe
chanber. The system may so conprise a beaminjector for Injecting a
neut( al i zedkiooprodectsendrzy id daeriabpt 14eMeVagnabng, Whiedl chusevadiation damegeesim

enters an orbit due to the force caused by the applied magpetic fjield. In
anot her adpiiee rerctivieinplarst dlbepnaimaciion materials dyrtodhe neniondhvks 1o adqiiot i ¢

field havi t I .0f ' fl '
i sl osed TecdBRAAMEP bodey 1 bRl AR Kb e Ry o
magnet i calphdte G 309, BEfdidne, 1ons in orbits within a magnetic field and

el ectrostatically confining the el ectrons in an energy well. An gﬁ).p[ i ed
magnetic fi el d Amothdseropasediraactopeardigueationds & oollidislg bepm redckart lips colfidingf i el d.
In pne aspect of the nethod the field is tuned G NO (A2/(1G2112 .

P US02) (eSS0t DRCKEN NG RpmiS LompEEY BF Potoei PO | Db s ars y
zero. In apal\oep pRERGEY thik hemfidtBhfhet thah WRSHesl HlRnal PeoRKRLEALEMERRIA" ON
velocity is In the sa (jilrectlon as the average 1on vel oci Fy. I n anot her
aspect of redegioneirhihit, typdef rmettnolthsfbeemnfesiblebatansetbe bak groond phsma tslos

magnetic fjeld, in which_the plasma is confined. In_another aspect of the
pref erred WQPM@@S&W%@H&P@POWM%P%@P&?@@gﬁlﬁeé—fuﬁé’ t&?’ﬁﬁp a field

reversed confil-gir Al hoRnTAAIGHG Lh&ldls, The plasm layer comprises
positively charged ions, wherern substantially all of the ions are

nong@di abati c, Fii@xahplkl UBPatntiNai 4065,96 1 foi Jassbi et hledistlosdsathethedef gy wel | .
The plasma |ayer is caused to rotate and forma magnetic self field of

suf f i ci entprodiping cahatargreamingcdlliding beaneekdguteraw ang tgtomein atpsedels of t he

preferred enmpodi nents, the na i se.at. | east different ion
speci es, o8 IB?mg‘%tSPfStS'fn' aﬂ |dg$|aﬁrf°§?ﬁ %@?@Eéﬁﬁﬁ%"&ﬁ?ﬁe Fl'tse\.é\g?%i%ﬁnﬁ §5 a

non- adi abalyefoynk &588ePlo QNBIERE iHe effetls G bAIKRIGLiITLSM $18HASdME oRbRY 8Mthet he
anonal ous transport of ions. This can be done in a , because the

magnet i ¢ fioslspeciasniThedsrof{dal eonfinementsysienis édentifiedas adokanakhiIn U.RePgientsna.
lons having a large orbit tend to {1&? be,insed‘nsj,tive ta s%frt-wave egt%th

f1udbuati oNe 49 TG IOsIAkSFrIeang Of Feterpm and THRLRE (Ed Pwetm?ﬁéw
i ffecti . ) i . )
thet 1 o ie §ithe BV RSB A BRI RN For Tich{ el bIRASN. THYR i ©

fl uct uat i ofifpw faisity 3bSidadkgtahdOplasthd o $iole pukpeseasfarapping s idamst Thas ar e
effectively confined in a deep potential well by an electrostatic field,
‘whi ch t endeeans rpacebesause ey havenbigh tenperatpenm spbilowite dovey igpanly epused Pyns.
The el ect reclgcstrotng ?ﬁat %cszgo%g)l)%n(}:/%g i'njne% e qgnsm’ﬁ-;[e electrons are heated by the ions in which

30 case the slowing down is minimal.




travel -fromthe high density region near the null surface to the surface of
the plasnma. In so doing, nost of their energy is spent in ascending the

ener gy wello o2&z €l ectrons reach-the plasma surface and Ipggyigsownigdy f usi on
product ions, they have little energy left to transport. The strong

electrostatic field also tends to nake all the ion drift orbits rotate in
25 the diamagnetic direction, so that they axe contained. The electrostatic
field further provides a cooling nmechanismfor electrons, which reduces

their radiatiof h&m&hesya%wb&cw@é@é# d&@hﬁbﬁkﬂﬁﬂﬁuﬁ@éc&ﬁdﬁé}hFFMEa_n&%rt.t he
use of advanced fuels such as D He3 and p-B", as well as neufronic

react ant s Ruther, dlser®isthoaattendpt To rencet, hee@nHeﬁmderamﬁmmious‘tmﬂspmr&ut rons are

produced by secondary reactions, but are venment .over the DT 7 WO
02/ 012112 PcT/ Ditksy pefentsgronsideteeleatiostatic 1}5311@“ ? Q8% M 10 SORRE G68S: | i ke, s

 prefer abl & DRGRUSE shbmBldRclf, PRARL SRRy 6 38k, 038 spoRP! et el .

Anot her a age o vanced Irect énérgy conversion of

enersgy fr emdsierth dfd ONS Rt Nen3 Bes,88% & Edifisvoted, Whidh dikledeselettstamy i ng
charged particles, which 5 create an electrical current. This is a

signifi canonﬁnqmmt/efrmns and/mlertfﬁbktarfhit:menlf@ﬁel@k@nﬁllés DatentdNa 315384034(to

conversio S n t f ast

Cnto el ecthiseheyal. Al Mﬁrep@m;’a 0 Ao el LB G S FonSier i Sover

than 0% paQsi R8% 59587 1J GhiRchen! 1g&ﬁﬁ§élo§ea%r&&o&%wsaﬁm%e&%’f1@% as_high
s a e ec

as 90% er aspec tures resent 1 nvention wll one

appar ent faﬁ@ [’ﬁa@gﬁetﬁmaﬁlﬁdah&ﬁtidfl&leﬁfroﬁmm Qilﬂltﬁ?{)ﬂl@@lSﬂ&Sﬂie’dtlng watls;taall@nSi n
conjunction with the accooganyl ng draw ngs. BRI EF DESCRI PTI ON OF THE
NGS PatentNeeti826bdtitoBymsardawhich|is ugnlﬁat@dﬂwema@ﬁ inyQlygppent and not

by way of |imtatio n_t.h u e ac Yi whlch
i ke referCB?R’?et%?ﬁé’?mege E%teetéf%r%‘{ eec&z% qbcngp%’ﬁ‘g%‘?gq oic %g%risvg&ﬁ

show, respeafihatednY of idnS. WIhERIIZthERMHaPe B ﬁ&lﬂ@s@rcﬂ&%b}ebté%nmu@stﬂﬁ@atl ve
charge. Figs. 2A and 2B show Larnor orbits of charged particles in a

const ant magﬁmmmt bif @ind, nd2@ oFthgm avsisooweddian Establishing the requirgd 4 shows t he
gradient drift.

3 Shove. a crsHoRaH hgAII GRIOP B oHr SRy Fu SR roselen Bl ne 0
et SRk of BB B R LAER Bl PR R By By
di amagneti ¢ andrielfreld favietsed dtbr(ﬂ@m@hl(BR@l) ka6 disoovered &cﬁaﬁlall?h@undﬂ 96Mows
the colliding beamsystem Fig. 11 shows a betatron orbit.
at the Naval Research Laboratory during theta pinch experiments. A typical FRC
topology, wherein the internal magnetic field reverses direction, is illustrated in Fig. 8 and
Fig. 10, and 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 experiments the FRC has been formed with the theta pinch method. A consequence of
this formation method is that the ions and electrons each carry half the current, which

results in-a negligible electrostatic field in the plasma and no electrostatic confinement.

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



8 WO (12/(1(2112 PCT/L1S02/11285-4 Figs. 12A and 12B show, respectively,
the magnetic field and the direction of the gradient drift in a FRC Figs.
13A and 138 ghegyiz2respectively, the electric field and thediv@shisap of the
Ex Bdrift ina FRC 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 the tuning of the electric field and the electric potential in the
coIdI i di ng beam system Fig. 17 shows a Maxwel |l distribution. 10 Figs. 18A
and 18B s Lt | [ it

| ar ge- angllggﬁ,%nfnéé?\l-&ls’ Igﬁl\é@%ﬁ% ééﬂgh@‘?h%%%ﬂ a%%ﬁgﬁﬁe%éi .:’rﬁgzgﬁ b ei!iglt1 gt;l

. orbits whegtiondl3.2 anghgs 2052ect ron-ion collisions are considered. Figs. 20A,
20B and 20C show the reversal of the magnetic field in a FRC. 15 Figs. 21

A 21 B, 21 C and 21 D show the effects due to tuning of the external
nmagnetic field Bo in a FRC. SEINMARYQF FHE INVINEKIN22D show i teration

ool ts for a BoudBeR R ntiERy resfoy BEvioF M KonOT Bag S By
pl agima. 2Qnrighardns fPURaMHENETHM Aohefdh HéRARER Hn WHIBHBREma tdnis@re 26 shows a

neutralized ion beamas it is electrically polarized before entering a
conf i ni ng cotaimed maghetigall? n stabla, lamzdrivits andesleatfons areeatiaitied zladtrogsatidadsim as

it contacts plasm i confini n%,ch er. 25.Fig.. 28 is_a si.de view _
schemat i c T EEBNPCH %‘gm@ﬁé_%’@?’ e ’&%r‘gﬁ’ RS9 1y ephent eyeral] PERBYHI Rt of a
start-up R{iﬁﬁ%%% thé hignuflt%gedu efércrgb%&ic"éo%‘ﬁn?ﬁ@&'lﬁ{eie%u%s fhdRileRE N9 _Cchamber
according 10 anot ner preferred enbodl nent of a start-up procedure. Fig. 30

shows tr acgsfisdmdat d0tonBwiich tepds Grdviodaridieal by themkb@rhaf fasiliklREclassical WO
02/ (112112 PCT/ USU2/ (1285.1 DETAI LED DESCRI PTI ON OF THE PREFERRED

EVBODI VENTSntainnieé af béth sleghonsandtions. do|this sonfgurpliar iansnesty heve adgavats
transport for. both ions and el ectrons. . The anomal t t ' '
avol ded by R EmBBRIFH AR uroR AT b eRE Rise ResHET BE Missieat Pro) 1
such a m%ofc@?thu#b‘feagﬁg%éi&ﬁ’c&frg}?he i ons have | arge, 5 non-adiabatic

I'n

orbits, making them ensitive to short-wavel ength fluctuations that cause
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
15 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 aspect of one preferred embodiment a magnetic field generator
comprises a current coil. Preferably, the system further comprises mirror coils near the
20 ends of the chamber that increase the magnitude of the applied magnetic field 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 aspect of the preferred
embodiments, the system forms a magnetic field having a topology of a field reversed
25 configuration.
Also disclosed is a method of confining plasma comprising the steps of
magnetically confining the ions in orbits within a magnetic field and electrostatically
confining the electrons in an energy well. An applied magnetic field may be tuned to

produce and control the electrostatic field. In one aspect of the method the field is tuned



anomal ous transport of adiabatic ions. For electrons, the anonal ous
transport of energy is avoided by tuning the externally applied magnetic
field to devmelepmia strong electric field, which confines tdgamyso2/o28s4

el ectrostatically in a deep potential well. Moreover, the fusion fuel

pl asmas that can be used with the present confinenent process and apparatus
are not 10 limted to neutronic fuels only, but al so advantageously include
advanced fuels. (For a discussion of advanced fuels, see R Fel dbacher & M

Hei ndl er, by ’ Fcﬁm I Bﬁfﬁé@l' BNY S hfothROIHALE, the field i

A271( 19885’%%@9 \I\I%rgiélﬁ%{ an%omtglgé\@a : ei’r%% solution to the p? ol:l)sl em of
. anonal oushined s fhak thefavumngde blRtRbmvelBdBSs istheghma dirpetivinfaschevm@regkeiion f i el d
configuration, which is the FRC. In particular, the existence of a 15

regi on i nvelofiRC Inrrapther prpepizyitee methof shemesinddhuss #firldgevarsadossi bl e to have
- a plasma conprising a parity of. ngn-gadi abatic.i ons. Background Theory

Bef ore degﬂrﬂ%&r@ﬁgnﬁﬂ@'@@éﬁ% ﬁh‘ﬁf‘lﬁﬁgﬁr@?ﬁﬁa’isﬁ%%’%er|, it will be helpful to
firgt reviewa ithEnty AGmALRN Eﬁ@l%gx“i%epts
cont%ai ned her e}x&%ﬁ%&ﬁ%ﬂ?ﬁﬂﬁ%@;ﬁ?ﬁ%ﬁ@g% clbl’e O bi tsglian a Magnetic Field

A parti cl eomhinbd elithiri 4 fieldabeargd confipuriation miaghetiedletit i The plasma ayeragnet i ¢
field B experiences a force FL given by yxB. FL.g.c The force EL is called
the Lor enc@mprses@ositively sharged fongswherginsypstangiathy|all Of thedans prepp-afiabati, 25

di scussion, ,i iven i ' t f IS, i | f the
Lorentz f 8?%81%‘&20615&%%%&%‘&%%&}9@#{3§fegt?ost%¥1f;é eglg}égt“r’#fg rlf:l‘%éjrlgg;g&qﬂwfﬁgg ugg%feb IS
per pendi Cybtate ah@ fHat HmABhQR delf-fedldl ofB RSk hGmAdreiube todaise fielbraesst the
Lorentz force 30 acting on a positive charge. The velocity of the particle

i s 19hown by t hén vthet aape@? of thieerefagyeembodimentd, thg pRama Shayi domirige alfegst 1B

shows the Lorentz force 30 acti 0 .negati ve charge. 10 WO

02/ 0C2112 tee e IIW%Qleﬂzson@%Bgfhr&d‘%lf ay 6YBRYS afdg’P%(?ﬁi]féelfjer pendi cul ar
to the velocit i: : s, 0Ll dGe bt :lnd xert

force in the dﬁaglir{giaaoﬁ(ﬁ%%dl%a?cgg#.hlacolfg'ngs@ve ’?)déget ybﬁllgﬂé t%fl?% Frehomg

I't follows from Newton's
second | awnomalousranspbhalf ichsmaBiredah befdoad th 4 ER Gnbdehwsetthe magmdtierfeld a
particle in the direction of its velocity. A magnetic field can onl¥ bend

t he orbit verishesHi.paistzera) @verasurfage Withighthe plaemas Iensdayisgsdptey ortyt tgad to

af fect ed .a _magneti ¢ field, Fj A.sh it .of itively
charged p%f’i’s(‘?f’%g?'#oas‘flegh‘g?vghe_tngR&%‘h‘%?ait%n?&%f %a%g%.gﬁ%aéo SotF%rslﬁcg’Ef orce 30 in
this case i s congdRAE coMYilBRMRL fsUREHecAE forREcROM Becdisetheyl e Rafiallcl € forms
acircle. This cirtcular orbit 36 is called a Larnor orbit. The radi us of

t he ci r culgyroradibs +— 86e fostheiabineldl mwsgyy+ anduate thergfBre seositivetl shprt-wavelepsthoci t y

of a partigle has a conponent .that is allel to the magnetic.field and a
conponent itugtHatpes é‘i’%%?‘l?ﬂ?%?ustt@nﬁﬂggf @ngrer hxeseﬁﬁcﬁo 5 %gsegﬁ“tf‘ﬁ particle
under goes R StATRYAIPRSan Gediishitic BRI WM ehdiGo PREARAIS i el d

| i ne and a&ﬁggﬁfsl%q%ﬁﬁg#o%ﬁt%ﬁe gonbi nlati on of tﬁeseotwo noti ons
crexi es a dnemialout hanspoe dfenargy by eteegord. | Thef éledtidns thntestpe dinfipementimaltcat ed
in Fig. 2B. 15 A particle in its Larnpr orbit revolves around a nagnetic

field |indravehizomthekigh densityapaing nesrdhenadlisyiace i ihe syriage qidhe plasma o ) e s
gyrofr equesréc(%ing\fwﬁlio%p ofi tﬁei(fj gr?e?éf% s%gnﬁg a%ﬁdﬁk‘ﬁ?@er@%ﬁvéﬁ 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
25 the diamagnetic direction, so that they are contained. The electrostatic field further
provides a cooling mechanism for electrons, which reduces their radiation losses.
The increased containment ability allows for the use of advanced fuels such as D-
He® and p-B", as well as neutronic reactants such as D-D and D-T. In the D-He’ reaction,

fast neutrons are produced by secondary reactions, but are an improvement over the D-T



me where mis the mass of the particle and ¢ is the speed 'of light. The
gyroradius aL of a 20 charged particle is given by. .. ... _.._ W
aL=~~ whew® Pni® the conponent of the velocity of the paicigoeo2sss
perpendi cular to the magnetic field. Ex B Drift and Gadient Drift 25
Electric fields affect the orbits of charged 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 s ! » fip e iC
el d a6, oy bR op ool SRFHE MRe A8 proflablgBo BB RATBARFRBLATIN € 4
. WO U2/ 111Z4s1 Beltfohs boplelelyd5- 1 el ectric field 46, its velocity ‘increases. As
can be appreciated, the ion is accelerated by the force q . It can further
be seen that, dowthedadiantagend hendvannedifosls is thy disech anusy ePUVErsigEelcmsEeyas it s
- velocity does .the ion jis accel erated the electric field. 46, .1he
mgnet | & fieat hediinbractactaiede BGinitodies 88 mby e aesh PR Vb
revey ses (i j itn b el dnP By ' & the
it it S Tt R T e R e
gyr or adi uexhmhplegfvhére adbanmahsas ersidieprocess $s wppd oy entiver thdkiseticamemysdSasind
decreases in alternation, which gives rise to a sideways drift of the ion
orbit 48 inguirens igioreleatiigly. Skheadfigpeypiiathemmyl capvengqnoprpegss dylower thap| ed E x

Bdrift. Siplarl el N i i j . jyrection SO. A
simlar d%o% Wi}’a?ﬁééﬁéhecegﬁégg‘? ybc%rcgr eéﬁgx%@{on&%r.sftoﬁéﬁg% %’g 1%@’5??66%0' 44 as
i1 lustrated in dth asfectd hdfeured of ipreRanRivedidn willtbeddmp appiirént fonar ds the
reader. The gradient of the magnetic field is in the direction 56. The

i nctease abnsileratiemeithe folfavahgldescaptientgken inscodpmicterewith yhe dveondpanyéng anount
of dots in the figure. 15 FromEqgs. 2 and 3, it follows that the gyroradius
is inversé§B8portional to the strength of the magnetic field. Wen an
ion nmoves in the direction of increasing magnetic field its gyroradius wll

decrease, because the LOgARME DERCFEPTIONEHSERE IFRAWINGS versa. The ion's

gyroradius thus decreases and increases in alternation, which gives rise to
a si deways dri fRrefefred bmbodimentshirs ilhStrated b evagiof exampln, 2 .noThy wapofi on i s
called gradient drift. 20 Electron orbits 62 drift in the gpposite

di rect i on lBuitatiga; wghe figuren T NgRcoumpasmedrpyings,dn duqde plesase NEBRHS ses
adi gphatic rtigles. A iabatic particle tightly follows the nmagnetic

fi efg Iinergﬁeéhod eacsong)osrﬁe 1 gyroradius. Fig. 5 shows a particle orbit 66 of

an adi abatic papifd qlAearid e sHoW, kespRctivel)) e/l refBgaret htirgi ot dipdsitive 26882 The
magnetic field lIrnes 68 25 depicted are those of a Tokamak. A non-adi abatic

particl e hwmgativd charge. gyroradius. It does not follow the magnetic

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

field.

20 Fig. 3 shows the E 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.



field lines and is usually energetic. There exi st other plasnmas that

conpri se non-adi abatic particles. Fig. 6 illustrates a non-adi abatic plasm
for the cagfimk2@2betatron. The pole pieces 70 generate a prggnpbossshi el d
72. As Fig. 6 illustrates, the particle orbits 74 do not 30 follow the
magnetic field lines 72. 12 V10 112/ UY(>>2112 Radi ation in Pl asmas

PCT/ US112/ U28S. 1 A noving charged particle radi ates el ectromagneti c waves.
The power radiated by the particle is proportional to the square of the
charge. The chapge ' | M‘%@ﬁ ' ged theiefanasTithed Z i s
the atomc nu %Z 1%%%%@51}6‘?’0%%63% |’§Ir11@1tnlﬁ%?ééﬁg‘ﬁvéll t!lgle Z free electrons
. that will gfadtbnateft iTh&RIMt al power radiated by these Z electrons is

proportional to the cube of the atom c nunpber (Z arged Particles in a
FRC Fig. 8 shoWisst kA gaghaliskow; 1gsRechyely ﬂ?@é@“ﬁ‘ﬁ?@‘b@ﬁéhﬁgﬁg?t@qufﬂ%ﬁi cal
-symetry with respect to its axis 78. In the FRC, there are two regions of
magnet i c f§ wlBddiift iea FRépen 10 80 and cl osed 82. The surface dividing the
two yegions is_cal S trix 84. The FRC forns a cylindrical null
surfgace 86 in msckf‘ghlte%gﬁnggndﬁ\ﬁa%?g ies. In the central part 88 of
the FRC the magnat i ga hh&lgpdAss oL ochaTaRe aPie eRds AFRO, the axial
direction. At thé ends 90, the magnetic field does change appreciably in

t he axial diredigsoh6A Bhé 16Bghewithe funmigdf thasierttin Geldemtl dhe elrétsc potentéaler ses
direction in the FRC, 15 which gives rise to the term"Reversed" in Field
Rever sed @Hreicqlliding baam Y- | n Fig. 9A, the magnetic field outside of the
nul | surface 94.| 5+ iJeet k. The magnetic field inside the null
surface is in ?ﬁ%ﬁgisggivpgol\?léb‘g@#l gﬁt@?ndn noves in the direction 100, the
Lorgmt z force 3Qs2¢8ARGAdQARBIshowaianbisiohofemhditation ortitsl to Sviftf @bits &k toThi s is
easily appreciated by applying the right-hand rule. For particles noving in
t he di r ectlargeragigle] ion-ion edllisigngli anagneti c, the Lorentz force al ways points

toward the nul l_ sur e 94 i S enonmenqn. gi,ves ri.se to 'ticle orbit
cal | ed bet at r orf &Y gggﬁowé,@e@wﬁﬁs@%g{ 6%%}19?59133@“51%\7\%“ ‘%{llogn novi ng
in the dirgglda ageoébns{ﬂ%}e'd?d count erdi amagnetic. The Lorentz force in this
case points away fromthe null surface 94. This phenonenon gives rise to a
type of orbit dagd @dAa20B iahd 20€ show thearebersal ef thei theghetie field. inBHR @i anagneti c
25 direction for ions is _counterdi amagn ti% for el ectronsg, ang vilce ver sa.
Fi g1510 shows &gy AgAerIBrd ard 31 ghovpihe stizetsdua supme At %9 melhe i ons'

di amagneti ¢_dir.ectd . he ring 106 is | ocated around the null surface
86. The .ﬂ%i’?@ghﬁéllé%%&acreat ed by the annul ar plasma | ayer 106, in

conbi nati on w tigan2axbeBNAd ndPID slady Teghed tesults fok d DLTGlasimar ms a magnetic
field having the topol’o% of a 30 FRC (The topology is shgwn in Fig 8). 13
VI' O 02/ U12112 Figs. 23A, 23B, 23C, and 23D show iteration results Tor 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.
777 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.



PCT/ US02/ 0285~ The ion beamthat forns the plasma | ayer 106 has a
tenperature; therefore, the velocities of the ions forma Maxwel |

di stributy@nalig:@2frame rotating at the average angul ar velggidoynsist he ion
beam Collisions between ions of different velocities |ead to fusion
reactions. For this reason, the plasma beam | ayer 106 is called a colliding
beam 5 system Fig. 11 shows the main type of ion orbits in a colliding
beam system called a betatron orbit 112. A betatron orbit 112 can be
expressed as a $iAG S REED }ﬁpgpl ai ned
above, the magnetic @gﬁagggg t ’Eﬁ)ﬁﬁﬁtﬁ?%ﬂa I 4 v?rll\%%ﬁgng e plane of

. the orbit 112 s ipesipesich euttar sdlvestthepmbletn dBamoindlds tfantport fonbothriohdi s
orbit 10 112 nove in their diamagnetic direction 102 froma starting point
116. An i ord ¢lacteonse(The mpemalops ransasrtofipnget dyided byrimagnsfic capfinsmenhin he

- radial diregction er pendi.cul o the null. circle. 114 nd transl ation
al ong theﬁﬁ TPVRPFCT %ﬂ%.loﬁ(@cﬁlﬁlﬁu&ag aa rﬂé%ﬁheo?l%[oﬁlb %*r%‘%é‘%‘ﬁsia}’{ %f%ﬁ *118 in
a FBC. Thgod h@hfatilbits mifking/ GEmUnédAGitide RNGrot- WhM R uGationk Biat BasgDdel

to be discussed below in conjunction with 15 the theory of the invention.

The hor i zamdmiloaxiranspbrt bfiedigbaishone doe skeatreng, He ahiostais éranspotierftenenglyes s.

fromthe FRC axis 78. The nmagnetic. fjeld is _ipn ki]logauss, As the graph

depi cts, evaderhneming the exigmally applisdspagnetic fickldolgielop p strpag ?1%1'1&%6%30. As

shown in FEj It j . i j

oo ent ik gotRnefuBRl Ao AIIBNIY A 80 phidfiidt e, Shbfepfer b fodGPRdL oo
The magnepigmbat flaflcaDbeikes it th@gre@éﬁﬂcoﬁﬂiﬁ@ﬁéht pfocdR%nd Whpdretut e nsegneti c
field inside the null circle is 124. The direction of the gradient drift is

gi vih by limdtedrto seutpmicificts @iy, buealsy advaptageeusieinclude gdvaneedfuglsi dRer of t he
magnetic field; t , 1t . can be reciate appl Vi the right-hand rule
TRt e distutSionet agvaned Sifls Ao R PEIscRbr & NHERteY oVl Golristi

di rection, § i i i " A4 PSA n i e 128. 25
o L SR P Es R@aich, AR OFRLGd DRMEHb M Wefahh) (20 2D

derived using gherehtionentieqietlera@fiahérhalbusiramgert found Heeein nmkesswedflael ow in
conjunction with the theory of the invention. The horizontal axis of the

graph r epspecifie magnaticdield ednfiguration, whichiinibediRC.f Ingirtiqidarthe existercerols  The

I ic field. . ispl | t,s/ i . L field
cL ot 1 B ERE VSRR gl bR A i L bt ©
PCT/ US( 12/cb%§§isiﬂgé&naﬁbﬁt&ﬁbﬂﬁonﬁd&batl@ﬁnsl he electric field for ions is
deconfining; it points away fromthe null surface 132,134. The magnetic

field, as BeekgnoundTheory the directions 122,124, It can be appreciated by
applying the right-hand.rule that the direction aof .the E X rift isin
t he di amagnet i é%rd}?rteé%?‘fwg ﬁ)ﬁéi"ﬁ‘é‘? af‘ﬁépﬁ’%?fu? w lLi“d‘gl‘?]b etﬁ@lﬂgig firﬁte nul |
surface 138, ' Rit in a
FRC. “oal | 07 S dr iy FORB AR 1P M a bR e R R of Tho
nul 20 surf ace, dsratte®ordenndiParticled@ibiteiin b Magdeti¢ Fieldhs shown in Fig. |4B.
Drift orbits 138 rotate in the diamgnetic direction if the E x B drift
domi nat es or i m pheicteowitl eleciriachgnge jinsovdng withivelvcity vt hea gragetitiedieldibi f t
dom nates. The drift orbits 13 8 shown in Figs. 14A and 14B rotate in the
di amagnet iexpéfiendes @ fdrcodr, IiPerfliyom starting point 116. A drift orbit, as
shown in Fig. 14C, can be thought of as a snall circle rolling over a
relatively bigger circle. The snall cli:,rcl & xXlB2 spins around its axis i Qlt he
sense 144. |t =q—— )

The force F, is called the Lorentz force. It, as well as all the formulas 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



also rolls over the big circle 146 in the direction 102. The point |40 wl|
trace in space a path simlar to 138. 15 Figs. 15A and 15B show t he

di recti onpfgliddghorentz force at the ends of a FRC. In Figgpddph@dd i0n is
shown nmoving in the diamagnetic direction 102 with a velocity 148 in a
magnetic field 150. It can be appreci ated 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 t [

Count or d amagnét APa R I Lk orch el B B PR 150,

. 1t can beaampnetic fitldds byatdphl grien dorca i thie gliveetivanst thmpmlblle&tveidcetymr ent z
force 152 tends to push the ion into the region of open field lines. In

thi s casefolldves ffmNewtbite séconé vz, F emee, thaa mng&emd‘md Riungblt &r adcbleratons. 25
. Magnetic and El ectrostatic Confinement in a FRC A plasnma | ayer | 06 (see

Fig. 10) eaartisde mdhediestipnpf piﬂaellgyﬂy nf\&vagnstc @ﬁlércgétonly head theearhit ohround t he
Il f 6 the di.a t det ai | ed
i scuse! ot abfps et T IORo et iRt aaroehd P Redaliie il m " ng °F of 1 ovs

bel ow.) In the g naULRfWe Qll'lﬁtm Po@%@él ]&ﬁlﬁ Hgﬁﬂlcfgmta%nét%?nig@l\éﬁc bet atron
orbits 112 (see 15 WO (12/11C2112 PCTI USU2/ 02R~-4 Fig. ), are

ener get i ¢ fiekht¥.afle hmnnfadbﬂ;béﬂnm:thls{ tags js ¢onstpntainendgnseds |am'iﬂe arleit 8hof t

wavel ength fluctuations that_cause_ano us po il e studyi ng a

pl asma | ayks Pa{b@e? irsleyr TRinFESHY qrgaﬁgma%atll@ggi%@dor Ko \'}"Ee radiu

di scovereqhgg?&ﬂ?{.l%%@@?se&ﬁgﬁhggrgg{ AJPfEnt um i nposes a rel ation bet vveen t he

5 angul ar “vel'ocl e angul ar velocity of electrons rye.
(Thgy deri vati OIUsQfalljl hhevelatiat baiparticlghyeacdigp@iont haCio phtallel b @i bdretiche

theory of the invention.) The relationis we =rv; 1- ~ |, where S20 = ZeBo

S20 rnl dielchargbg componentthatis pepandicdat to thefibldr In mlqhsa Qah% thepartielss, a is
the el ectron char Bo,is the ni tude of .t netlcfleld
bnd o e mRAeEnaL o mE ot Feon e ta[twpéléo%déﬂ BB S

rel ation: &ahaaa&Fmbﬁg ltmq@%hfan{ahsﬁ gft'ﬁ@se memedl&ﬁtcﬁ%saammaﬂf@ﬁm fhy we,

and the ion angu elocity w two of themare known, the third can be
det er m nedndgnetic Eeld lmeﬁeéﬁmsrs 1mmeat¢ﬂmsﬁ’rg,231yer 106 is formed by i njecting
ion beans into the FRC .the 15 anpgul ar vel ocity of ions to rm ned
by the .n, ect | o%pkr’uﬁketmétséﬁaﬂggprbg Vobves @EeHNM, 2 magnetip field g}evﬁ? m@?
2m-T~Z r t | ocity
of ions, off‘iaddix%s%a%eleé I of!rntl)lgl—n?lrc és ‘\3{8 grtlcﬁ'éaéﬁﬁgequén Y ‘J&gd? ?c{%ﬁ&ﬂeé’g ﬁs of

t he nuII s foed 136. The kinetic energy of electrons in the 20 beam has
been i gnored because the el ectron mass me is much smaller than the ion mass
m. For a fixed injection velocity of weqlBeam (fixed cv;), the appli e(zz)
magnetic field Bo me

where m is the mass of the particle and c is the speed of light. The gyroradius @, of a

20 charged particle is givenby. .. ... . _.
Vi
==t 3
L= @)
where v, is the component of the velocity of the particle perpendicular to the magnetic
field. |
ExB Drift and Gradient Drift

25 Electric fields affect the orbits ofi.charged 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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can be tuned so that different values of cve are obtainable. As will be
shown, tuning the external magnetic field Bo also gives rise to different
val ues ofwighpueligetrostatic field inside 25 the plasma | ayeryushhiossi eat ure
of the invention is illustrated in Figs. 16A and 16B. Fig. |~6:~ shows
three plots of the electric field (volts7crii) obtained for the sane
injection velocity, ~ = 1.35 X 10 s', but for three different val ues of
the applied magnetic field Bo: V~' 0O (12/0C2112 PCT/ US02/ 0285- 4

E'Eﬁtvé\p E) OB ERERRLIG ihuBlfyy %E%ZEAS(’&’ES*%%?W@%&%%%I e
" can appr BV 1R gk e EARFpe FBelil R BUReASE TR, 0L one

rotate i nlﬁcp&ggasclwlgdigl(ﬁ,@gnetl c direction. Fig. 168 shows ‘the el ech~ic
. potential (in volts) for the sane set of values of Bo and tve. The

hori zont al axi A,sthemoﬁugance]bﬁa@echbbdtht@&ctrroeﬁﬂlééé,rthsmagaetﬁz ﬁ:hléﬂéhcmisfth@m t he
FRC axis 78, shown in the graph in centineters. he anal ytic, ex reSS|ons of

{he Sel ect Aits GPI dht AarRGVEI AR PpEeysEes Arpetionng bgepe fo BaVeip 4 direction
conj uncti 8ﬁpa’¥ité B fh?%lécﬂgc Ma9b. n'thi% %Q%%e%@ th% ib‘?ﬁ? SR &R a?xﬁ%tsdeloe”d
0 h 0

strongly cr~e. ve results can al ne on Si physi cal
grounds. ‘Wepadilkethe@Rse Bedradses. | The ibg’stiyasrading thiug istiréged dmdindectdagesiiPns ar e
confined nmagnetically by the Lorentz 18’ force. This was shown in Fig. 9A
For el ect aiersatianywdiidhngjvésrisetie a sisewayy dréfe of e iersotbitetdi il dirdetion 50 ent z
force is in the opposite direction, so that electrons would not be

confi ned. shuven il Bgt 3.0hkis nedipe is erdleg| Bix adrifid Simdarly, elestrpn orbéts §2 dpiftia of
positive char%‘gdﬁs created. This sets up an electric field that prevents

ot HOr el el Teghe ving the plasma. The direction and the magnitude of
this electric iy gy arﬁxqﬁ%gdr'bé ge&lm thth &?cﬁéddhh%sﬂﬁﬁﬁ%&%' on
of monmentum The rel evant mat errat|ca eta s ar g| ven below in

conj unct i @ig Wi ThFidd, theemagneid fieldetdi pouantdveands the ecadbie Ciiregraditntof theel d pl ays
an essential role on the transport of both electrons and ions. -Accordingly,
an i npor t aMEnetigBeld ipin thedseqtiod Sft (The incseass gf ths magngtigfieldssirerath i i ¢ fi el d

is -created i. 0 magni tude of this electrostatic
fieldis g‘ﬁp %ﬁﬁséﬁ?gd‘%%raﬁ?nﬁlg ﬁ?{} o?le Feappl ied magnetic field Bo which
cansbe easily FghHHLD mﬁm gxpl18Wws ht tHeSreh8mk isiatatély pfdpkttbnabtoanaf i ni ng
for electrons if cue > 0. As shown in Fig. 16B, the depth of the well can
be i ncr eastrengtly of tlnmm@nieh@ﬁelpp Wlesh aneign staves in the direction ofincomsivgmagretic

PCT/ USU2/ Except, for ver ow, r an _near the.null circle,
the el ect %ﬁgﬂ%ﬁ%?gl%é\'}g dgcx;gﬁsga‘p e&ﬁ%ijf’{f’gtz 1%%‘1? TRGTERsEs: Al Xie VS + espond
to short- \m%@s'g%[% JJIMHeaéc?&@esvuntdhn&eas«a@mtmw Wik Igweé fissiqon rate.
This diffusion {act hel ps naintain the potenti al once the fusion
reaction otlewags difftef fhtsomnrbptri&indhe dicevsipn 166i Ahisahotimmcik chiilegll*gradiauteirij’y, 5

| eave the plasma. To maintain charge quasi-neutrality, the fusion products
540 pul | Electron orbits 62 drift in the oppos1t% dlrgctﬁ)n 64. y P

Adiabatic and Non-Adiabatic Particles

Most plasma comprises 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 illustrates 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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el ectrons out of the plasma with them mainly taking the electrons fromthe
surface of the plasma | ayer. The density of electrons at the surface of the
pl asma i syahWetQw, and the el ectrons that |eave the plasmpeywdoboidie fusion
products nust be replaced; otherw se, the potential well would di sappear.
10 ' Fig. 17 shows a Maxwel lian distribution 162 of electrons. Only very
energetic electrons fromthe tail 160 of the Maxwell distribution can reach
the surface of the plasna and | eave with fusion ions. The tail 160 of the
di stribution 1§£d&ﬁoﬁﬁy§b§ﬂm§inuously created by el ectron-el ectron
collisions in the regrom of high density near the null surface. The
. energetic el ecty @osingichhlgedpaticka radivich clgytianaghictis wases. tTiad poawep paliaied
diffusion permts 15 themto reach the surface fast enough to accommodate
t he depar by tiee fars¢lois propertionalite the. sqrere of ther dhetgee Torecbege S an ivgds £pei r
. energy ascendin he potenti al |l .and | eave with very little.enerqy.

AU hough: FiEred Babs SndRsitatge ol i R RambT e TS e by e B
anomnal ous ylif RRSPRLL ol AHHATHP WS RIURHEY ThOREA DobRPFhdlfedty, AYQI ZleR MRaRaYSe
little energy is tr ansported. 20 Anot her consequence of the potential well
is a stropgpoeidrah® tivectisnifihe dtomiehenberd@Y. t hat is sinilar to evaporative
cooling. For exanple, fox water to evaporate, it nust be supplied the
| at ent heat of iPagiglesin a heat is supplied by the renaining |iquid
wat er and the r roundi i ' e [ .4 | ower
tenperature faiﬁ-éﬂ#wgﬁ%%Hgﬁﬁgﬁngﬁgﬁ§€%$¢-QP%§§%§§§5§§HH?§%ﬁ§¥@hﬁﬁ
energy. SiyiH Rpett tof it axdd78 | 18ehé PRE, thelteard 06 Rdgicis ofgldgnetepfidld lises @pbv al ent
to water's latent heat of vaporization. The el ectrons supply the energy
reqifi red t80 and chsed 8heThoswfuce dividieg thedyotrngionhisrcaied thasepamatpk 8dedbet hat

re-supplies the ener of the Maxwell tail so that.t el ectrons,can
escape. TH&G ﬁ%ﬂ%ﬁl‘iygééli“@h n'fl.;)\f 6&'\‘?/2@%\%? A é"%i‘i?stﬁ? P’sagp?{lcaé]q?%mlgﬁﬁ'e& thg,
tenperatureg,,. +taol f : ' : of the
e L G o B
f rom pr ot @ctich. abomt eAGOM, themagretis $ielddues changelappietiably i the dafal ( 12/ 0G2112

PCT/US(12/028s. 1 thennalization tine. Tlus cooling mechani smalso reduces
the radi atditsations SEhegpagnetie fielshalongrthe senter dds 75 eayeeses dirgelen in Bt RGor

advanced fuel.s, . where radjatign |osse [ | ch@RS With
atom ¢ nuﬁ%&?h Jives ¢ t’f’t@e T8¢ reb_%rg%‘filﬁ F??@F{%O%?%gég?f%‘é%@ﬁ (glr} Tansport .
The majority of;,a8g t9CkRke Akt fleld SutsileoPIRIWE sLE& 94106 Bleditetici J&ON
orbits 112. Large-angle collTisions, that is, collisions with scattering

angl es betTieenagtiafidldliagide tmmullisarfges ia i theatireotiorn?Si If an doramdvéstin the bi t . As
descri bed agbove, . the djrection rotation of the drjft orbipt | t erm ned
by a conp lTeﬁ‘%lé)Oelt’ngeWe?ﬁéorﬁegb BOUHE ?riRQﬂ’d‘tﬁ REagss '%WFS‘HHCF P 2 Sthe E x
B drift domi; . L 18 QR £ ot C i 16l oietih thediifedd On. | f
t he gradi gé%lm%%ﬁ%m%}g&;nbﬂ%{)Igelgl,ngttﬁéeﬁ%ﬁti al?l a?%leo? Bllt rlgltb iftﬁgsﬁl%r} the1

coupo er di aroegedieddidhagpetic,oie Ldehtz fore ahways pomtiiogard h8Avlsdrfa®@®4. Algs 18A

shows a transition froma betatron orbit to a driff orbit (g_@e Lo a |80
col | i si on, Phene@AnscgivesTisetto partisls orbiticabed hetairep erbit, g bsidesEivrd PRIG¥s ¢ o

rotate in the dia tic. directi.on. . P ] es. Fig.
18B shows anot g%g%gﬁ%%ﬁr} 9 P%?ﬂ\h%&nbcﬁ%ﬁ#%ﬁgﬁg ?g gca{ﬂﬁgcgllhggd}ag@%ﬁ c field
i s weak anghd N&refitzFehic8 M th dasé peiaty m Theemdr subfac®©94di Thid phérdousenont at es
in the counterdi amagnetic direction. The direction of rotation of the drift

orbit det egimésmise tnladypeeof drbit calledardritheditoto heodescribegdetave | Ehadiomagnatis a

dri fé orbit, wi.ll .al,so have a vel oci t%fogafakl el ﬁt&fP the FRC axis. The time it
t akés the ‘é}éer“f‘f”éf‘g PIs 1§ SOFH RN AR RSN OS FLEPHANSE BRI VIS VR84 0t her; as a resul t’
of its parall el gnot4 | Sy | Ld¥Ea 104 ésati it orbits
Teach an end ofFltEgie@ %#iﬂﬁ@éﬂoﬁgpﬁéﬁgﬁf?f;%h%g of tltnggﬁgggtr)ésibt time. As
shown in caamaghdtieditsttidn F2y. The ringSA6 it hecatedraening thendeswaface B6. &hels i s

confining only for drift orbits rotati n% in the diamagneti ¢ direction.
After a trmagnaticiolh]08 erented By ghe angnlar plasma laver §0%in combmnaionyith Ant he

counterdi a netic dir |,.QJ l,as i f a |l oss
rochant o Paf, il idie 808 1P okorpd HhaRSCAEE AanB A0 ey B

expgpi ment RCI(Thé &pologys ERRELinPiPEeY.i ments, the ions carried half of the
current and the el éctrons carried the other half. In these conditions the

electric field inside the plasm was neqligible, and the gradient drift

al ways dom nated the E x B drift. Hence,13all the drift orbits produced by
| arge-angle collisions were lost after a transit tine. These experinents

reported ion diffusion rates that were faster than those predicted by 30

classical diffusion estimtes. 19




WO 02/1112112 PCT | USU2/11285-t If there is a strong electrostatic field,
the Ex Bdrift domnates the gradient drift, and the drift orbits rotate
in the digmpangiiig direction. This was shown above in conngqiugpowsih Fig.
18A. When these orbits reach the ends of the FRC, they are refl ected back
into the region of closed field lines by the Lorentz force; thus, they
remain 5 . confined in the system The electrostatic fields in the

col liding beam system may be strong enough so that the E x B drift

dom nates the el system
woul d avoi d |02\El ?délﬁ%tao%h{fo fh%%rl\% ﬁrﬁpém%%\?élo@ggthn%éﬂlgﬁlff%%hﬁahl chis
simlar tQeldcitiesst the hsifornd a Midxwl] dlgvibetton ihQi Pand Retingspertavefagt on

di ffusion can be appreciated by considering the effect of small-angle;

el ect r on- aagnlaoieldcity of thedan bearat C@Hlsmﬂmbﬁ%veeml@ls of gtesprgslogitiss desd @n orbi t

tolli ol o gagn gt B BRIt ol YRR RV 106 B lif §ie Sl bl

f ol lsowed 9 g time that is longer by a factor of ten 176; and Fig. 19D
shows the or%lt of Fig. 19B followed for a time |longer 15 by a factor of
twenty 178. |t Figanllkowetie hiiatydehd ibmmbitegya osllidmpdeamsysieij ¢dledees not

change due to small-angle, electron=ion collisions; however, the anplitude
of their batatran oghdtch 1124 aﬁ P@fﬁ%‘”@?@%sl 13icen be expressed ap agine wang ceptered endifown i n

g:)g'sl'h eé??nﬁﬁ cirflg 11%\/ Fﬁ%&qgﬁnla{)?%et Ithe i W%lug c% t%?tnﬁﬁ cﬁ%@ﬁh %ﬁlutq s]c f us' on.

$ev 6f € “invention,
one- di mn$h@%ne%ﬂﬂie'dr@1"tmesfﬂéﬁféndfcﬂ[m &mecasaislmsobmme pmmmsshqm _bﬂmused as
shown in Fig. 10. The results descri bed above were drawn fromthis nodel.
Thild) rrodelll%htmwlmtlwrtdmaldmetwdeq@timli 192ifeom eﬁpﬂmcmtsl lﬁorAntiheinarti cle
densities, the tlcfleld theﬁ‘%ectrl tr C

he
pot enti al betﬁm‘rﬁ TP BRatpms AR RseUisHeL uy 8(1]3 @l‘@ie “?nsép\‘i’ér’lep c Brrtoafh?)l asma
fuel with ion) or multiple types of
ions (e. gngn%—r%‘%qyﬁlggag%dél%%hﬁlohé}f}%sng/@ &%\;\312}4[ Eauations Equilibrium
solutions for tHe IPAriagrpldehbs inngred fidhe1E8 mct FRORJhe field Fligds darived a FRC
are obtained by solving self consistently the Vlasov-Maxwel| equations:
, 20  \Wosingz/ one(dimersigrgt pqyibrvm maiel, 10 be dispyssed belawdn conjpngjioppyithp, |

_0_16551 . 171%3 t%e?l;y oa‘\she(lg)vgr? op. \;}}E%SHZ?I&?I %s Qf thf]e grapg represgn%%he( Jlgtiﬁcegmc ét ; c?r -

el ectrons c@ﬂﬁ#n&%{%m&ﬂﬁfémc%slmnsrhelnﬁh Q&Eﬁélbﬁéiﬁfﬁﬂ hhss P ThE muantltles
are independent of tine (i.e., ala . To solve e VI asov- xwel

equat i ons,depiuts, ﬂmlmz{gmngﬁaklsldﬁmanmhss st mplsirské lradtuSdBQ ar e made; (a) All
the equilibrium er.t i ndependent of. ax osition z (. al az
=10 0). This e Evadﬂ & tlgﬁcsngﬁtlaﬁermﬁ@n%nﬁramulﬁmcﬁe il i ipgign”

ext ensi on { de[gg, then £ 86.Vehé HhaOftuy flet t he
central partlaogg lﬁ%{é = ef hT es oenr% haslmgé’;/h?faﬁd§|6 cg sf}%t ry. Hence,
all2equil idiutmdmnhamnerrt:lleéslzm widle ttﬂemagmbtmrﬁem {oside the mfll€ircte i9)124( @The The
Gauss law, Eq. 8, is replaced with the quasi-neutrality condition: is
~~n~eJ =0.diRytiassitin perdiont drifttiegivem by t}@dresstpr@duct tBex VRCwéerd &R lis thatr i cal

symmetry, all the equilibriumproperties wll end only on the radial
coor di nat egradientmdithappgnetiediekh thushis carybe ?I?H?S?‘il%tﬁ‘ii grbé@ly’&gé}é%g%lﬁﬂ‘aﬁépgff nis

P asey. ol RERRLARR o e Gkl eRh R IR HTUl AR ARALRALLAIIR, VRl Rer 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/cm. As the graph depicts,

the electric field 130 vanishes close to the null circle radius 120.
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,. 20 (i v)f +e E~-Vf + e~ wB~~v,f =0 (10) ' fns v ' na~c = ' vxB=4C
~e~~vf~dv (11) | . ~ ~a~e~ =0 . (12) a 21 WO U2/ U(i2112 PCT/ US02/ 028s-4
R gi d RotQip @hgimbbutions To solve Egs. 10 through 12, di siciiinebimas
functions nust be chosen that adequately describe the rotating beans of

el ectrons and ions in a FRC. A reasonable choice for this purpose are the
so-called rigid rotor distributions, which are Maxwellian 5 distributions
inauniformy rotating frame of reference. Rigid rotor di stributions are

10) oxp o AR RBRRR 8 RLLAR: mRF ok i gecofobk poilipane, s
velocity, fhnl ﬁletxﬁlm%fﬁ&éjfﬁ;,lﬂ’“(’l% nﬁa%n@ﬁ@ﬁélﬁ)’asﬂ:tefére—ls% th@'l'i‘i’re@t\/ons'132 a24,
constant. The constants of the notion are mi =,~Vv + e~ ~ (for

ener gy) anﬂ'csh b&ap én'ed'ﬂtted 5% ying twe/m%rmand rulé/tk(aft ﬂ{e cﬁeeﬁ’csn §0the TWOH @ift
. onent um , ~1st ectros atic potential and ~Y is the flux

function. 1s'|'imahe Bmtrtalgnetagdlmctmn fwhekloes tteerien 'is dtside ar-inkigde &tmrullcsufﬁaed B6.and -

ah 15 Bz = ~ ~~ (magnetic field). Substituting the expressio energy
and Xanoni cal dngul4A andddRshey @ﬁ{)‘@(ﬂﬁd{pe 9§C%@P6§rb1@nﬁl@cz‘ O?H gnﬂ

la . (T) e l?lt 13% ISI_"_IP o%ﬁ% f38 cahbg%)ﬂgs de o%thecljnu;llsur%ge\, as s ﬁl]glg}MA or'W X ! -

~2= WX + 2 ah exp - 1 aj

~ _ Cv~ ~ 1n51dé i@,Yas“Shbwﬁ in Flg( 1415} Dﬁ‘ft Srbids PR rotaOirl the/iahGahdie BEehisiSlfR 028~ 4
That the mean velocity in Eq. 14 is a uniformy rotating vector gives rise

to the nangxrj atiel dotliR4tes 6N8 &S conlsterdiamberidie daetticiail tapRadiatidae that the
choice of rigid rotor distributions for describing electrons arid ions in a

FRC i s j usbifinates. BBwadrifeorbite 13 shoveninkigso i $Atdndtl 4Baptasdf in the dismagretiequat i on
<ot 11 on SEPIRAS2 BPBGTRE PEHUII5e " hat 1 he' sol uti on of Vi asov S equaton
(Eq. 10) be in 4 Iaﬁﬁfo%Wag shéwdth Fig. 14C can be thought of as a small circle rolling over
a relatively bigger circle. The small 01rcle 142 spins around its axis in the sense 144, It
also rolls over the big circle 146 in the direction 102. The point 140 will trace in space a
path similar to 138,
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

15



1S drifted Maxwellian: _3 )77~ z 172a fJ~i~,i'~= ~7~(~~)exp - ~i'-u~~r)
2~tT~ (r) 2T~ (r') i.e., a Maxwellian with particle density ~7~ ~~~),

t enper at UpR) obmetn) . and nmean velocity u~ (r) that are arQidm@oynigapct i ons
of position. SUbStItUtI ng Eq. 16 into the VMl asov's equation (Eq. 10) shows
that (a) the tenperatures T~ ~r) nust be constants; (b) the nmean velocities
u~ ~~~) nust be uniformy rotating vectors; and (c) the particle densities
~7~ ~r) nmust be of the formof Eq. 1 S. Substituting Eg. 16 into Eq. 10

Xlnte L\c,i\l_s Zaf g:hl Wr de%rer rerllrearlton—%w %ga'Pg”tth, ftljley.lar% nsexﬁtv)eto sﬁo ) | I';) ng v=J
- Groupi ng ’év%{ré’f&ng% ﬂhétki@tl(ﬁ{sCtﬁa[t chtﬁ‘se‘én&ﬂnﬁlo@&rﬁﬂs o, |Vl WWI~~... 2T~ n7 . n7
...+ T, wDu~ =~v)=TZ {Vv'ui~v' VTy. ) ?16) 177. 2 772 E 2

. +v~V( | ni a~) Wik skudying 4 plastvd 1~a)yer }Oﬁmnmmhbum)n-co'ndlttonﬁas desoniti®d-above, it T~
. T~ cT~ 23 WO 02/ Q12112 PCT/ USQ2/028S.1 ... te- ~0 15 For
this pol yH@kfsFovesridhaighe consapiation 8 mgieniym mtlt?ée%@ftttoe%@meeaftheeach power

Secind: or BT yaele e it b 288 S anE AP iR o of TThe dERYTRHY, Iheetux
au~~ auZ g f@ffﬁ%ﬁ\@w b¥l%\7lfziﬂ“éan;@ﬁgti(ﬁ‘1 With aleetHé’o\lﬁ BHER InveAHYTY Thérelatfon ~~

~ a>> -+ a~-
is

ZeB,
m,c

W, =, [1 —%—] where Q, = 4)

0
In Eq. 4, Z is the ion atomic number, m, is the ion mass, e is the electron charge, B, is the
10 magnitude of the applied magnetic field, and c is the speed of light. There are three free
parameters in this relation: the applied magnetic field By, the electron angular velocity @
and the ion angular velocity @, If two of them are known, the third can be determined
from Eq. 4.
Because the plasma layer 106 is formed by injecting ion beams into the FRC, the
15 angular velocity of ions @, is determined by the injection kinetic energy of the beam W,

which is given by
W, = lmiViZ = lmi (a)ira )2 .
2 2

Here, V, = oy, where ¥, is the injection velocity of ions, @, is the cyclotron frequency of
“ions, and r, is the radius of the null surface 86. The kinetic energy of electrons in the
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 feature of the invention is illustrated in Figs. 16A and 16B. Fig.
“T6A shows three plots of the electric field (in volis/cm) obtained for the same injection

velocity, @, = 1.35 x 107 s, but for three different values of the applied magnetic field B:
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z +~+1~, Vau = ZaZ~ +y = .a Z ax a~~a~~a~ For this to hold for all v

, we nust satisfy au . au, au au, au au _ ats ~=au au, a.~ _ ~ - az =
0 and axXx wouw/s2iT2ax + az av + aZ = ' which is solved gengicalis2/038s4
u~(i-)=~w~- xi~)+u' o~ In cylindrical coordinates, take iso~ = 0 and ci~~ =

m-z, which cprresponds to injection perpendicular to a nmagnetic field in
the z direction. Then, u~ (i~) = w ~~B . The zero order equation indicates

that the electric field nust be in the radial direction, i.e., E=FEr i~.

The first{=order equatiom T NOW 3IV€I’I by Ta V~=(In~Z. ) -- W=u ~u )]-

~ v~E+-' {(vxB) ~uPlat0 ' T~ + Apptie magnethﬁ@ldééaond electnor agtpr véidcitpriwde
.rewitten with (17) (18) 24 WO 02/ (1C2112 at.trjar 1 atsr ~iil ~ ia~ r

ae att,. [a~ auocauzu-~ar "arol auel _auZue UO~~ ae~" ae OaueartZu_aZaZ The
fourth termin Ed5418 can HeBorew’{ Ken with PCTI USBRFO28s~ 0 0 O O Coy )"| =

-cv~ri0 0 0 wxB) ~uJ =v~~Bxi|c~~=v~~(~xA) Xu' ~) =v~ ~| ~r. (rAB~z~x( w-rB)
156 B,=5.15kG ,=0.625 x 10" s
158 B,=15.5kG ®,=1.11x10"s"

The values of w, in the table above were determined according to Eq. 4. One can

appreciate that o, > 0 means that Q, > @, in Eq. 4, so that electrons rotate in their
counterdiamagnetic direction. Fig. 16B shows the electric potential (in volts) for the
same set of values of B, and w,. The horizontal axis, in Figs. 16A and 16B, represents the

5 distance from the FRC axis 78, shown in the graph in centimeters. The analytic
expressions of the electric field and the electric potential are given below in conjunction
with the theory of the invention. These expressions depend strongly on @,.

The above results can be explained on simple physical grounds. When the ions
rotate in the diamagnetic direction, the ions are confined magnetically by the Lorentz

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, so that electrons would not be
confined. The electrons leave the plasma and, as a result, a surplus of positive charge is
created. This sets up an electric field that prevents other electrons from leaving the
plasma. The direction and the magnitude of this electric field, in equilibrium, is

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

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

in Fig. 16B, the depth of the well can be increased by tuning the applied magnetic field
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-;, . ~~ar" (,AB);. 5 Using Egs. 19 and 20, the first-order Eq. 18

becones rrr. e. aw a (Ilnrz.~-" tv''r--'" E+~"' -(rA(r))=0. ar ' T~ ~
T~r cT~ WOOZ%GHE solution of this equation is rz~ (r-~ Sdiose/dLXP
rya~cv~ r2 - e~~(r) - e~cv~rAe (r") ' 2T~ T~ cTl where E,. = -d~ldr and

n~(0) is given by 10 ~ n~(0)=n~exp -n?~~'r +e' ~~r~+e' ~~rer(r~ 2T~ T~ cT~
Here, n~ is the peak density at r. Solution of Wl asov- Maxwel| Equati ons
(19) (20) (21 ) (22) Now that it has been proved that it ~is appropriate to

describe i nﬁx@e&?f&l g\bﬁé}%\m{ﬁ%’d@é&l tfétrﬁl ] c‘i’x‘c%éfﬂe c'tx%ﬂ? alt“;ag}?héaeaasﬂalfs

equati on aced do

-« = nlln~gdrdehlifust Thkrefore, efectrons redbbénd tJ short—wav‘eléi{gth/\ﬂuahatﬁfrﬁ vwatwer vat i on of
nonent um equat ions. The system of equations to obtain equilibriumsolutions
reduces t @nor(xals)lslz Fast dxﬁiusawra@z This d?ffursxua;oa/fms@lps mamtam thg pptential well

. - 71 ~ =
- 4| (r:?ézll I%ccf @efusgm} @agﬁg\/oc«.,tlrss) Q}usmn pgﬁuct 1ons B?mg of mucﬁ%%hele?ncl 8 h ?Eg)

J Sqj ution seof one
Lyod or R PRURETE, 1 o TARE Bl Lo B OIS AR Hhast i e

Sol vi ng Eglec#énd @it oEthe/plhdnnatwhfth elend iy eskting tlmmlwreh@lﬁomallesurmyefﬁ& dne
E, . -7,cv~ BZ ~ {27) a c er2e dr and elimnpating E,. fromthe ion
equat i on Pﬂ@ﬁ@éa}lﬁd rfbg density of elecirons atimlyf@ce ofAhgplasmglipyerydow, arddhe + ny;

ev—

v apect L5t gt Bavq B Pl e ffsign GROR R GRbRE oS L L N

-~e~ and %oyeg,tlal_\pélpwogm(ﬁs%gﬁ Te = T, = constant, and c~" eve, constants,
obt ai ni ng log r2; 4~72~Z;e2 (ev, -u7e)2 Z;Te _1 _d _1d logne
(2900 T dT r- drF1g 17 sh@wi,a Machdhan dlsmbuaon 16121@f glestronsr Oabyl s '@rybemesgetlc

i ntroduced; 15 ~ 1 30 2ro rdnrdT, 70

electrons fromthe ta11 160 0 the Maxwe‘ll distr1 ut1on can reach the surface of the plaémg
and leave with fusion ions. The tail 160 of the distribution 162 is thus continuously
created by electron-electron collisions in the region of high density near the null surface.
The energetic electrons still have a small gyroradius, so that anomalous diffusion permits

15 them to reach the surface fast enough to accommodate the departing fusion product ions.
The energetic electrons lose their energy ascending the potential well and leave §vith very
little 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. |

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

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

18



Eq. 29 can be expressed in terns of the new variable ~: d2log72; 4~tr2eZ
e270 (ev; -eoe)' Z;Te d2 logr2e (31 ) dz~ T c2 T, d2~ . Using the

quasi - neuyicAlaldsyiigondi tion, d210g7le d210972; 72e = Z;12; porodsozothds, 20
yields 26 WO 02/1112112 PCT/ US112/0285-t d 2 log tz; yy la, _vy 21z

~Z. - 8.(32) d2-T. +2ZTl c2~Tn.. W. n. C~~el (TH+) .0
ro a z 49LzZe~ ((0~ -COe) 47?L| 2ecez (CV; -CVe)Z Here is defined T + ~ ~00~-
--- 2~aZZc, (33) 4~aeoe | w, - we f where the neaning of Or will becone

appar ent %ﬁﬂahz-ﬁfaoﬁlnme "ﬁu§ Eb(ﬂ’mg‘fﬁ&hﬁn‘s‘ih alolréddcBetheeakatiorieRsd fidtechions. = O,
Egq. 32 becones d 2 | og d2~ ~r Using anot her new variable, x

. = 2 0~) ~ Thiyisgladscularly 1mponam, for ad(vantml fyelsyvhare radoationilosses are tahagced bp 1
cosh (x - x0)' where xo = X r%?ecause of the physical requirenent that N;
(~~0) = 1f“q1'F9¥‘£§IW1§hat9’I1i‘é°‘i“Hﬂﬂ ty is given by (34) rt;oyl~on; _ -z 2.

(35) cosh2 2 | .1 e i A he
looation of pea[lgé gl\eéﬁtgo at?coﬁ%gglstg%gfie&%%ﬂtkﬁﬁw. Tﬁ’é 1{1'%1&&?0{' fx}@ﬁ%toﬁdl’t%ﬁfé T on
dengi ty kﬂ@;}ﬁlasnﬁ’a lag@il 0Beare BétatrdBbdits U$2.NDarke-andlé ,colﬂhmd)nErthﬁtaS} chHisimiscul at ed
using Eq. 2 The electric and nmagnetic potentials are r'=r ~ - , =0 Er
(r, )df-' vathcscattering angles between 90° and 180°, can change a betatron orbit to a drift orblt

As described above, the direction of rotation of the drift orbit is determined by a

competition between the Ex B drift and the gradient drift. If the E x B drift dominates,

the drift orbit rotates in the diamagnetic direction. If the gradient drift dominates, the drift
10 orbit rotates in the counterdiamagnetic direction. This is shown in Figs. 18A and 18B.

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 gfadient drift dominates. The drift orbit
15 thus rotates in the counterdiamagnetic direction.
The direction of rotation of the drift orbit determines whether it is confined or not.
A particle moving in a drift orbit will also have a velocity parallel to the FRC axis. The
time it takes the particle to go from one end of the FRC to the other, as a result of its
parallel motion, is called transit time; thus, the drift orbits reach an end of the FRC in a
20 " time of the order of the transit time. As shown in connection with F1g 15A, the Lorentz
force at the ends is confining only for drift orbits rotating in the diamagnetic direction.
After a transit time, therefore, ions in drift orbits rotating in the counterdiamagnetic
direction are lost.
Tlus phenomenon accounts for a loss mechanism for ions, which is expected to

25 have ex1sted in all FRC experiments. In fact, in these experlments, the ions carried half of

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

iﬁside the plasma was negligible, and the gradient drift always dominated the E x B drift.

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

These experiments reported ion diffusion rates that were faster than those predicted by |
30 classical diffusion estimates.
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27 WO 02! 11&2112 PCT/USOZ/U285~ AB - ~f r=r" BZ (r" )dr' ~I' =71"AB

(flux function) r Taking r' = 2r o to be the radius at the wall (a choice
that w || weeparegvi dent when the expression for the el ectpdiguehgsti al
~(r-) is derived, showing that at r = ~ro the potential is zero, i.e., a
conducting wall at ground), the line density is r==~0o n 2~r~dr' r 0 5 N~ =
Z, NN =f , 2r.z - ro=2~traero~r' tank ... O. cosh roar ... -

ZEranro~r (because ro O ) 10 Thus, fir' represents an "effective

t hi ckness. " her woy ds, .f oS l.i.ne density, the pl.asnma can

be thought of Agtlﬁrgr}ﬁﬁﬁ{r @885&9 aflﬁxﬁoﬁaﬁf EI réldgﬂl ‘%“Pﬁeﬁﬂ%&if ({f‘?ﬂt@f} BSS ~r

- W th constgaht heQﬁﬁts(‘nﬁoﬁs P(?Qte i ﬁ‘ﬁs JRENEELC diré&io. Thishwss shown abBvdin ) =B~(0) - ¢
“dr"'rteer e current due to the ion and el ectron beans

i's , TTro Nc&@WctloN\w)thlfBg -18A. . Wieli these arblts Beap}Bthe ehiﬂBbf mbrFRC t]iby at& Usi ng Eq.

+ 39, the magnetic field can be witten _(L = Bz (0) - 2~

IB - 2~c_raflectadtbapk pto the iggionpf cloged %@h& hrle&bsf the LOéerEZ f%%?r: hys, thgp Femgin” £q.

(0) Band ° ¢ “BZ(~ra) -B _ 2~clB. ¢ 20 If the plasma
cur régnt ﬁo\’lférhfidslﬂﬁée YK nagnetic field is constant, as expected. These

relations are "[*hle‘é%cﬁ%tﬁﬁ'c ﬁéldE irBe c@l@ﬁ«lﬁg"ﬁe@lﬂ%'ys@@@nafbQstr&@&nﬁlﬁgﬂ\@o tHae

external magnetic field B 180. Fig. 20B shows the magnetic field due to the
ring of (3R E(C3B)dr{fP&Imindf) teABddient drift. Thus, the electrostatic field of the system

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 betatron orbit
112; Fig. 19B shows the same orbit 112 Wllen 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 equilibrium 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'").
Vlasov-Maxwell Equations _
Equilibrium solutions for the particle density and the electromagnetic fields in a

FRC are obtained by solving self-consistently the Viasov-Maxwell equations: .
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28 WO (12/0h2112 PCT/I1S(12/0285~ current 182, the magnetic field having
a magni tude of (2axlc)IB. Fig. 20C shows field reversal 184 due to the
over | appi We @focihie two nmagnetic fields 180, 182. The magnetpicayddoehsksks z z_

2B~(~)=-B1+2~1Btanh~~"'" -B1+ ~tanh'~" | (41 ) cB ~o~r 5
using the followng definition for /3: _2~c _IB _ Nee~w, -c~e~ 2~C

~00~.e(cv; -r.~e~ c B @B G 12e B . 1 . . ~2~Te +(T| Z~) z eneo
eO~~e~,..a4rreezw,-aye88(~aeTe+nT ) z ... Bz ---- ~ (42

magnetic 10 flux can be cal—du.L Eq—2B|-VE f,d40r.~e B - Te d I®)
.ra.e+m-.~z -_ d~ (43) alczadr dre | egratlng both sides of Eg.
28 with respect to r and using the definitions of electric potential and
flux function, '/~~~ ~~ E, .d~'" and ‘V 1/ﬂ@BrBZ(r y~''dr', (44) Jr'
«~r'=0 15 which yields ~ = ce ~ + ee E~ze ) a' z2 a~ (45) a Now (t(’P]e :
magnetic flux can be cal cul ated di rectly fromthe expr essi on of t he
magnetic field (Eq. 41): _z z '"l. 3fg4~,~~ Bilgg ~ tanh' ~ - Yod~ .
e 0 1001, 20 . TE . VxBeh  [P6d "dUs“rg‘z' “log cosh' - ..(» 2
~0~~~ ~s. 29 WO 112/(10 2112 PCT/ €302/ 11285- £ | 2 +B ~r~r.10g ne(r)
~ (46) ? 4 rte (0) SubstltutlngE A6| .45 ylelds~ ~e B "

log ne (r) + Te In ne(r) _ ~e Bor "n‘f'”i;%-_‘gfq e 4 ne (0) arte (0) 085 a
2 Using the definition of /.~ 5 ~e Bo ~FoOr~ _ ~e 8~'(r2eTe + rr;oT ) 2
Te5+T,. | 212 c .. . c c 4~r2eez ( |V_t§2)0, ©)

0O Wth an expression for th _rragnetlc Eld~t electric potential and the
77&

where j = ¢, i and i = 1, 2,... for electrons and each s_pecies of ions. In equilibrium, all
physical quantities are independent of time (i.e., 8/0t = 0). To solve the Vlasov-Maxwell
equations, the following assumptions and approximations are made;
(a) All the equilibrium properties are independent of axial position z (i.e., 8/6z =
10 0). This corresponds to considering 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 6 (i.e., 6/00 = 0).
| (c) The Gauss law, Eq. 8, is replaced with the quasi-neutrality condition:
15 Sne; =0,

JUiTT
By assuming infinite axial extent of the FRC and cylindrical symmetry, all the
equilibrium properties will depend only on the radial coordinate r. For this reason, the
equilibrium model discussed herein is called one-dimensional. With these assumptions
and approximations, the Vlasov-Maxwell equations reduce to:

20 -V, +——E V., +F[Z[VXB] V.f,=0 | (10)

V><§=f"-’£zejj§fjd§ | (1)
¢y

> ne; =0, (12)
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.. . =4 ~e (r2eTe + r2;0T,. ~. . (48) Cvi -Cr)e 12e0e Finally, using Eg.
48, the expressions for the electric potential and the flux function becone
- Br'z + wo®hgrihi OT In r2e(r~) and (49) 2 Cv; -CVe nee bea(Ro2dsksr(r) -
~e trreoTe +r2roT ~ + Te In ne (r") - ~?e Bor~z - r7r r'2C~e . (50) n'ele a
lre (O c 2 a c Relationship Between rv; and cv~ An expression for the

el ectron angul ar velocity ~e can al so be derived from Egs. 24 through 26.

It is assunmed that ions have an average energy 1/zr22;(r-w; )z, which is
determ ned by ?diigggggsﬁ?n$8@§atlon of the FRC. Therefore Cv; Is

determ ned by on net hod; and we can be deternlned by Eg.

. 24 by conbi ni ngotsdRedtsal & thicughar, @isRibubon SurRKidnd MOs Heahebdnthatat e t he
electric field: z z veer dne dn; - [12e1r21"CVe +n;rn;rw, ~= (arr

-we) BZ - Tedeq'ﬁately dgssribe thedetating bepmsasf hesfronhand ipas insetRCo Atepsonallee (w; -
-we) to obt %@rcve +n;nr;r'ty;

(121062112 hgiesfg 5 PHEngse angdhe %’zcaélgﬂ“@édﬁoﬂﬂ‘éb&‘é@tbonrsr%ﬁﬂ flawqﬂa’f% R TR
sum n a nd B~
. BA%{ : ~gls|ﬁé%1ftxong'1nn 4 gﬁt&ﬁﬂg hlgt%t% Paiti bé%x%f%&{ce ﬁz@etr&gggfgf}cggﬁgﬁar?or -
YoOr' ° Zﬁmﬁohsbﬂtheﬁenstﬁht@(?fma»n&.. (53) Using Eq. 33 for Or yiel ds an
equation for aye: 2 Zm2 5 ~; +-~e = ~o r-~e~~ (54) nz; where S2 ZeBo m
c Sorme limting cases derlvedfro 54 ar ej . 0 and cve:eB me
2. the = 0 and ~, = S2 0 ; @nd; 2"12 ?1& S w| and we = r~; g)rt
Sao In the first case, the”éutrer t27t’1$ ca’r(r 3 entlTer by el ectrons novi'ng
in their diamagnetic direction ((oe < 0). The~el ectrons are confined
magnet i cal r t ehditvolt = oTag@w
SororrLoas mgérem@pmmé@ae 3 1‘§V€1‘8@1ft§7 ryefktglklsglrgﬁgé ,gts)) &l hnﬁe Joddn, o
t he curreﬁ§ab@rlmmril“hdcmtantﬁfyh@motlmmsrermw ng in the| r di amagnetic
direction {w, >0). If w is speC|f|ed fromthe ion energy 1/ ~rn;(r~(v;)Z,
determ ned in the formati on proce'%,z S2 =rv; identifies

n
thelWal ue of B, the externallydpp I'ed w(ﬁg(ﬁ%rﬁngrgfypgp The ions are
magnetical ly conf | ned, and electrons are electrostati cal | y conf ned by

e, .
P =m, (Jw y yv‘,)-i- —L ¥ (for canonical angular momentum),
: Vooe

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

fields are
E = —%ql (electric field) and
»
15 B, = 10% (magnetic field).
r or
Substituting the expressions for energy and canonical angular momentum into Eq. 13
yields
El
m, |z m, _ . _.,
r,v n,(rexps——=—\|v—-a&,xr\| ¢, (14)
£,r.9)= (MJ ;) p{ T |}
where
20 \'z'—a'iij|2=(vx+ywj)z+(vy—xcoj)2+vf
and

nj(r)=nj(0)e_xp{—' Erl—liej( —%‘P]——’—z—a}f)‘zil}. (15)
J
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20 E=_ Te drte 2 O for r > ro . (56) ene dr < O for r~<_~o0 31 WO
U2/ UG2112 PCT/ US(12/1)28S-t In the third case, ~E > 0 and S20 > c~; .

El ect r onsywigmheiiiz t heir counter di amagnetic direction and pcqoupeoidae
current density. FromEq. 33, the width of the distribution ~a;(~~) is

i ncreased; however, the total current/unit length isr re = (~ ~0o >edt' _
~e c{err - ~e ~ ~ Wnere (S7) r S Ne = ~rLo271J' C7~1'TZe = 2~ro~r~zeo . (S8)
Here, r B=2r o and ~ o~~~ oc (~; - ~e ~' according to Eq. 3 3. The

el ectron i+ ed
magneti c ?ﬂ Qﬁh@ \éﬁ#ﬁl%ﬁ%loe%q r%g'? Q%Egﬁb@ﬁ ﬁggp%t&wé%glsha%}h%@n}nﬁagnetl c

. field prodigapmidty O RkillsABheAt ésﬁlrﬁppm&iut@ﬁlat theBhoice of figid rbtoe fistributibawever ,
it does chan(%e Dr and, signifi cantl the potential ~. The 10 maxi mum val ue
of ~ is | ferdeagriing electrenstand iansda e rsmtu”lesirb&tsat@@ﬁﬁwéssqlwnéﬁ%t rons.

o - Sty ARGV Gyt ee) o gl rop it Fal Bl 3 U pBT6R f o 7

varifus v e values of potential and flux are nornali zed to ~o
= 20(Te +?l£llk'§fseﬁfon39uo@§‘ (c/w;)~0. A deuterium pI asma i s assuned 1 S W th
thefollovmng Padef: neo = n;~ =1 0Scm3; ro =40 cm %m(fyw)' = 300
keV; and Te = T; = 100 keV. For each of the cases illustrated in Fig. 21,
w, =1.35 x 10 We rc reqyiig thes thessolpsion ofVilase v isregnntien (Bgq19)dre ip dhs form 0§a| ues of

Bo: PI ota g/l lﬁetl c field (Bo)el ectron angul ar velocity (cve)l S4Bo =
2. 77 kGrr 40" | SkG ~we=0. 62S x 10's'' 1S8Bo= 1S.S kGwe= 1.11 x
10's' The case of tree = -w, and Bo 2 1.3 8 S kGlnvoI ves _magnetic

confinenment of both el ectro S (angh,i offs. The pot;@nt eﬁg ces to ~l ~0 = na;
(r~,)2/[80(T + T;)], whi ;fha‘i I|"g ’BF’éP C% ’d’*t‘x( e case cve 1@
The wi dth of the den5|ty di sty gt WO 02/ (1(2112 '
PCT USOZ/f1288-4 reduced by a factor of 2, and the maxi nrum magnetic field

|s the sane as for cue = 0. Solution for Plasmas of Miltiple Tykes of

Tons This . %n%ll\)i%#@%lﬁg}pwﬂﬁp c[é&%ﬂi fz.(t}-gftEB Lfge B ﬁ?ﬁ’% rﬁé&ﬁﬂz‘éﬂoﬁitggerem

mul tiple tyﬁes I ons usi on ferest’ ve two

24" nr ougH 38 "Eip yroNEsy SiRCis ARy spoddBRth, IR FIMEVEDS L™
el s. “The g q%fgn@fsm r@etaﬁi*ﬁe's‘teﬁﬁﬁre@%%sdzfﬂbwu&b %Uﬁs%eghwéﬁfebﬁég%of‘i’%e
has been deETHESdR UomEHBE SBOGTRE o lhé’é‘{%tg@%r&@@?g%%f{‘ﬂeb% it ons
! fé‘é”?%#t@sp??ﬁs.fte of Ve ¢ ﬁﬁu@w FBu R Ao RRERRE. Lol (e

MONMENt UM polynomial equation in 7 :

- - \2
v-v(lnnj)#’-’f_(-zgﬁ—) (v.v)aﬁfi(‘z_;z_“i(v.v)rj...

J J

AL E il )L [Fx B]-(G—i,)=0.
B T d

Grouping terms of like orderin v yields

20 2T“ i 6vr,)...
771 mn,
ALV, )= VT,
Tt] (V u ) Tj (V ‘U, XV )
+9-V(nn, )+ —Lfi | VTJ.)—-';—’(V Vii, il )~ =5 E+;——(va)



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
probl em wWylgh kw13 ypes of 15 ions can be reduced to a singlcg/i®mesebl em
The nonentum conservation equations fox ions are -larnr~l"w =rl,e E . +
1"~ B~ -T d-Ir" and (59) C~: ~ dl" -122n121"cv2 = n2Ze Er + r~2 BZ -TZ
dit2 . ¢ dl" In the present case, T, = Tz and rot = nR. Adding these two
equations results in r"cv. dlt. 2d -It;~lrat>Cv; =11;~Z> E, +-' BZ -T "' ,
(61) ¢ ~ dr where n; =121 ~' 112 CVI z Cvl =C2~ Tl =T1 = T2~ 111 hnl ~
=1t1712~ + ItZnl~;, and 711 ~Z~ = 11~/5 gL27.0The approximation is to

. assume that ~Irl; ~ and ~Z~ are constahts dbt ai ned by replacing 11, (r) and
112(r) by 11,0 and 1120, the maxi num val ues of the respective functions.
The sol ut Fonthid pdlimanipl eduaton tcshaldvortdlley stheeoefficiehtofmacly power afolf musbn f or
. the single ion 25 type, except that ~Z~ replaces Z and n21 ~ replaces nl;.
The val ueda@#fh.121 and 112 can be 3 W O 112/ (1C 2112 PCT/ USf1 2/ 0285~
obtained fromres, .+ nz = n: and nl,+.Zn 2 = ne = ~Z~rz; . It can be

appr eci at ed thgpeﬂ}lr‘gﬂ@eﬁiq%g%y{e:’wdes gﬁ’&eﬂcﬂ’i‘?&aﬂtbnal form Now the correct
sol Lgtion can ber obt ai Hed_ by itterat.i ng the equations: d lug N, _ ,nr z S~
(~ Yoe ) B~ (PCSCRRUPHBFARKIORHHYS . -

r o)z and (62) d~~"' T,. BT,.
d~T,. dlog 2 =~Zr 2~~ ~~' ~e~ Bz () _gTegll g(\Ne+In2 (w, YO~z ~
(63) z 02Z BTd-where N_ 12, (1") N/ %z Pp) %s|> L = eB and ~ » ZeB .
'"'n~~znz~~200~"'" mc ~ an~Zc Theddirét itogr tipn can be obtained

by substituting the approxinate values 9buBZ(64), abw, Ne(t+) in the right hand
sides of Egs. 62 and 63 ant'Y#t &gr dtvig tg‘ob‘gﬁ n corrected 10 val ues
of rz,(r~), nz(r), and Bz(r). Calculati haﬂy_’%b nfcafried out for the
data shown in Table 1, below Nunerical %é&ul “ fgﬂ‘. Usion fuels are shown
in Figs. 22 A-D through 24 A-D wherein th& quantitdeg n)ln, 206, ~I~ 208,
and ~/"1J 210 are plotted against r/r~ 204. Figs. 22 A-D shows the first
approxi mation (solid li nes) oand tzhaayfi Nagy I esul ' du( do@lxxe lines) of the 15
iterations for D-T for the; fWa'I,,i%'ed* T1Y.0 -%-ﬂ?gg -he normal i zed
density of T 198, the nornmal%zed efectri &potenti 280,/ and the normal i zed
flux 202. Figs. 23 A-D show the sane itjratigws for He3 for the

normal i zed density of D 212, thfOmorrRii\zed defisit{ ol _IHe3 214, the
normal i zed el ectric potential*2l6y ang;the nargpl | zd)fl'ux 218. Figs. 24

A-D show the sane iterations for p-B" for the normalized density of p 220,

the 20 norpglihiz @Phslg s dlyv Olve Bius@satisfyt he normal i zed el ectric potential 224,
and the normalized flux 226. Convergence of the iteration is nost rapid for

D-T. In all caggs tdhe fia{,zst appr oEngat iaap%i ioaal_ os&,xjo tmg fﬁaga}l resul t.

Tabl® 1: NumericaF data—ftor Gqodl umgcakq ukatt ot df &% fusion
fuel s Qjantity@'iat s-%TYﬂTDK%Sp- B'r2 gs%}: Slug)gl‘ggrs 3 %» VE;? 2/ 012112

PCT/ US02/ 0285 - i j TD- 1 3e3p_gun, ocni 30.5 x 10'51/3 x 10'50.5 x
Iots~a200$v§gh§%>§ﬁ%'%§#§hiﬁ%t510' av, = vzcnD.54 x 10~0.661 x 109, 0.7&4 X
10~secl 2 gj(f):(c?;jxf-)+ﬁ0j (17

In cylindrical coordinates, take i,, =0 and @, =@ /£, which corresponds to injection

perpendicular to a magnetic field in the Z direction. Then, #,(F) =, 0.
15 The zero order equation indicates that the electric field must be in the radial
direction, i.e., E = E, 7.
The first-order equation is now given by
0 M, _\ € _ = € [. =\.
G-V(ln nj)--#(v-Vuj ~uj)—}j—.v-E+——’—(va)- u, =0. (18)

J J ch

The second term in Eq. 18 can be rewritten with
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" m, vikeV3004503001 m V2keV 450 Gr5 33002 Zrad/sl1l.35 x 10'1.65 x 10'1.91
x 10' rocn¥04040BokGb. 888. 2515. 3(Z; ) Nonel3/ 21. 67(m ) nzp5/ 25/ 22. 67( Z;

) eBor ad/ sRo3R/o6214®" 4. 95 x 10'9.55 x 10'~0 - (m )crad/ s57cqdd2/08kksx 10
11 S2 x 10" ~~ 1...TekeV9GL7082T,; keV100217235r o~~~cm - 114203313 35 WO

U21 (I (12112 PCT/ USU2l U28s-t QuantityUnitsD TD- He3p- B'None22818738. 3
Structure of the Containnment S. stemFig. 25 illustrates a preferred

enbodi ment of a containnent system 300 according to the present invention.
The contai nment system 300 conprises a ¢ anper wal I 305 that defines
therein a confining charfbé, 31094Prefder a Fy| the chanmber 310 is cylindrical
- in shape, with principle agis 33p al ogg {he|ceptep, of gt heg chanber 310. For
application of this contallamenq aaystpam?» g,10 a fudion|feac or, it is
necessary to creafig é!,“ T um| & Q de0t h8 |tRainte@;d10.  (19)

» Concentric with the pri Clal iﬁf @c a|betpatrgon pliuxgcpil 320, |ocated
within the chamber 310. |The-bet Yeqi I° 320 conprisé€s an 10

el ectrical current carr n&g medifam ad@?pt d yo direct current around a |ong

A e

coil, as shown, which pr ef erably conprises parallel winding nultiple
separ at e qbkelfeyrttegecm i El. Becdncreabivyittpawathl el w ndi ngs of about four
separate coils, to forma long coil. Persons skl I I ed in the art wll

appreciate that qurrgnt thr ro resu in a
magnetic field i ﬁ "f:h‘e‘b@l’g’fﬁ c(@?’fﬁ%?ﬁrr} su EIA\QI:) d| rection
of the principle axis 315. 15 Around t he out si d the hanber 305 is
an outer coil 325. The outer coil 325 progigce a reI atively constant

magnetic field having flux subst ant Fal- iy A@I’Tel with principle axi s (32)5.
This magnetic field is azinmuthally symret |cal The approximation that the

magneti c_fiehnggoba bhanei@lordRitly, Bedomegonstant and paral el to axis

315 is nost valid away fromthe ends of the chanber 310. At each end of the
chanmber 310 is a 20 mrr@r COI| ;330 The mre@, goils 330 are adapted to
produce an increased ma ﬁlz, d’,t m 'ttri,—c%z(roﬁf( r))s1b at each end,
t hus bending the magneti & field fines i‘award & ach end. (See Figs. 8 and
10.) As e i.s_be d|n inward of the field lines helps to contain
t he pl asna Xﬁ?ﬁgpq%ﬂhgtf@gf%u regi on within the chanmber 310 generally
m.o’rt e, ®(r) e w,rd,(r)
(V=n (0 il M) _ol7ie , 21
n,(r) n,()exp[ 7y 7 T @1)

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

e D\ @ 1y A1
10 _ nj(O)=nj0exp]: mjza; +ej T(’0)+eja)j;0]10(’0):l. (22)
J j J

Here, ny, is the peak density at 7.

Solution of Viasov-Maxwell Equations

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

15 moments, i.e.,

) ro; dnj
—-nmyra; =ne,| E, +—-C—-B T’—E‘—’ (23)

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

equilibrium solutions reduces to:
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between the mnor coils 330 by pushing it away firomthe ends where it can
escape the 25 contai nnment system 300. The mrror coils 330 can be adapted
t o produceoankiGgs eased magnetic field at the ends by a vaidraiyeissiet hods
known in the art, including increasing 36 W) 02/012112 PCT/L1S02/ 0285~
t he nunber of wndings in the mrror coils 330, increasing 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 inpl enent ed outside the chanber mg%} 385; hpwever, they may be inside
the chanmber 31 0. In cgses.yphere e_5"ql per Wal | 3Q5,1:s ;60nst ruct ed a
. conductive materi al sazﬁﬁa§'ﬁ%f3 E’ﬁtcn2§ bgiaawantzge%ﬁslﬁg pl ace thggﬁ
coils 325, 330 inside the chanber wall 305 because the tine . that it takes
for the magnetic field to digf f uge tapughst he wal L, 305 may be relativzg%
- large and thus cause the sya;eg;36@*5¢*?ean%=%fug B9, Simlarly, t
chamber 310 may be of the sHapd”of a%hol IOw cylS nder, the chanber wall 305
formng a long, annular ring. In 10 h a case, the betatron .flux c%&g
320 coul d be inplenmented outside of tAd€hanmber wall 305 in the center~Hf
that annular ring. Preferably, the infder wall formng the center. of the
annul ar ring meyLBRAESH PlesiBa AAR-CRTPHRIdfNen Mat eri al such as glass. As w |
becone apparent, the chanber 310 nust be of sufficient size and shape to
al | dw t he ci r c@oasidegfiyst hemwasdalame dypd cfjien fid3Stripped ofThe eleatriowhargehare
principle axis 315 at a_given_radius, 15 The chanber wall 305 rmay be forned
of a mat ergi‘%%(aﬁyi_‘n@%% ﬁgléjﬁlgr%‘gr?gtfP’i:Erp"&t 191519Cirpy equation yéeégssteel. In such a
case, the chanber wall 305, due to induced countercurrents in the materi al
hel ps to keep the. magnetic fIugf=ﬂ£pﬂfeiﬁépgpg_tﬁﬁiqhanber 3 10, )
"conpressing” it. If the chanber wall were to be dade of a material having
| ow magnetic perneability, such as plexiglass, another device for
cont ai ni ngné¢ B Ag s opothe fepeqpetipyyisldSnecessary. In such a case, a
series of closed-loogp, flat jretal riyngs coul d be provi ded. _These rings,
known in the art asltd9&%def fffg“rgg)y\o_uﬁ_dﬁ_bbfﬁﬂjgi dléﬂgmf_’lﬁfft he out gsg)
coi | s 325 but outside ghe ciecul @& ing ’pl agmer belam 335, Further, these f%ux
delimters could be passive or active, wherein the active flux delimters
woul@®@ be differsntintinghEq 28rwitterespert tredadsubstituting Eqr2Safoe dBf dr yieldsat e t he
contai nment of magnetic flux within 25 the chanber 310. Alternatively, the
outer coils 325 thenselves_gdﬁggbﬁgé%;@ggﬁﬁUu&mpqihnl%ers. As expl ai ned
above,. a circul ating plasma h#gam 335 cdnpri’si ng cdhiargéd particles, may be
contained within the chanber 310 by the Lorentz force caused by the
magnet i ¢ fwidl & Tlie= eanstand apdtaayr o efnstapsobiaming ch, the ions in the plasm
beam 335 are magnetically 30 containedlin | arge betatron orbits about the
flux lines fromthe but drdlegin _324m. Gisi de, ame) 37Z T \1d Dddagn(11 2112 EHT U
SI'12/0285~ parallel fgrt-hegprinciplg axis g15. Ong or ghpregbeam i nj ection
pons 340 are al so provided for adding plasma ions to the circulating plasm
beam 335 i n t heTlehewberiaBled; islitr@dueedf erred enbodi nent, the injector ports
340 are adapted to inject an ion beam at about the same radial position
froin the principle axis 315 wher’e the cirtu atiéng lplésma beam 5 335 is
conti ned (i.e., around theéﬁDEF?surFﬁce)fZFQﬂﬁhéﬁ?;E@e i nj ector port§3gho
are adapted to inject ion beans %350 (See #ig. 58) Y angent to and in the

direction gy 2bhan BetAirbRed /f Rihs 6f thehewGantwered pl asma beam 335. Al so
provi ded are one or nore background plasnma sources 345 for injecting a

cloud of non-energetic pPasyR | Nlgy e tii@nber )?318.7 147 18gRr ef erred
enbodi nent, the 10 back '=p+asﬁ§%sdh&?bsr§%5—a%é"aggit%d to direct@®)
pl asma 335 toward the axi%l® center df the cfanmber 310. 41¥ has been found

that directing _thi -$g¥ | Ds ~to better contain the plasma 335
and leads to a.ggg%g# eng? ?%% pP§§?§’335 in the contai nnent region

W thin the chanber 310. 15 Formation of yhﬁ),fK;gbgé%ntional procedures

used to forma FRC pri marin, = Bmpl oy=t he €3] ld reversa

procedure. In this conventional nethod, a bicas naghétic field is applied by
extgbnal cail.s surrounding a neutral gas back-filled chanber. Once this has
occearred, ?ﬁ@sgas is ionized and the bias magnetic field is frozen in the
pl asma. Next, the current in the 20 external coils is rapidly reversed and
the oppositely oriented magnetic field |lines connect with the previously
frozen lines to formthe closed topol og¢fof the FRC (see Fig. 8). This
formation process is largely enpirical and there exists al nost no neans of
controlling the formati on of the FRC. The method has poor reproducibility
and no tuning capability as a result. 25 In contrast, the FRC fornmation

met hods of the present invention allow for anple control and provide a nuch
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WO 02/ 01r2112 PCT/ US(12] (1285~ detail above. Moreover, the present nethods
can be easily extended to accelerate the FRC to reactor |evel paraneters
and hi gh-aangy2ifitel currents, and advant ageously enabl es pchausbassi cal
confinement of the ions. Furthernore, the technique can be enployed in a
conpact device and is very robust as well as easy to inplenment - all highly
desirable 5 characteristics for reactor systens. In the present nethods,
FRC formation relates to the circulating plasma beam 335. It can be
appreciated that the circulating plasma beam 335, because it is @ current,
creates a pol®i@&r magnetic faeld as,would an & ectri caich_Lu_gg;émj . a7
<circular wre. g’gside {he zincul ating pl as(];lm_}_ ieam 335, the magper | n,.os'eﬁ
y

field that it induces er nal ) applzi ed magnetic field due
to the outer coil 325. %@i dé“’tﬁ@’e?z)l asm%eaﬂ%.i J magnetic self field

*is in the sane direction as the applied na‘t}jﬁecte’lzc@ii-e@ . When the plasma ion
current is sufficiently large, the self field overcones the applied field,
and the nagnet ifer¢ ] efingdyer ses inside the circul ati ng pl asma beam 335,

t hereby form ng the FRC topol ogy as shown in Figs. 8 and 10. 15 The
requirements for field reversal can bd estyrgted with a sinple nodel.

Consi der an electric current |P carried. Z‘ ring of major radius ~~o and
mnor radius a r~o. The nagnq%,’gp;fgk,@ d_at®it r of the ring norgsd) to
the ring is Bp = 2~r,1~(cs-0). Assune t4hw0e7t hdwgi—mg[current lp =

Npe(SZol 2n) is carried by Np ions thatj have jan angul ar velocity S2o0. For a
single ion circulating at radius ~~o0o = Vo/ S2o, SZo = eBohn;c is the

cycl ot ron vAQré fRGEAGE &% Will LR¥68E BfpardR oL, | 1€ M+ al/4l, BhersAsSb R gealk 1S the

average velocity of the beamions. Field reversal is defined as B p = Np
coo ® 2Bo deositywtirctv, Bpli2dwcomes NP >2 rol a;, and ~ elo ~a~ 25 where a; =
eel mc2 =1.57 x 1 f'6 cmand the ion beamenergy is 2 ni; | 02 . In the

one (64) (65) dinensional nodel, d:hlegmhg_ne i 1G i(’)\fl d fromthe plasma CL&‘lient
is BP = (2~1c)i P, where ip is currep: per— r’@i i*length. The field )
0:

reversal requirenent is ip > eYol ~~~Ca; = 5 kAlcm 39 WO 02/0(2112
PCT/ US02/ 0285~ BndPRernebSvadiabieand 2 rya; Vo =100 eV. For a nodel with
periodic rings and" BZ is averaged over the axial coordinate ~BZ ~ _ (2~c |

c)~l pl s~ (s is thering spacing), if s &WNo, this nodel would have the
sane average magnetic field afs:?rxe%fon@e@fsngfﬁc?nﬁ]vtﬁmdel with ap = | ~Is.
Conbi ned Beani Bet atron Formati on Techni que Azpr eferred nethod of formng a
FRC wi t hi G W system 300 described above is herein terned the
conbi ned ggg?r(?get ator on techni que. This approach conbi nes | ow energy beans
of %asma ions with betatron accelzvration @sing the betatron flux coil 320.
10 e first step in this nethod i it'"D_‘“g}E'—r—l T . aysubstantial ly annul ar cl oud
| ayer of background plasnma in the chanBer @io"&)si ng the background pl asna
sources 34gm et £0, (£ PbbcadsbMAOHNERSI RqBRERGH: tikat W@H & 1.nSi de the chanber
310, which’ naghet %éss) the background plqasma. At sh(gor)t intervals, |ow energy
i on beans are iFipalty,akk iontdendityds ghenber 310 t hrough the injector ports 340
substantially transverse to the externally 15 applied magnetic field within
t he chanber 310. As expl ai ’ne_d aboveiot he ion beanguare (35)

1. .
! r 1 7‘2 _ ’.2
COSh2 2l L )( '——) C Sh2 RN U
(Ar g 2 0 rAr

The significance of r, is that it is the location of peak density. Note that »,(0) =n, (\/_2_1'0 )

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

®=-[ 0E (")dr' and
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trapped within the chanber 310 in large betatron orbits by this magnetic
field. The ion beans may be generated by an ion accelerator, such as an
accel eratwip @@epnesi ng an ion di ode and a Marx generat or. HIResSoROBs+M || er,
An Irttr~oductio~z to the Pla~~sics of Inteizse Cza~ged Paf-tacle Beans,
(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 310; however, it is desired that the beam
not deflect, and thus not enter a betatron orbit, until the ion beam
reaches the circul ati ng gl-asia b&mBB5. T=sdvélwhfimciiombl em the i 630)

. beans are neutralized with &"eétrons and directed through a substantially

const ant unj di rectjonal netic fiel efore teri.ng the .gh er 310. As
25 i |1 ust faKe8 in ﬁ?‘og?otz%nt,%g\m{é% LTS WghP%‘élé’iﬁeéﬁfg‘Yl b&?‘?’B‘EF%‘g‘*%%& ° an
~appropriate magnetic field, the positively charged ions an%ne%ati vel y

char ged elespressaonsfos shraeleatac patestidl gA(daderssd, showdngmgliat s V2 Bectric sel f
pol ari zation due to the magnetic field. Thjs netic field may be produced
by, e.g., PateptglifAeR: l-m?fgtdueﬁmwalgﬁt %P‘é‘l‘br@gz‘gﬁg?n%tlyd%g the path of the
ion beam Wen subsequently int [Pduced i nto the confinement chanmber 310,
the g30 resul tant el ecyricz fy el =Bl Al $he mﬂ%gu;,oim. tﬁﬂ{&b,gn t he beam
particles, allowi ng thé ion'40"= WO (1R/0+2112 PcT/uso2/ 02s~. ~ beamto
drift undeflected. Fig. 27 shows a“®a -OR .Vijew of the ion beam 350 as it
contacts the plasma 335. As depicted, |'&ctrons fi~omthe pl asma 335 travel
along magnetic field lines into,Qr out of the be 350, which thereby
drains the beam s electric po‘I'aﬂ?%r@*loéh.&W‘n et"h%mbAé mis no | onger (37)

el ectri cal peol.ari h el of i lat.i -heam 335 in
2 Dot at  or TorE eaieS Gl NAreRAEIHALES, L B oo bbbty B Wb AR BTRE ™ e

t he pl asmajchagmi3fadniavel R thoudht 81 frdoatemnted ditie milhdradoin axing aihs conpri se
a current, which in turn gives rise to a poloidal magnetic self field. To
produce t HhickaRGs topathoeppstant density he chamber 310, it is necessary to
inciease the vel.ocit f t@ﬁ pl asma 10 beam 335, thus increasing the

magHi t ude of t NEICTRRENSAPEeldst field that the pl asma beam 335 causes. When
the magnetic self field is |arge enough, the direction of the magnetic
field at radial distances fIBQ(n)HQ(a)(-Fs—Ej"lSdNMz;ehﬁ(m, +he)pl asma beam 33538)
reverses, giving rise to a ,FRC. (See F‘ig’s‘.0 8 and 10). It can be

appr eci at eﬂ-netr%%gt dR TRhNoRiald B RBAls il stance of the circulating plasma
t he [

beam 335 in etatron orbit, 1t Is necessary to 15 increase the applied
magnetic field fromthe outex coil ]\,382@)’_&-&0} he plasma peam 335 i ncreases .in
velocity. A control sys{ "J'd' s JoHIUs j f or/o rreffast :rTi‘ﬂé- an appr oprég e
applied magnetic field, dictated by tHé current through the outer coil 325.

Al t er nat i VigdiNg Fa. BE theslagistiefieldidn beayritha assed to provide the additional
applied magnetic field that is required to maintain the radius of the

pl asma beami's orbit as |t is2accel®rate .r?Gr’To_i cr ase .t he’vetloci ty
t hel®ircul ating pIBaQ'sﬂ" B oI T BstaglF 5;,@5,,.0 the b'ét'?tfr;éﬂﬂ]f [ux,. coi | 3@5) is

provi ded. Referring to Fig. 28, it can be dppreciated that in&reasing a
current thg Izm,t he betatron flux coil 320, by Anpere's Law, induces an.
azimuthal electric field, E, inside the chanber 310. The positively charged
ions in the plasm beam 335 are Séts:@&er edzm:{/ thi.s i nduced electric field,
leading to field reversal as 25 desctThbe d+a'® @.ang\hen i on beans are added
to the circulating plasma beam 335, as descri bed above, the plasm beam 335
depol ari zes the ion beans. For fL 'E\@[" ver sal 2zt he circul ating pl asma beam
335 is preferably accelerated to &- T ohal "enérgy of about i 00 eV, and
preferably in a range of about 75 eV to 125 eV. To reach fusion rel evant
condi ti onsjf thdlash4 cutréitiIeanihes iR Hagistid3kld & cphgie adxpe@ed.accel er at ed

to. about 200 keV and preferably to a range of about 100 keV to 3.3 MeV. 41
V1~20 02/ 06211 2TRGE/relstaisoee Hlusirated sy BigeA0dgthrongh206e Figr 30%9%s48¢ ons f or
the betatron accel eration, the acceleration of single particles is first
consi der edextdinel mygretimdield Byfl 8DoRig. 20Bshawvsthe magnetie fighghierie theuing of|

i ncreases and the applied magnetic field nust change to maintain the radius
of the plasma beamis orbit, ~ = 1r/S2~ ai~ _ | _all _ VvV aS2; _at SZ
at S2; at 0 ' (66) when a
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av _ foe aB~ - eEe alal"'" -_- -. (67) at na; c at ni; na; ¢ 2~ o at

and "h is the magnetic flux: "h =f ~B_ 2TCrdr = Tn o ~Bi ~, (68) 0 10
where z zwoBBsau2 _BF - - B~ 1- ~Q (69) "0 ‘o From Eq. 6hcriiseb@bdsows that
a~-B~ ~ -2 ~-B ~ (70) at - at and ~B~ ~ _ -2B~ + Bo , assum ng that the
initial values of B,: and B~ are both Bo. Eq. 67 15 can be expressed as _aV
__aj a-Bz~, (71 at 2na.;c at ) After integration fromthe initial to
final states where 2 na T oz =W and ZmV z = YT~ , the final values of

t

he magnetjc fiehds are: B-.5 B -~ = 2. 19.K 2Q. and ~z ~ B W+ ~-
a1 250, puffest 180 b Higne 6 g Ragn aRpsBiih ROPRUFCHIEPASEET 2 ng
Bo = 69. 3 r&ierdM Y€ F1ORGhe @Mlabﬁﬂn%’&fﬂleztwomhg%eﬁélﬁ@}dlsQBO,QBZ.apm ies to a
collection - of ions, provided that they are all |ocated at nearly the sane
radi us ro and {tlhe nmagmbtc fielfl isons is insufficient to alter the magnetic
»fields. The nodifications of the basic betatron equati onsét sz commuodat e
the present 5 problemwill |be bdsed ofi-a;one- dijnensional réeuf i briumto
describe the nufti ﬁ:i@fb‘{ga{‘éﬁn'c‘gé —,S'Ejg”j:ngBo He" ﬁﬁ@%‘[ﬁgv‘g{ read odtl)
along the field lines and tthe Z-Yependénce' can lbe negl e te"éx. e

equi] i brium ilss a.self cg&i.ste t solution of the Vlasov-Maxwell equations

t hat” can B&"8 %’ﬁ‘ill‘)?’é%g g * (a) The density distribution is 10 ~a,

rz =, z ~"z "~0 cosh ~oQr. {74) ich phies tq the el gctrons and protons
(assum ng quasi neutrali )_éf’_ed\ié\%@’_ft_h%’zrge&ﬁtﬂe A (Q) %e ensity maxi num and
dr is the width of the dist®j buti a¥, and (&) The nBgnetic field is "z _ z

.'_zggzﬁ[u(ﬂ/zi)]

2
c 4m e

(R E

Cllgg e(wi _ we)
o, -0, B,

1
_ 875(’153071»‘*'”,'011,') 2 =
s e

With an expression for the magnetic field, the electric potential and the magnetic

10 flux can be calculated. From Eq. 27,

E =-T®p Ldln m .__d® (43)
c e dar e dr

Integrating both sides of Eq. 28 with respect to » and using the definitions of

electric potential and flux function,
O=- j OEd; and ¥ = j f:()'Bz () ar', (44)

15 which yields

0= Loy Loy 1) 0

e e n0) e 2 45)

Now, the magnetic flux can be calculated directly from the expression of the

o[- 30[1 + J tanh }"dr' .
2 22 ,
20 ‘ ...=—£ﬂl—~Mler log] cosh ——° ——log(cosh’—")
2 FYAY Ar

magnetic field (Eq. 41):

2.2
¥ 7y

YAY;

2 FoAF
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BZB 2cl ptank ~n ~y , (75 0 15 where B is the external field

produced by the outer coil 325. Initially, B = Bo. This solution satisfies
t he boundeigaepdbtions that r = rn and r = r"b are condugigngsoeBrsas" al =
0) and equipotentials with potential ~ = 0. The boundary conditions are
satisfied if 'o=(ra+fy)Il 2. ~~=10cmand ro =20 cm so it
follows that rb = 26.5 cm Ip is the plasnma current per unit length. 20 The
average velocities of the beamparticles are Tl; = row, and 1 a = rope,
WhICh are related by the eqU|I|br|ur51con |on ~r ~r 1 _ Sir where
SZ; =-eB~(mc). Initially, it is B«su gg”(l) = 52;, "and coe = (&%)
. (In the initial equilibriumthere ps an ele,ctrl nfioeld such that the I(:'x B

and the ~B x B drifts cancel. 25 Oher equilibria are possible according to

t he choi cSubititBing ET.He® ieqqu.i%ryiialdﬂ equations (76) 43 WO 112/11(' 2112

+ PCT/ 115112/ U28a. 1 are assu to be valid if ~; and B~ are slowy varying
functions of tinme, %)gianz B,\|p+82; IE@I"DBI fZTesl onet amt, B,The reohalj ti on fo?@# hi s
is the sane as Eq. . 6 |s st but, X function

has an addi ti onal term—gi.e 4 §80) nél 6}\{&/!105) re 2~rfB éj 2 B~ +-~p z z

(77) c Ib@synrﬁs?‘gpg%ﬁl ?Tg_toBF ~a - B~ 1- ~ (78) 10 ~0 The magnetic

ener gy per the beamcurrent is 2 ~l¢c 2~r~dr BZ8~B 2

Lpl P Infromvvhich2 ,2 72 ,210L -~z-~2 ~21 and Jb +la C ~Ba ~ = Bz +
C2 L plP . 80 -0 The, % ron %W 776- T 62)ehus enodi fi ed so t hat
aBz-_ -~ 8B~ LP c al, l/?‘) at a gt o 7?, Q,eaqg?s 15 aVv. __
e ~0 aB~ - a~SBZ-aLnaIn.828tmca ‘Zena & m 2~cr o at

() After integrating, _z,2~BZ:-ZBol47-, b " W-1. (83) ~ o W For
W =100 eV and YP= 100 keV, OBz_,;=47_ﬂg_l<%so_et£w@r,ati on of Egs. 81 an4g)82
' determ nes the val ue of t he magnew,ed, el dngeoduced by the field coil:
ZOB~:B~_:2.1.9kG£ 0 44

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

become

WY(r)=-

-2 .
B Lc [neoTe+n.i0T,.)lnne(1) and (49)

2 o-o, n,e n,(0)

0, (14T, +n,-oT,.)+£]ln n(r) @ By” _mre, (50)

10 O(r)y= £ .
W, -0, R e e| n0) ¢ 2 e

Relationship Between @, and o,
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(rw)*, which is
determined by the method of formation of the FRC. Therefore, @, is determined by the
15 FRC formation method, and o, can be determined by Eq. 24 by combining the equations
for electrons and ions to eliminate the eleciric field:

. . d dn,
—n,mra? +n,.m,ra),.2]= il ( - )B =T, e -1 — (51)
c dr dl

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

[n mm) +n,mro; ]———( £ +ZnTJ (52)
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WO 112/11(|2112 and PCT/1JS112/028~-4 2 ~ z BF =BFO- TU~BZ- ~ .2
~" AB~ = 25 kG . (85) z~ za If the final energy is 200 keV, B~ = 3.13 kG
and BF = g4 /%5312 The magnetic energy in the flux coil V\otﬂcq,mz,aﬁ_,;rr
1=172 kJ . The plasma current is initially 0.225 8~c 5 kA/cm correspondi ng
to a magnetic field of 140 G which increases to 10 kA/cm and a nagnetic
field of 6.26 kG In the above cal cul ations, the drag due to Coul onb
collisions has been neglected. In the injection/trappi ng phase, it was

equi val en 8 volt |t decreasgs ag the eI tron tenperature

i ncr easeshau%r ?B(f @ﬁ@?%ﬁ?‘dﬁ’ “r(ﬂg) mddefdv S%W"Hﬁg’ i CTIT 'i‘ HR‘Z:SI‘Wd%d is

. 4.7 volts/cm assumn cceleration to &Vln 100 ws. 10 The betatron
flux coil veaomallesb aﬂiﬁm@é@q‘sn@deﬁ ag‘Bts@ fr%magoretﬁhe intemeticindiewsThe
frictional and inductive drag can be deschbed by the equation: al v 1
4+ 1 al alb (86) at b v9) b r( m) < Vb < ( n)
Here, Vb is the beam vel é’?’tat" jrJllé an:Z}u’ Q LSﬂrglég@tE’dh ?J%]d i on -{Si)
tenperatures, Ib is the beamlon current and 15 L = 0.01257z0 In 8a - ~ =
0. 71, uH i YsinpeEq.i33dor Avdyietdamo equationdor @p = 20 cm and a =4 cm The Coul onb
drag is det erm ned by 3 2 ~ nzr T~~ —195 sec be 4 ~ zfz ned4lnA 2 2~a~; a
b~ tb; = g = 54.8,u sec (87) 4~zp "’%229 ensate the drag, tnﬁ
betatron flux coil 320 nust provi denan ‘el ec‘tric F eld of 1.9 volts/cmT
volts/cmfor the Coul onb drag and 1. 56 volts/cmfor the inductive drag) .
The magnetic fiel dZéBy the betatron flux coil 320 nust increase by 78
Gauss/ ~, s Whsreth ) sh this, in which case Vb will be constant. The rise
time of the currentfo 4.5 kA 45 VI % 02/ (1(i 2112 PCT/ LI SU2/ U28s-4 is 18

~S, so that th@omgﬁﬁtnhgcggeehgn&%%ﬂlhg i pgrRase by 1.4 kG The magnetl c

field energy required in the betatron qux coil 320 is 2 BF x ~-F | 394
Joules (I =115cm . { ? 8~ 5¢Betatron Formati on Techni aue Anot her
preferred net hdd@oF O i%hg™ a within the confinement system 300 is

herein termed the betatron forfation techni gue. This technique is based on
driving the betapyem hlugedogumi@nt directly to accelerate a circulating
pl asma beam 335 usSi ng t he bet afron flux coil 320. A preferred enbodi nent of
this technique usgs t he confi nenent 10a§ stem 3U0 depicted in Fig. 25,
excHEpt that the, % ectian’ aindl mNmErgy—tjon beans is not necessary. As

i ndi cated, the nditn conponent in the b&batron formation technique is the

bet atron qux coil 320 mounpted in_the center and al ong the axis, of the
chanber 310. DJB thedfinst casedhe curent jcagiqdentissin gy ﬁbfgtremwlasm BRIT t he coil

320 exhi bi I t wh d t t
sour ce,  nduai pEoRLaC AL Bne S CrtsRa Pulieds i S apE RS Bl
current | rbohﬁﬁecfélé@iro%ﬁhbalﬁz@ Preferably, formation of the FRC commences by

energi zing the external fi'el'd coils 325, 330. This provides an axial guide
field as well as radial magnetic firel gncorrpgocmt;s>noear the ends to axially
confine the plasma injected i ko= 310, Once sufficient 20 (35
magnetic field is established, theé®a groun8 Iasnea sources 345 are

eneqgi zed 11 oMLl (oONNCRONEL oSHAR a&gqe&mggbgl Bi33hoify b B e _guns

streams al ong the axial qul Sprea ue to its

tenper at Ur&mf@eﬁ@&r@&ﬁ‘ﬁ"@)  QRCITGS 1§§i’x@cﬂ'e§'ﬁiéhﬂh€ 16H eﬁe?@ wharpyr 310, a
continuous, axially extending, annular iayer of cold, slowy noving plasma
i s establ l(ﬁ:t&ﬂunea%ﬂie fohthatioproest, Berb@] 20raaa (| uxo, Q%ﬂtlfl%gﬁlel\&l&rtﬁlmj zed.
The rapidly rising current in the coil 320 causes a fast changi ng axi al
flux in thhe exteinaly appliadimagneBy fivldr (The iafs drerthaghéticellytdnfiied, anldiedectraps d
increase in axial f|lux causes_the generation of an azimuthal electric field
E (see Fi gire olgstrosfgtically parHined bys the space around the flux coil. By

‘Maxwel | s equations, this electric d |s % y proportional to the
chapge in strength of the magngtr_c_ POGleZ PCT/ US112/ Qa8p- 1
inside the coil, i.e.: a faster” beta rdm corsIOfour Kept ranp-up will lead to

‘a stronger electric field:
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The inductively created electric field couples to the charged particles in
the plasna and causes a ponderonotive force, which accelerates the

parti cl eswigywlgggiiannul ar plasma 5 | ayer. El ectrons, by vi rdcg@ubiotdagi r

smal l er mass, are the first species to experience acceleration. The initial
current formed by this process is, thus, primarily due to el ectrons.
However, sufficient acceleration tinme (around hundreds of m cro-seconds)
will eventually also lead to ion current. Referring to Fig. 29, this

electric field accelerates the electrons_and ions in opposite directions.
Once both specl“e'g‘eeh%‘éjcq?s?’rf@;ﬁgﬂ‘é‘& ﬁ%on%m)f-15?%939%9}/%&1}35&@%? i s earned

. about equal ly by. ipons.and el ectrons. not.ed _abovye, curre carried by
Che r ot ar PHoEric g Gho el §F S 8RS EE i 29 R A 8Flnet Ton o

the act ual;ofrBGtibPRO) RMhcREtS; howdhigtht RRaikakbntiBEBhih if i €l d created by the
- current in the plasm |ayer becones conparable to the applied magnetic

field fromthe external field cagls 325y 330. AS this point nagnetic
reconnection 15 occurs and tl{e%hghdf'l:e:rfpe é%).oFbe e initial extern@fy
produced magnetic field begin to close dnd formthe FRC flux surfaces (see
Fi gﬁ. 8 and 10). The base FRC e tailsui%s}q% d by this nmethod exhibits rmd&sgs
magretic field and particle enefgiés, . 5rd@ b cal |y not at reacto

rel evant operating paraneters. However, the inductive electric acceleration
field will perHess s, 2sVlipagd asit ddocur, Fhiaciadingeo Bat 38, rTie d@tbhungalai | 320
continues to increase at a rapid rate. The effect of this process is that

t he -ener gslocindws @indle inagasetl iby thinieg thesippiabmhgedtictilebl BRI o ddesmoes t o gr ow.
The extent of this process is, thus, primarily limted by the flux coil
power supphapge gishe dpet theawxienyeggreds fieldpredyced by therdasma ¢rgient, whidnisr gy

st orage bank I—gév\@v r, it is, in principal, straightforward to accelerate
the systedotd T tfg%- riowerentit denshengsrly andpsiguificantly, thermnotentisl®, Thige
circulating plasna beam 335 is Eref.erabl y accel erat eqfto a rotational
endllgy of MHREBRHM™ Yalye &U/D igRerprsed.as dbihg elastric felh at eamiiss the erstiens.t o 125 ev.

To reach fusio ! gm&# o g '-%ions, the circulating plasma beam 335 is
preferably accﬁ* iz B C dﬁl ]d200 keV and preferably to a range of about
100 keV to 3.3y M i cang.. ar A@“e}e ' | add ma beam
335, as descri B{g/gl\ég'bﬁg?)’ttﬁgqgagﬁgl? %g o gée%g%éjz \t@ﬁploﬁ%lé?)iggégédt’ E%l i&io/%%bearrs.
AT WehD2llnl it g afistl /A T94/ 1023  0ls FARES 4 Nthe valRRRBT Jdteiftialand A FRC
Formati on Experinment "1: Propagating and trapping of a ~aeutr~alized beamin
a magnet i areaonmalizeddae @, V2K Fet 7@ andefii-e(@@n,)PRCA dBearmuprpdgagas assanedd

trappi ng were successfully dermnstrlsat e3d at the follow ng paraneter |evels:
Vaddum chaitbehe Gillowiirg daie:n.absut 10 mendi; amet@em; Yorg(nwd endfihkeV:Baddi on coi |
radius of 10 cm _Plasma beamorbit radius of 20 cm__Mean kinetic energy

of st reanilrig 19@keY pFaseashwd therasesifugrates ibFigRdur, F032%10 0 adin i density
of about 10' 3 ¢c , kinetic temperajure_gn the order of 10 eV and a
pul se-len PW“B‘F’%%BHXKII’:‘?@‘U@F Varh?é‘ét’(%f‘r‘ﬁﬁﬁggd:c field produced in the trapping

vol une s—arounmd— 100 Gausy, W th—a Tanp-up pertog—of 1~ =S X
Quter coill s and B&atatron coiapslied\magnfzticifﬁlgﬁ?oback elzatnroh mgadarwelocity (w,)
(substantlial |y Hydrogen gas) was characterized 1 by a nean density of
about 10'[3"crri 3, Kinétic {temperature of 1ess Than TO €V The beam was
generated in a ddfftagrati orl Bype7pk&sma gun. The ﬁolaaﬂﬁ beam sour ce was
neutral Hkydrogen gas, which was injected through the back of the gun

t hrough a speci aI1 guff val Ve _'fl%%r nt geonetrical designs aof the :
el ectrodeF assenbl? were utillforedl n overal | cylli%d9-e& 3 rsangenent . The
chargingivoltage was typically 20 adjusted between S and 7.S kV. Peak

br eakdown current;s.in the gups_ ed 2S0, 000 Al Durj yt, of the
‘exper i nent al runslf‘sgaddi ti onld "—p?ge('-gi%gi zed plasma &% ‘pﬂ"ggfﬁgds by means of
an array lof small peripheral cable guns feeding into the central gun

el ectrode assenbly before, during or after neutral gas injection. This
‘provi ded for extherdsecbipul=sevlanhd Fd. 385 kbvelvas megnetRIonfisereendogiboth | ow
energy neutralized beam was cool ed by neans of stream ng through a drift
Lube of  neietronsiunstipny e mathuial rasspesrie G, svi g ) FRO(RT )L 4GRS chanber

The beam pl asma was al so pre-nagneti zed while stream n hrough .this tube
by #bans gapg]égipmg}p@rqqléa%& case g)e= 0. The width of the density d?strtlbution%r is
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The beam self polarized while traveling through the drift tube and entering
the 30 chanber, causing the generation of a beaminternal electric field

t hat of f s@lp é2aR29T8gNetic 48 WO (121(1@&112 PCT/ C S02/ 028 udobebgdsf or ces
on the beam By virtue of this mechanismit was possible to propagate beans
as characterized above through a region of magnetic field w thout

defl ection. Upon further penetration into the chanber, the beamr eached
the desired orbit |ocation and encountered a | ayer of background pl asna

provi ded by an_array of cable 5 guns and other, surface flashover, sources.
The proxi AFqupedpy g%@wr&f&qﬁmﬁihé@w&ﬁu@éﬂwyc Belds B X His Uh5caes PigBse i ts

. self polarjzation field and follow single particle like orbits, essentially
t rappi ng fhe beam Far aday cup and B-dot probe neasurenents confirnmed the
trapping of the beamand its orbit. The beam was observed to have perforned
- the desired ci Selntion fe Dl vRg :

along its orbi o; Iose 3/.. a_turn. e. e y

"ndi sat ed ¢ nat TRnAEReRERoS carieq oy CdndurSatbi o B TEORILERID G of peam
partg cl es &0 I/QRA ik b Rt Bt ifedrdiwo BRelcheithiPLotbhd, elgnWITd DEHEMAdE-
desited orbit.and, hit the betatron coil surface at around the 3/ turn
mark. To [B'bvErtequilitsiun benatioss@s)sctthdough 26) apdpnsaxcent thnt j/ sip bl 3/ dengtes

additional energy to the orhiting beamhy inductively driving the particles
by means STCCHARS Bk tHoy yResiipns vilier p'-érlilﬁémql ense zf"b%ﬁ b SfPrihe | 2i ng

tJze conalbyj anz| f 90 j Ul SR Aﬂg,s
successf uIl%llb§§%%ulr3r§hsﬁ??la%§é%}orﬂl???riegl ngh% g@{é@ érye %Sarﬁtgtﬂa%t ronhggin tion

t echni que.in {d¥is 00 Blhidathrp ARtliORt A dcordih@y mlitepativeandthodhes bden daslgredf or med
experinentally in a chanber 1 min dianeter and 1.5 min length using an
ext H¥ nal | ythaipegine svitheegrappraximpteselugipnup to SO0 G a magnetic field fromthe
betatron fl ux

il. 320 of 5 d f. 1.2 105 oy |
t he experi nent ?ﬂ’lteﬂgnso%fﬁ E@s}uﬁ%ﬂggm‘éé%Sﬁgﬁvﬂu%gﬁggggﬁwrel@déﬂ%%vfio?fﬁ'lt& K hg

i on beam was_a ne! li1: & Fygr | ' 10'3 cm
3, a vel oci ? §/)"' CI){J&?E&{(@OP&&&% S, t@%@@gﬁ%ﬁ%ﬁ@%’gﬂﬂ&%ﬁ&%ﬁ%&éﬁg@e p.s (at
hal f hei ghtahsfeftifleGof @ 865N OBEiIRIEENREr thaX BeTibielEttren chRSohALyRat i on.
utilizirag tlae betatron formation technique. FRC formation utilizing the

bet at ron fleetanef aprordercdfiOfe Brasingroapprokimationg thepmehlemtvaith @o types afol | owi ng
par ter |evels: acyum ch er dinmensions: about 1' mdianeter, 1.5 m
Pendt b - SdoRHERde iGN & FRae e BIODRGR o hie Tamenti sonspiyiorfipaions tb
PCT/ US112/;LRf 3~ Plasma orbit radius of 20 cm Mean external magnetic
field proofuced in the vacuum chanber was up to 100 Gauss, with a ranp-up
period of 150 ~.s and a mirror rajio of 2,40 1 rce; Quter coils and
betatron coils). 5 The backgrmtMd=pepnt b?@b Tg%rya‘l‘qdy Hydr ogen gasis%s
characterized by a nean density of abeut 103 tni 3, kinetic tenperature of
less than 10 eV. The lifetime of the cpnfigyratnon ygas limted by the
total energy stored in the —nzmzm)j=nZZefE,+——2-th]—T272—. (60)

(& r

oL

A\

In the present case, T, = T, and @, = @,. Adding these two equations results in

20 - n,.<m, )(0,.2 =n(Z )e[E, + 1% B, ] -7 %& , (61)
c 2

where n,=n, + ny; 0, = oy =y, T;=1T,=T); "1<m,.).=.’11’"1 + n,m,; and n,-( Z) =ny + .
The approximation is to assume that (m,-> and (Z ) are constants obtained by

replacing »,(r) and n,(r) by »;, and n,,, 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 n; and , can be
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experinment and generally was around 30 -s.
first injecting a background plasma |ayer by two 10 sets of coaxial cable
guns nmouniyetydigdz@2ci rcul ar fashion inside the chanmber. Eagive@dobasdsion of 8
guns was nounted on one of the two mrror coil assenblies. The guns were
azinmuthal ly spaced in an equidistant fashion and offset relative to the

ot her set. This arrangenent allowed for the guns to be fired sinultaneously
and thereby created an annular plasma layer. 1 S Upon establislunent of
this |ayer betatron flux coil, was energized. Rising.current in the

bet at ron e%‘#rne&nffﬁm Bigs e aﬂ it £hcT eagg% 2 ZIF g l?er?ﬁp&’g’lattﬁtﬁ‘é’d? Wi ch

. gave rise,.to a0 Azl | ectric field curling around the betatron coi

Qui ck rarrBan}pt gh@l?‘lf{{éﬁﬁ ?%fﬂt in the betatron flux coil produced a st rong

el ectric fiel dnowtheRoReq8bRIBH 85h E@@bt@tﬂéﬁlb?{tmﬁhﬁ%ﬂﬁ e’qﬁé‘rﬁ{nsand t her eby
i nduced a si zeabl e current Sufficiently strong 2 pl asma current
pplied field

fi eI d at a d er 3u
Nf Gﬂfmtl(h@, @?ﬁ——r%%—ogf N T BN G et ai | ed(62)
| oops identifi th

jaextygnt str ngth and duration
dat

is shown b the tr of B-dot
E(Q)refidslém’\é tWeFablbe)sol ute stpength

The experinents proceeded by

i

produced a nagnetig
and caused the cr
measur enent s vvrth B-
of the FRC. An exanpl e of typi cal
proke signals in Fi . 1ogay, Tﬂe z(ilftt
of t'he axi al corrponentd ft 2 T25 rrgt?nety“c figel d at t7he axi al
m d- pl ane (75 cm from erther end pl at e) t he experr mental chamber and at
a radial mhetdi on of 15 cm The data curve B represents the absolute
strength of the axial conmponent of the magnetic field at the chanber axi al
m d- pl ane andafat m(madi al, posit)i on 8f 3D cm TheeBg,urve A dat

t her ef ore, i Cat,es’> mag et‘g f el d°stg,engt h* 1 nsj de the 2, plrasma

| ayer (between bet Wt ron coil Zhd plasnal while t Y6 30 curve B oﬁita set
depi cts the nagnetfirs iferfiod caﬂ b6 0Bfathe@ BY SibleitRIngtth@apretinfaterieslo? BgE) The
50 WO 112/11C 2112 PCT | U 511210285-4 data clearly indicates that the
i nner magasd NYE) irethe rightlmdeiles of Ens. #2iaod 68 iand indegrstingtp dbétinwhercoabeiad 23

and 47 ~zs ut el d stays positive, i.e., does not reverse
ori¥ht ati Efﬁluesf?r’le”l{’brfé(’g’f "ﬁe@;&

sal is limted by the ranp-up of current in
the betatron c Q,%e‘g% HRAG, t n coil, the
i nduced cur rentaarh n aﬂ%’ﬁgp fqgéﬁrrgafo%%r st aEhteégmlt“;g lggg?lgg‘sgglgﬁd t he FRC
rapi dly déeamysgicaldesdlts fonfusidaefuéls h&atslhﬁﬁnd)ﬁ Figse2FRD ttaotgin24 AeD lshetdettener gy
t hat can be stpredinthe experi nent. with the injection and trapping
exper i nentgygantities ngye 28 4R %?Qﬁe%iot%e plogod aéalP%F@e304=ﬁ@g$ i22éhilhe and

only. pr oudies el kBlorifeiffnd P ATRFES gl Bhis aot e PTG, Vo

ar g tfor war d
to i3l emgtatioly® i D-THRF R MokMalided AehRSDIRGE; Hiaatthaliyed dénsity®thogg can be

easily accelerated to any desired | evel of rotational energy and nmagnetic

field strdémmirmalingdselegric poiental 200y andube mrnmbmd Hax ZQﬂqulgh@3e"L@sélomal

11§ 21 ng 08 S SiGRD JoF g R ADBISZAY GRS DD e ERBPAT ABRHan FRC
utilizing o??f%y??éi R C(ﬂ-nf %éﬂilglbértnﬂfh&gﬁfm@% d?ﬁstla@ﬁ&ﬁlaﬂ%cf ﬂfxﬂ@ﬁk Figs. 24

experinment a In a raneter and 1.5 min length usr ng an
ext er nal | yA-Gpghowettie sage étiations for pl-Bif farphet wormaHzed, deasimagﬁ]zetzm; thé el d fromthe
betatron flux coil 320 of and a vacuum of x 10-6 to In the

B o o SR B S S S pateatal Pad P R ASBRIES { h of

ex
N T
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i nsi de of ﬁﬁﬁﬁ@kﬁng@kmsyﬁm@mmﬁﬂ@mﬂescr|bed above, or the like, can result
in plasnas ﬁavrng propertres surtable for causrng nuclear fusron t herei n.
‘More part Tablel:| d R S5 cdenls i : glsl erated to
any de rr__g_t_at_l_g_na_l__e fol Q_fIL f_l_nLrl cfrnncn‘J:L This—i s
crucial fop ‘ﬁyﬁnﬁn agp!l i cghitgns and cl psyi cal confrmqm@nt of hrghpghergy
fuel beans. the cdnfinenent sylstem 300, therefore, it becones possibld
to trap—and—confine Hrgh-energy prasmebeans pr surrrcrent perroas 0. f
time tp causer@. fusilon resction therewdfh. 30| To ad®6modate fusl®h, the
FRC fofmed by these nethods is prleferably 51 WO U2/ UC2112




PCT/ USU2/ U28S~ accel erated to appropriate |evels of rotational energy and
magnetic field strength by betati~on accel eration. Fusion, however, tends
to requi reyc@agittbcul ar set of physical conditions for anypydeambimsto take
place. In addition, to achieve efficient burn-up of the fuel and obtain a
positive energy bal ance, the fuel has to be kept in this state
substantially S unchanged for prol onged periods of tine. Tlus is inportant,
as hi gh ki netic terrperature and/ or ener gy characterize a fu5| on rel evant
st at e €reattonof —thirs—state,—trherefore—reguires—stzeabl nput—of
ener gy, WQantitan only bBnitecovered i D-Fost of theDiHie! uncﬁer ggeBf usi on.
. As a consequence, the confinement tine of the|fuel has to be | onger than
its burn time. This|l'eads t,0 a positive energy bal ance an consequeq;ly net
energy |0 oditput. AlsignicMcant |advAitad® of the i¥f &ddnt inven®PonlQs t hat
- the confinenent systiem and plasma described her ein _are capable of |ong
conf i henment t| mes, if.e., nfi ngmen L ips t hat if uell bur nydi nes. |A
typi cal stal® for fysi on cﬁg, t hys, cHar g@terl Zedelz?/ ﬁg)e folll ow nlg(S physi cal
condi H-ons- l\Aku QL'I’ ¢Tf{\’7¥ajr% ased—on-fuel nd- nnP%LaLl nn rle\ 1 S

oo

Aver age i op, Le)grper atur e: ¢mhm a rangeosh afut 30 ()(5623401()Rev anql)_]maf ep’abl |y
in a range of about |80 kev~to 230 keV Aver age| el ectron tenperature: in &

range| of about 30 td ' 100°ReV and preferably | n a range of |about ~gO to (100
keV Coherent—energylof the fuel be j d j i
plasnp 20 Reanm): in|a rangg of gbout 3@H keV to 3. 33V and prefeg@bly ijn a
range| of algmy,tv 300 lieeV to 3.3 NeV. - -- ~ - |Total nagneti i Co
range| of abbout 47.S{to 120 kG and preferably |n a range of jabout 9S to |20
kG (w lly appliedifield in a rahge of about 2

preferably;in rande of jglpout § to 1459kG . RS C aggi cal CGonfi nggent timre:
greater th rm.ztvge.fuql burn tinme |and preferabl Yg in a range of about 10 to

1 00 spconds. Fuel ign density: ijn a range of about 10'a toi(less than 10'§6
cm 3 and nrpfprahl Vi iLn_a range f about 10'4 to0 10'S cm3 lTotal Fusion

Power pre f_{)aba% |r1 a rqglgg of Jaboyt3sSOQ¢70 450 kWemippower peb 30 gem of
chanber I'éng h) 2 V1~"0 02/ (1|112112 "PCT/ USOR/ (128S.t To accommodate the

fusi 0 state J |l||pf at nri ahnava t ha ERC i nr 'Fcu‘ ahlgl Qr\nnl erat ad tna 1
T CTITO T T\ T J ’ >y vy T AL UUuU O\ A

TCUTT oo v

| evel | of cohgrent ratatiogal energy pr4jerabl ( i n a4gpange of aboufp 100 kieV
to 3.8 MV, and nore preferably jin a range of {about 300 keVY to 3.3 MV, j@and
a | evel—ofmagneticifietd strengtrit preferabty|Tma Tange off about 4510 [120
kG and noreBpreferably ikCa ragE;e of Sa&8out 90 to BB kG At thebk®3|evels,
hi gh energy ion beans can be injjected into thg
pl asmp beam Layer wherein,the pljasma beamions are gneticgally fined
and t Ele pl aé%'z beam lel ecﬁ Bfis arle el ec'?r ostaticall ygﬁonfi ned. Pr gg rably
t he ei\rIrrm temperature s keptias low as practically posgible to reduce
t he apount Q,f,, br emsstrahl W9 radl ati ongpowhi chican, gpherw se, | ead7to
radi ative energy 10 | osses’ The kel ectrostatic ener gy wel | gf the present
i nvent —effectiveneans—of —acconptisting—thirg—The o
terrpe(ature (5,- dB,ef er abl yakept af a2l3vel0t hay pro9s dad’ for| ef PiSGixeky
burn-yup € fu ion cross-section is a function of iorn tenperature.
Hi gh Fll rect e@é Qy the fuel ipn beans is egsential to priovide classical
transport as di scussed in this application. 1% It also mnijm zes the

effects of i r[st abij( ities on the fuel ;plaspr. The pganetd ¢ fiiel dgbs

FRC and trapped to forma

D

i

0, =0, 1- Ez—o
T, keV 96 170 82
T, keV 100 217 235
rAr cm’ 114 203 313
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consistent wwth the beamrotation energy. It is partially created by the

pl asma beam (self field) and in turn provides the support and force to keep
t he plasnwdopagrQn the desired orbit. Fusion Products 20 ThaidesSiSidy
products are born predom nantly near the null surface from where they
energe 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 themto change field |ines). Because of
t heir {high_kinetic ehergy_(produ¢t 10 ave nuch higher energy th the
fuel ilons)QUARELY ysi pn p%@@%&ts ¢an rgéﬁﬁly crloss Bﬁ e§5 separ at Pt p84.

. Once tlhey are beyond|the separatfix 84, they can |leave along the open fie
| i nes |80 provjded that t expetience atterling fr, i on-| on calgld si ong.
Al t hough t hi coIIisionap%%Fbces$ dOESZ%%t ledd to d??}usion, itqgét change

d

t he dilreetion—of-thelionvelocity-vector—such-itd

the magnetic field. These open field Iines 80 connect the FRC topol ogy of
the core h I i field provided outside the 30 FRC

t opol ogy. $e 5 O CL R AP S ifferent field lines, which they follow

with a 53 W @25ui&lhis Relétbistd enbddBentofd cﬁ)&ﬁdixl%éﬂt@.?st% 300 QE&r8ng

advant ageously in the formof a rotating annular beam In the strong
magnet i ¢ fa tlegsestaindendions iThe cotteingephsyatent X0Bdoniprises 8 shambavalliDS10g kG ,

th dugt . i h; i at di stributi f -radii. that [

1o m APARRPAE SRIBBB AP0t 0o PEo R SRR UL SYHIATBHt o most
X fe ORIae . eleal

ol | s 1 SEiRe] b pHACRIe A 1o%orte PSR RIHA] PR IV ORI .

Vpe, ~, i sthiheomainmehh@istened @iotayfusisn ecictvl gitlis\Wet Esirgttaticate avaoume oa nkirel d
line as the orbital center. Since the field |ines spread out after |eaving

t he vi ci nivespust insidle therehambisn B HyyCondeatricayith the painciplecaxig 3 teifdbetagrod dikease

while th [ R This i f th
ot abat 1 ¢ ooz SRR ETRE SnRap e Too e BpCeRC R aRRS She 1t i s
el do knoweidoficheritht cdidhs SRAREPAIIBRNL Blred OBl dilthd d1ofly BRYIShw ol d

have a nagnetic nonment associated with their notion. In the case o

parti cl es whieh prgfeaibdy gorapsises warmHelngindpgragitiptei sepdratel odils, tahd mostparterably st s an
adi abatic inyariant of _the tion described by %2 Mvpe~, )2/ B. . The product
i ons o bi Pﬁwéglawﬁmgs Pﬁe%bput@grp%eﬁa%ﬁecwlﬁépgoﬁ ﬁg@we%gr%abﬁaﬂ?f@%gﬁent
and such i i { j J A L ti -Si B
docr onses Ty PREELFe it S ARl RSRARERINIT TS EX AR PIREE, J

l i nes), i tindidd thebstatrbatoiV P20, subdtddtially keikeskreciéarr efahe phycipleanis 3352. Thus, by
the tinme the product ions arrive at the uniformfield re%i on their

rotkt i onal enedypungbihie@uisidq afdke ehamberyml 08 frean outen el 32ie rldg outen coil her

Fovent ; on s PRk BFEREIPodinl Bobis RRPLAML Bk sRAPRARE hurpfd o, pe
speci fi c @xatPleaxideTR ol hil am RRR T VRIhRhAINEsyHiANKAES THRAppRxBitRInN

described in detailu It should be understqod, however, that .he invention
is not t o thes the magretictiicld duee tpdhea duted eil X26risrcatistank akphrallalto axgs Bhiscont rary,

1 o mi bR R e B BRI, S P IS S
02/ 4 1 2112,;B6T £di? %Zﬁgﬁ@gﬁ?& Mhasse éresahe[%tiegfb d;h%&iuc"e- aninBe A hRB Afagent

device conprising a c a nmagnetic generator to apply a nmagnetic
field w t lingidé the chinabdred]1 0%t sachshdnthusibéndirgd tha gnagnetid field fihes iawiard atfeatine
chanber, a current coil to induce an azinuthal electric field within the

chanber, #Rd £5951Figns a8 PoeAs exnlpiped this bendingmnvasdh ebiheifield inesdelpsie and

ions into . G . .The cont ai t Vi f ¢l ai rein the
‘magnetic fCIE) gﬁ‘%}‘ tg g ﬁgagér&agr%‘jé %ﬁ?‘%%@?egp%%{t} a‘ﬁl?l_%ﬁﬁ ngef 8}3@)@& {(poéﬁn\sé{o‘@% t endi ng
about t he peRpdtRehe mifordoild 380 6P Bl R Avay @c}ohme%hds:wﬁéreﬁt?c_a%@éagb the he
magnetic field generator conprises a plurality of mnor coils. . The

corddai nnercon@meant systers 380l e wimporcdails 346 camberadaptedfth pralluge aeimareased s

positioned exter tqg th hanber. 5. The, cont ai.npent deyvice of cl.aim1
Bher oi nt ResatinBeiot Fheuids GEAamaets o melis SORME i Mea et re Rereehiabber
6. The contai nnent device of claim1 wherein the nagnetic field generator

is tunable to produce and control an electrostatic field within the
chanber . 36



7. The contai nnent device of claim6 further conprising a control system
coupled to the magnetic field generator. 20 8. The contai nnent device of
claim1 wwaseiew2ine current coil is a betatron flux coil. et 08802854
contai ment device of claim1l wherein the current coil includes parallel
wi ndings of a plurality of separate coils. 10. The contai nnment device of
claim1 further conprising ion beaminjectors 25 to inject ion beans into
t he chanber. 11. The contai nnment device of claim 1l wherein the ion beam

i njectors 0 10j .el ectrbescharge neutralized i.op beans into
t he chanbé?gI%{lﬁqﬁggtf%ré&@%gn@éiﬁﬁrr%%r C&Eal\s/lbg%l %e%ln}ﬁ ﬁ\e f“%‘&ﬁﬁﬁoﬁgﬁ ﬁ’g R ®hber is
- gener al | 'y coiid 3301k 68érlappfhglBe mie: wARBY KiiBthe @Y} &8t Pf5.cl aim 1 wherein the

chanber is generally 55 WO U2/(1(2112 PCT/ USU2/ U28S-4 annular. 14. An
apparatus for ddwstoaiaticad 3p5 asdminemwils 80 greshowamb Eig. 28 implgmehied oatsitle

el ect tati fi t t bly . iiated wth the 5 chanber,
and . pl adiecheBTFERa S0P Ve S TBERe okt ol bu Inases ereiBpar at us
nd a | . . | . S THiErebp
Qener at o T R % loa R RO ARG dBoR Gl b, ©

appar at us advantdgrons tb HGaosthe edily 320583 3d@side it dhiagiber Wals 365 be@lsk thevialese 10
topol ogy. 17. The apparatus of claim 16 wherein the magnetic field

gener at or b dgrkesder thegnagngtic figld ¢g diffuse threughl the sselléNdimay berolativelydarghanber .

18. The a atus of.claim erein th netic field.ge ator further
conpr i sesgggg]uﬁrcﬁﬁett?e SISty % 6% 0 rggﬁlsg’ggﬁglrg&q?l 3@%&&? %%9%/3? éﬁf‘{aﬁé’ef" eld
coils. 15 tﬂegshaﬁé‘gf ARPASREPmdef, 1i5d HaMbtBwHI8HS 'f(ﬁ‘rrﬁﬁ%a [@%P%’iﬂu?arfdn gy
generator further conprises a current coil positionhed ong a pfFinciple
axild of t Isachcheasbethe betatroulfioe caih322 tonld haimplemented oufsidel of thd dhambet Wwell
chanber . 1%8 .T&g agtparﬁ)us of claim19 wherein the current coil is a

bet at ron £Puid hsiceniepert FronylapHpgt Rrefesably) the fansp waH demning theecenter af then 1 ux
coil conpry I i ndi ! ' f se e coils. 22.
The appmatahlz‘ﬁgﬁ‘%glla%%gggﬁ\gﬁr %g{n ‘elafm ngﬂte‘qélaslt"\h%%scigl 6ses?1e1$52{"12frbeicg Funabl e to

produce angparemt thelchambed ACtm@s babf uffidieiitedind Whhpe to 2Bow theciarPaimat us of
claim 22 wherein the confinenent system further conprises a control system

coupl ed t dlasme beagratlaxer B3 2iadrogpsmanonndthe priBciple axih2l agtpeaginerusdios. cl ai m 14
wherei n the pl asma, source rises.a plurality. hackground pl.asma guns
or |el nlt ed to !Onjalzlg tc_hgmﬁgc‘ﬁadf%@nr&%g%gwggpgﬁ Qlaély”ﬁﬂ‘?\m’%ﬁglg&@%g‘@?‘ct he )
chamber t Qu@hchbRitd] Kol h@fiel Ofin 58 LCHATRR! chafer \-;BEE 39PRRAb URinQdq cl ai m 24

wherein the plasma source further conprises ion beaminjectors to inject
i on beans cowmtercuirents athoemater80, 1fhs td keepathp atepnetic fifx frbmi esvmgtherein t he

ion beamipnjectaqrs are adapted 56, WO 02/01 2112 PCT/ US02/ U285. 1 i nj ect
electric EH%PB%%@UW&}H%@?%&ﬁ@aﬁémﬁmrdv QIL%CTEH‘&HBW.@Q a mptesiab ARG nment
devi ce of i i S ral | VAN | . The
cont ai e Sl BORLRNN, QR P ol BN 0B OIS B e

29.20A pl ashm wonid beaesesdarss Yintsach & 0f8e] 4 sérieg oficloksinioep, fla nied ik odll Bk d

generator in operable relation with the chanber,
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 magnetically

30 contained in large betatron orbits about the flux lines from the outer coil 325, which are
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a field reversed topol ogy magnetic field, the field reversed magnetic field
formed at least 10 in part by a nagnetic field generated by the magnetic
field gensv@omis2iian el ectrostatic field within the chanberppfp H&s \4and
controlled by tuning the nagnetic field generated by the magnetic tield
generator, and a plasma conprising electrons and ions confined within the
chanber, wherein a plurality of plasma ions are confined by the field
reversed nmagnetic field and a plurality 15 of plasma el ect~~ons are

L ect r oSt aks i ed- by khe el ic tiel Th t em of
e 3¢ Bl e e, S5k 6L o RS

: subst ant i 41 addiigadasnumiohy tocthatiatuisithg @ asidBeasy $3 S (BE clﬁn%%?@’lnv‘{:erei n the
plurality of i%lﬁgsrﬁ?qd ons are substantially non-adiabatic. 20 32. The system
preferygieema

of claim igRl Rednigetpr ports 3491 ane adepkedits imiee anibis beumt atadbloyit
“energetic rhite 0.l arge radi us.orbi.t ithin the chamber. 33. The
syst em of t}gelrkglrr% rgglﬁl u iogli tgor{l e ngg s ig w @’%F’@ﬁh%?lbqlﬁ%m@%weam
wavél engt B35 &f connanal (U5 atoh AN ERMFull hn sl he. systgm of
claim 32, wherein the( [ o?n orbits uarsgﬁiiél%s?gﬁit’#é'}l]%ﬁ%gpﬁor%ﬁmgaﬁ? ?%PE 5
35. The sy#Q @iRchfondieamm33Q (Seeftip c18) targent tomnd irbiht SlireéteonsefIBs BabticH dyiti N @

di amagneti g,,di rectiqn. 36.The stem of claim 35, wherein ion drift orbits
are subst gﬁf}ﬁe&f){’?’qeﬁp}{‘ﬁ adﬂeé‘??éé etic direction. 37.The system of claim 29,

wherein field Iy f Ly Liel ted by 30, the magneti

el gener at of eaigt et S 2 L Fond Bt BISK R Girosh Migon MischAdpl o ax o

of 57  Wiouaf pb2idgetiddanitemtone (RETRA 5302402 BRedrAnlRRAYR 4 Of claim
nmp

29, vvher.eLn the field reversed nmagnetic field conprises a conbihati on of
firdt andbakenrad plasmarsources 34 Sare adimedionditeoeplismas33 ogaed ihe akiabbehtdrs

gener at ed t tic field.generator. 5 39. The system of claim 29,
wher ei n tﬁg%&"g“g‘%’ﬁ%%g?t iItEhals:bg?rhf B hat drecting the plasmaa thas way belps tel bettaer gy

el | . 40. Theais Y5 S8R 338 AR 1o WHEHSI LakistY ;0 pl asma el ectrons
are substantial | yﬁcont ained W thin t%hg’k g? g??r‘%é%ﬁ%%é%é’f %’ﬁtcf)&FmBWé‘F gy well.
4l . The sytagom withiolthe chagher Wkrein the field reversed magnetic field
produces 10 Lorenz forces on the plurality of plasma ions that dom nate

el ectrostatic field forces to magnetically contain the plurality of plasm
ions. 42. FhgnatbabeMeatRE! @l M 29, wherein the electrostatic field is adapted
to direct ton ' '

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 external coils is rapidly reversed and the oppositely oriented magnetic field lines connect
with the previously frozen lines to form the closed topology of the FRC (see Fig. 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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drift orbits, of the plurality of plasma ions in a diamgnetic direction.
43. The system of claim 38, wherein a second nagnetic field having a

pol oi dal Wo gaeeliegy is forned due to rotation of the pl apma/ushdoldag system
of claim29, further conprising a current coil positioned along the
principle axis of the chanber and an azinuthal electric field generated
within the chanber by the current coil. 45.The system of claim 44, wherein
the magnetic field generator conprises a 20 plurality of field coils

ext endi ng @hgubold! M@%@&@%e gfégerft'n’iétﬁocﬁr?ﬂn $ECAIN Xdntisd to-RichieraROmE FReNed
adj acent opposing ends of the current coil, wherein the first and second
m rror coitd seactoc levalsgarhetersegd ihighdenendy fuebcureenise tndadviaslagegshemableslthzy t he
magnetic field generator adjacent the first and second ends, of the current

coi | . 46. Tissisgleoahingnent ohfheians. RKysbeanores the techipiqua canlys emplgher indes

« paral l el w_ndi 2 . A, ralit f..S i)S. / em of

cl ai m 45, cm@élg%vltcgggé g\r%étj()blﬁét § Lymeglt aasnet(?i %{oﬁ%n%ée}?ﬁ?%r{rt]draillémégﬂipggﬁya?\ Y system
of ¢4 ai M 4RaraWeAsRisTol REctePSIMRATs. | S substantially annular. 49.The system of
claimd45, further conprising ion beaminjectors injecting ion beans into
the field reverla¢k pragmeetholds,ARC formation redaes wrihe givetiating padna beam 335.

perpendicular to 30 field |lines of the field r rsed magnetic field,
Bher el n ¢ hit crp b aPeRieind Chst Hikgaretleting plaprs Sgn S (GeCHusP ghip 3 pigent, Sestes

chanber . SoRd ERRRAEREL B BuG oG ATR I Poltl ue® UG

pol ar i zed.cifShlafing pymb 8araf336) thé Magictioderrfivld tHabit ipdueendppeeythe sasmally | east
two different ion species. 5 52. The system of claim?29, wherein the plasm

conpl i ses appliedimagustie fieldiue ©3he mutapetiot? SofOwside thei mepmea hagsta, Hevi ng

I d i. hod | Si he.. f: ical l
cont i ni ng 1aogeliF 3tF-Astags Thind Sme FERiot theuph SlEadic sy WEh IR, 7y .
plurality g;%snpi B WBrrEhtas biBBRntly Rretd thelRE-AEY BOGcthethdhppIRA. fiddllahd &e

conprising the steps of generating a magnetic field within a confinenent
st r uct ur e, magretiodighiatversds indide thacinglating plasrda beane 838 dhareby foguiregt the FRCFRC)

t opol ogy, generating an electrostatic field within the confi nenent

st ruct ur e, opolege pethorasindtige 8P I8 forning a potential energy well, and 15

contini ng the P ahiifongh Bl B3l 093 dARAPELIARK Vil dthflebifeERC mmonet i c

f eld and the plura asma el ectrons electrostatically wthin the
potenti al Eaeiddy alvelebtricTurredt e cireied B¢ aGingtIfandjororadiug vy drdaninopradiussi w9 t he

step of substantially classically containing the plurality of plasma ions.
r,» The magnetic field at the center of the ring normal to the ring is B, = 2nl,/(cr,).
Assume that the ring current I, = N,e(Q,/2n) is carried by N, ions that have an angular
velocity €. For a single ion circulating at radius ry = Vy/Q, Q) = eBy/mc is the cyclotron
20 frequency for an external magnetic field B,. Assume F} is the average velocity of the

beam ions. Field reversal is defined as

B,=—2""03>28, (64)
’.OC
which implies that N, >2 ry/a;, and
,
1 2% (65)
P ma,
25 where @, = €%/ m® = 1.57 x 10" cm and the ion beam energy is 2, ¥ . In the one-

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

current per unit of length. The field reversal requirement is i, > eVy/mrye; = 0.225 kA/em,
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56. The nethod of claimb55, further conprising the step of substantially 20
classically containing the plurality of plasma electrons. 57. The nethod of
cl ai m 55, wohergrinzt he step of substantially classically cogtraidabogssy he
plurality of plasma ions includes containing the ions within the
confinement structure for a period of tinme greater than a burn tinme of the
pl asma. 58. The nethod of claimb55, wherein the plurality of plasma ions
are 25 substantially non-adiabatic. 59. The method of claim58, wherein the

plurality of plas ions are sulstantially energetic. .60. The t hod of
cl ai m 58, WBEIP[H@e'r c ﬁipffqui’i’i‘g/tlt h‘g%btegfo P%Faé?‘ld]cfl‘*ﬁ‘gﬂeﬂgdlﬁlnﬁlgéﬁ?q :13f pl asma
. itons within the FRC magnetic field {n,ar radi us betatron orbjts 30
wher ei n t Agregegiover hgiadial esrdisate @F\(&’eéﬂ@mdﬁﬂéﬂ isthenenesing). thsmspor t
causi ng 59. (12/11(i 2112 fluctuations, PCT/LIS02/f128S-4 6§1. The met hod
- of claim Hus “\\Sgﬁ)"ér“é‘?‘ﬂd i 1B &G RVGHRFTRIENEHP ﬁﬁl%ﬁh? %%fémﬁgowqm%ert y of
pl asnma i OWthiin-Qléj&des causing the plurality of plasma ions to orbit within
the FRC nmagneti @ field due to Lorenz forces acting on the plurality of
pl agma i ons. 5CermbinddBdimi/Bediroh Feingdtivn®echiibdiié her conprising the step of

orbiting the plurality of plasma ions in an diamagnetic direction. 63. The
met hod of cl ai /A Befered matkad ofdapningiadRE wathint the confinamest aysta PPy di recting

ion drift orhjts. in t di ama ic direction, 64. The .nethgd of cl aim 54,
Further  c8RPRPE] Ve i hetlo s rae G Do RS R G Mg s PRPrord) g

Wi thin the,aomtd Bm%gfﬁeraﬂfs.tdfr aspfIons\Eh BBERGE aQblerdt R Mshid thd bEthiRG
conprising the step of"rotatin the p?.asma and formng a magnetic self
field. 66fluXlbeil320.hod of claim 65, further conprising the step of conbining

the applied ma%netic field and the magnetic self field to formthe FRC
magfet i ¢ fi el dlhefrestepimthisimethod 1to injest Hsubstantially srawlas sloydilayergit he step

Furt nor o appereit Sl e o BrRplR) Pl HRERe g Bt 3s DRI 2o

of claim g§j 3@5%1‘0'&@665%@%135& FS1d ia6ids HRRhambby TS hdidhi MgkmRAgd e 20 fi om
the potential energy of the electrostatic potential well to the fusion

product i baskgraldd plassarsAtsbdrtafitenialsi laveenergihiondieams hes ipjeaisddnte thepr i ses
d fuel | ies, 71. Th d.of claimb53, f h i si
e ot eps bbb Brong ths BispiPr Bertadi b Rental§i Ghostine BabOGPBERR | ng ¢ he
ld ed i | . t i i . 72. A
apps € ”@?%l?etd! rﬁ%g[deﬁlf ﬁg@ﬂﬁlﬁ%&ﬁgﬁ ?Rﬁ ASLxiin&d S5vEORE ?cifdelfe @k

nmet hod of rmng a reverse I guration nmagnetic within a
react or chappelwitlhinphé shantbet BE0 & lape befatiganebiatbiyntlisanagnpit field. Mhghet i C
field in a reactor chanber in which plasma is 30 filled, 60 A WO 112/1 Ifi
2112 PCT/ brspamey be generated by @ iofyaqeslsrarasuehias 8B acoeeralgheomeRiisiRgdione fi el d

Within t h%iorcﬁ%%&%ng&%%Rgrator. (see R.B. Miller, An Introduction to the Physics of Intense
Charged Particle Beams, (1982)). As one of skill in the art can appreciate, the externally

20 applied magnetic field will exert a Lorentz force on the injected ion beam as soon as it
enters the chamber 310; however, it is desired that the beam not deflect, and thus not enter
a betatron orbit, until the ion beam reaches the circulating plasma beam 335. To solve
this problem, the ion beams are 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 appropriate 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 ion 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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formng a rotating plasma beamw thin the chanber having a pol oi dal
magnetic self field, applying an azinuthal electric field to increase the

rotating we@akipz20f the plasma S beamto a velocity at whcghydobgg3mgni t ude
of the magnetic self field within the plasma beam overcones the magnitude

of the applied magnetic field causing field reversal, and joining field
lines of the applied nagnetic field and the magnetic self field in a
conbi ned magnetic field having a field reverse configuration (FRG

{ OPO! 00 pdihn 1ol WREIRGHCAL P Bnhds Mse{oe-mvfeaeopfﬁﬁ%n eadBBRELI N0 L he

applied 10 nmagnetic I ncfudes energizing a urality of freld coils

- ext endi ng cediacts tHelpaseiueBBserAs depictdd) eleerbinofilomthecplasnm I35 winet glongt he ion
beans are inj ected substantiall %/ transverse to the applied magnetic field.

75. The niagaeticofield liapsintoiongis oéthe bepm 0ephish thesphycdramg thaheamonelpethigs
furth N f. 15 thilizi he i I ni h
lectri o BORAMG A B DR ie oo kG D hel st e R B hE g a0
Lorent z f @1, 0Qakilep1hOnd HEn PP IEfodimenEdrbR afouill theOptirichife RAWBI $lak 2R6lyA G

beans to bend the 1on beans into betatron orbits.” 76.” The nethod of claim
72 furthefFig@sprising the step of increasing the 20 nagnitude of the
applied magnetic field to maintain the rotating beam plasma at a )
predet er mi ned Magndhe glaswa beam 336 drawels fnids batatzanerajtAbe woving ipng ¢RINIESSy of

applying th e he tield | d f Rl I 2] rron flux
coi | wit hiar?%fr%ét’ g"ﬁé{%ﬁ‘éff‘ﬁ%&%%%n@%%gﬁ@% eé%ﬁ@%?“ﬂﬂ@?"‘@%ﬁﬁ%% ?gcr)lg t he
step of i RgIoRASI Wlhihhke dRntHeér B EN)tit & hecddghy tddciehsdthe otlocitpofitie plasmat € t he
rotating plasna beamto fusion |evel rotational ener The net hod of

) y. 79..
cl aiim 78 fearn3es, thoninciessing therpagtieds obtheimgemeti¢ w-ﬁgd thes reeplesimd baion

| pvel energy WDL0 LAe, CEC, 200 L1 aomi o, Lhc, DESIE 40 bk abr G Stbikbeu
o g Bl AT S e SR,
i nj ecti ng rjak asaBRIONt(Sed RigsaPpprd BY). To@adkiappleciated thdtf toimaittam thé sadiedr
applying an azinmuthal electric field within the chanber. causing the plasm
to 5 rot atdistaneg of Hierpirgulaing plisma bagia S5 én the betafrop ogbit, A8 NPERBAYI ng t he
rotpgional, el 8thd dppRba HiEnBl SRR fofh HBGLERES $56 I WY Bl Sehh 385°
increases in velocity. A control system is thus provided for maintaining aﬁ 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
' f)iésma 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 qf 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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magnetic self field wthin the plasma to a | evel that overcones the

magni t ude of the applied magnetic field causing field reversal, and joining
field |Iingg @lciie applied magnetic field and the magneti ecaabdozhisehd in a
10 conbi ned rmagnetic field having a field reverse configuration (FRC

topol ogy. 81. The nmethod of claim80 wherein the step of generating the
applied magnetic field includes energizing a plurality of field coils and
mrror coils extendi ng about the chanber. 82. The nethod of claim81
further conpri g ' & j - 1Hehe applied
magnetic fiel d%lt1 g&%&llﬁ?é%hﬁ% ﬁ{assalrrgt% g@?%é&%lfggﬁg%gtta&gﬂg?%ﬁ?é@?ﬁlﬁed radi al

si ze. 83. addeferamiinhsfdirgfle prticles Birstaneideretl h@hs geprafiusgiibys mg MQRevidl ectri c
field includes the step of energizing a betatron flux, coil within fhe
chanber . 8hangethecayse [{gactsasee prd the @BPies mpgnetic digkhmust changedo sragpaigithe

i ncreasing the current thraough the~flux coil to accelerate the rotating
pl asnma tog"f‘{igsl %ﬁg?e@éﬁ’a%%ﬁ"g?fgvoéﬂg%y 85. The nethod of claim84 further
conprising the steps of injecti EE i i,eaiI usion level energy into the
FRC sand trapping the beans in béelLat i wtpin the FRC. 25 86. T6®
met hod of claim85 wherein the $tepQofdti nfct¥ng the ion beans further
conprises the steps of neutrilizing the ion beans, draining the electric
porl ari zatwhere from t he neutralized ior, beans, and exerting a Lorentz force
due to the applied magnetic field on the_neutralized_ion 30 beans to bend
the ion beans into betatron @&t hithg 0% ¢E _ e 1 0¥ 67)
A AL{". AsU . A" hs. A" {L. ALhsg:ANm,cA05 . Ash. ALsmRs2H{0t. AL’ . ALs. A .s.AL[s.’As’
ALU. A" .s. Ash™ . ALL. As. A'5s. Ass. As. A" . A" . AsL. As. As . Al ", A&s. A L. AL" . AL. A9L.
A9L. A&. As and3his.the magnetis fluks. As. A" HL. A9s. Ash” . A" L. As. A's. Ashs. A { . A A . A
CALhL.AL> . A" Us. AL’ . A {L.A9. A9{L \sbLFOQ 2 < Bj n

zupke' [ WV] ca] ca] cal] ca] cRa] ca] cay]-c 13_%9@@@}5({@1}:@] ca] ca] ca] ca] ca] caje®] ca
] ca] ca] ca] ca] ca] ca] ca] ca] caU] cal] cafca! SV d :

]1 ti*(fzw'wr }gsp% XV] ] ca] ca] ca] caV] ca] ca] ca] caV] ca] ca] ca] ca] ca] ca] ca]ca] ca]ca]c
aJcajca]lcalcalcalca]ca]calca]calcalcalcalcal[s)0q }}, 38;

Xzupkf " [ VI gb] XV] ca] cal] ca] ca] ca] ca] cay] caV] cq] caV]ed] ca] caV] ca] ca] ca] ca] ca]
caV] ca] ca] caV] ca] ca] ca] ca] ca] %g\;]:_ca};cgia%\é]g I_E%L ) (69)
"UEZ& T (X(((B))*O+H, -T--. X EVENE {oupj e_7I gh¥¥V]ica] caV] ca] caV] ca] caV] ca

] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] calca]ca]c

aVl ca //1/70RIRg. 61bit fdltollslthdt

=2 70
ot ot (70)

and (B,)=-2B, + B, assuming that the initial values of B, and B, are both By. Eq. 67

z

15 can be expressed as

— = ey ——, (71)

After integration from the initial to final states where LmV?2 =W, and tmV? =W , the

final values of the magnetic fields are:

B, =B, PV—=2.19 kG (72)
W,
W ' w
;
B, =B |—+| {—-1 =10.7kG, 73)
r 0|i w, ["a}[ W, H (
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] ca] caV] ca] ca] ca\/] ca] caV] ca] ca] caV] ca] eaVv] caVie _,
aV] ca] ca] ca] ca] ca] c*a] ca] ca] calgal€Bat an%vz-kﬁ—}wxsnhb] WR} xsn] caV]({@a] ca
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?B0OS| uohb] XS{ vpke ZU} xsn] ] ca] ca] caV]ca V]c”*aV]ca UV]caV]ca W]caV]ca -

WV] ca] caV] ga¥|(cavhePc aycH oh end} cale av] seit balloovsethat]rg ~26) Tem. , is the

V] c"a\/] ca] ca\/] ca#f +!' $(*CF egkrrp| | wa ga\Wxsn] ] ca] ca] c"aV] c 'a] ca] c"aV]c"a]c
a] c" a] c" "d}lasmag evrrea} perajngt: 15@51 'a] c""a] ca] c”a] ca \/] cfalcalc"a

ChipRa] cal] ool S alpith S R IR ST sy LS SR

V] c""a] ca ondl c"aVlc"a] ca] c"aVv] c"a] ca] ¢’ a\q c"a05: =BEN
RZkor W"l %yﬂmg%éﬁlggb ]\/Pca] caV] ca] caV] ca] ca] caV] ca] ca] caV] ca] caV]
ca]ca\/]ca]ca\/]c a\/]ca]ca\/]ca\/]c’\a\/]c \/](97 aVljc"a V]c""aV]c"a
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*P_cgw} | wmhc] X} xsn] ] ca] caV] ca] ca] c"a] ca] ] ©2a ca] c”a] ca]c"aV] c a] caj c”a]ca
cMa]jca]jc"aljca V]chalc"a aV] caV] ca] caV] ca] cal] ca] ca] ca] ca

Wzt of vy WFﬁBJW@aV{r]lwt\aa'\/jto%\gssm]vp@g ot Gy ond e vl

'V] c*a] caV] ca] caV]ca V]c*aV]ca V]c” aV]ca] caV]ca_V]c aV]ca] caV]caV] ca] caV]ca
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Other equilibria are possible according to the choice of B,.) The equilibrium equations
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V] cMaV]ca V]cna]ca] calca]ca]calc"a]ca]lc”halcaV]ca V]ctaV]ca V]chaV]ca

V] cMaBE nr | HTgj % - xr kf * ZSi d] WQrhc] X} xV] V] c”*aV] ca] c*a] ca V] cMaV] ca

V] craV] calvef@lwalisaV] ca V] craV] cal caV] ca] caV] ca] ca] ¢ a] caVicamosiml caV] ca
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V] c”ra] caV] ca] caV] ca V] c”*aV] ca#AKQacysni d_XRd*"YTNmhV] c] c*a

V] cMa] ca] ca] ca] caV]ca W]caV]ca W] caV]ca UV]cal] ca] cal] ca] cal] ca] caV] ca

c™a] cal ¢ n N a n n N - =
TAO?J’\]ZJ v]qkafeg'r[‘stsﬂlnﬁlsfﬂﬂc%ﬂagb g’aﬁ:@aéﬁagﬁlgg]‘&iﬂ'@g@%ﬁg g\?e/{)f(;%ﬁ“ga t(’:‘%ﬂ (T:/é% cajcalc
- "a] ca] caVle@¥hng abestdift 2'vhe dondigdinivl aas M tEE e ER¥hC Eq. 67 is also similar, but

V] cMa?DNUYou| % : Hqv| wr | f a\ V] c] c~U] ca] ca] caV] caV] ca] ca] ca] caV] ca] caV] ca]ca] c
a] ca] c”a] and Ataheetid ¥ wdscaladditoad]tead, 4], cElcAA Bd] whdre aV] ca
V] craM 0GXkn?Dzvw~xsnf " [ VP] V] ca] ca] caV] ca
V] cfaV] ca] caV] ca] ca] ca] ca] ca] caV] ca] Q_a\/]fiﬁ ,Lehalxetav] ca V] ctav] ca
V] cMaV] ca] ca] ca] cal] ca] ca] caV] ca(]Bg}aﬁ(B@ja-l—pa} QH%~XSM "[VP] ] caV]ca] a¥j ca
]caV]ca V] c”Ma] c™al caV]ca V] c”a] cMa] caV] cE] cal’edi’Gal caV] ca UV] caV]ca UV] ca

5 and
2 2
— ¥ r
B, = —BF(—”) —BCI:1 —(—“—) } . (78)
T o

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

" B,-B,\" 1
L 2m~dz'(' - j =5L,,1,2,, (79)
from which
r2 =yt 2xty?
10 L =t—=2 & and
P rbz +ra2 cl
(B)=B,+—1L,,. (80)
ary

The betatron condition of Eq. 70 is thus modified so that

0B, 0B, Ly,

2 , 81
ot ot ml ot ®h)
and Eq. 67 becomes:

V. . B L ol
15 V_end e 0B e 5% (82)
2mec ~ Ot m, 2nmy, Ot

22
AB, =~2B0[1+'b s ][ {E—-—l] (83)
T W,

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

After integrating,

determines the value of the magnetic field produced by the field coil:

-
20 B, =B, fﬂ— =2.19kG (84)
W
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V] cMaV] ca V]c™aV] ca] ca] ca] ca] cMa] ca] ca] ca] ca] ca] caV] calca UV] caV]ca

uV] caV] ca%ﬂg‘g\/j ca W] caV] ca& 29>AG QAN {} xrke_XRM e [ U caV]ca V]c”aV]caV]ca

V] cMaV] calCaV]ca V] c”aV]ca V]c"taV]ca V]ctalcaV]ca V] c”ha]ca

V] cMaV] ca] caV]ca] caV]ca V]ctaV]c zc’\a\/] a V]gla#) ! d{sma[ TNje [U V] ca

WV] caV] ca W] ca] caV] calWv] ’\aBUVL C@\ﬂ c”bafsd aC Lﬁgk@a\/] ca (85)

V] c*aV] ca] caV] ca] ca V] c*alca Vfc aVjca
+ V] c™aV] ca] ca] ca] caV] calFHINRP( - 5" dnkzt oj e ZU] V] ca

U] caV] ca] ca] cajitiht fiaM artgpeayPodked\f cablla &G aw RN 84 YkGaVIteamagnetic

energy in the flux coil would be g;z 21 =172 kJ . The plasma current is initially 0.225
5 kA/cm corresponding to a magnetic field of 140 G, which increases to 10 kA/cm and a
magnetic field of 6.26 kG. In the above calculations, the drag due to Coulomb 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 volts/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:
O oy 3 ©
where (T/m;) <V, <(T/m). Here, V, is the beam velocity, 7, and T; are electron and ion
temperatures, , is the beam ion current, and

15 L= 001257;0[11{8’0) H:O.ﬂ,uH
a

is the ring inductance. Also, 1, =20 cm and a =4 cm.

The Coulomb drag is determined by

' %
e = %\/Z(Zl’_) i = 195,usec
z\ m Jne*InA

_22m W}

4rne’ In A
20 To compensate the drag, the betatron flux coil 320 must provide an electric field of 1.9

=54.8 usec (87

o =

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

accomplish this, in which case ¥, will be constant. The rise time of the current to 4.5 kA
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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, slowly 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 flux coil. By Maxwell’s equations,

this electric field is directly proportional to the change in strength of the magnetic flux
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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 V.
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.

47



mn  SrS4109%& ()-3"110%& ()-!d 1109 ()- 10:: 10:: 10::! @B
10% : & ()-3f510%9& ()- SV dErS4! 10! 10%&' ()- f 109%& ()- s!10%&' () -
L109%& ()-eold@afz-  109%& ()- d ] dErS4!110Ys*! 10% ()-  (AE00&240dsss
11109 ()-, "109& ()- :!109& ()-L#109%& ()- |t*aBrS4! F96! 109& () -
4109 ()- F3109& ()-'y/:$10%& ()-3- 109%& ()-3,!10% ()- *P~_@10% ()-
S 110%' ()-& & 10%&' ()- 10 10
10& <s10%&' ()-!7CG40% * & () W dE~_@! 109& ()-:s9F"109%& ()- Y10%&' ()-
| 10%: () - g 04fiohd - Bobd 0o e SA0ERCERIROVE: () ¥ 109 ()- F6 10% ()-
9% 10%&' ()~ , aB~_ @®! 10%&' 0)-
31109 () -1 . $TBtignpnaid: IPl dpa DAMAI ) t app,zfzg AQealiced AR ift)e- magnetic
35678XS~\ 1 1 y4%40%&' ()-!>y4%409%& ()-s& 109%& ()- 10 10
10L9<t 10(V&0(tlyumw$mw@l'fe)ﬂevw %[ 9~\: ! ss*39%40%ld& ()-sS nPd0%& ()-s! TsS
. 0 - P
nﬁ%gé}"l‘ ‘(&) () 13&/%/ Qr'?ée%(@gl%%gn@-lr%pé])lg Wefeao/éitlg(,/é%géillgr)dex‘r/l%f?étrated at Qhe—f@lowmg
10" <5l0%&' (. M@Q%@eli) ss*3% 0%, ()-(X(((B))*dE~_@! 109%&' ()-' #10%&' ()-Y
109& ()-110%& ()- 10%&' ()-

e Vacuum chamber dimensions: about 1 m diameter, 1.5 m length.

Betatron coil radius of 10 ¢cm.

Plasma beam orbit radius of 20 cm.

e Mean kinetic energy of streaming beam plasma was measured to be about 100 eV,

10 with a density of about 10" cm™, kinetic temperature on the order of 10 eV and a

pulse-length of about 20 ps.

e Mean magnetic field produced in the trapping volume was around 100 Gauss, with
a ramp-up period of 150 ps. Source: Outer coils and betatron coils.

e 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 neutral Hydrogen gas, which was injected through the back of the gun through
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.

25 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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caused the beam to loose its self-polarization field and follow single particle like orbits,
essentially trapping the beam. Faraday cup and B-dot probe measurements confirmed the
trapping of the beam and its orbit. The beam was observed to have performed the desired
circular orbit upon trapping. The beam plasma was followed along its orbit for close to % - -
10 of a turn. The measurements indicated that continued frictional and inductive losses
caused the beam particles to loose sufficient energy for them to curl inward from the
desired orbit and hit the betatron coil surface at around the % turn mark. To prevent this,
the losses could be compensated by supplying additional 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 formation
technique.
FRC formation was successfully demonstrated utilizing the combined
beam/betatron formation technique. 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 cm/s, and a pulse
25 length of around 20 ps (at half height). Field reversal was observed.
Experiment 3: FRC formation utilizing the betatron formation technique.
FRC formation utilizing the betatron formation technique was successfully
demonsirated at the following parameter levels:
e Vacuum chamber dimensions: about 1 m diameter, 1.5 m length.

30 e Betatron coil radius of 10 cm.
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The experiments proceeded by first injecting a background plasma layer by two

10 sets of coaxial cable guns mounted in a circular fashion inside the chamber. Each
collection of 8 guns was mounted on one of the two mirror coil assemblies. The guns
were azimuthally spaced in an equidistant fashion and offset relative to the other set. This
arrangement allowed for the guns to be fired simultaneously and thereby created an
annular plasma layer.

15 Upon establishment of this layer, the betatron flux coil was energized. Rising
current in the betatron coil windings caused an increase in flux inside the coil, which gave
rise to an azimuthal electric field curling around the betatron coil. Quick ramp-up and
high current in the betatron flux coil produced a strong electric field, which accelerated
the 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 ioops 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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5 layer starts to decrease and the FRC rapidly decays. Up to now the lifetime of the FRC is
limited by the energy that can be stored in the experiment. As with the injection and
trapping experiments, the system can be upgraded to provide longer FRC lifetime and
acceleration to reactor relevant parameters.

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

10 straightforward to implement. Most importantly, the base FRC created by.this method
can be easily accelerated to any desired level of rotational energy and magnetic field
strength.  This is crucial for fusion applications and classical confinement of high-energy
fuel beams.

Experiment 4: FRC formation utilizing the betatron formation technique.

15 An attempt to form an FRC utilizing the betatron 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 magnetic field from the betatron flux
coil 320 of up to 5 kG, and a vacaum 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 e .

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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101098’ () <odditions for any reaction to take place. In addition, to achieve efficient burn-up of the
fuel and obtain a positive energy balance, the fuel has to be kept in this state substantially
5 unchanged for prolonged periods of time. This is important, as high kinetic temperature
and/or energy characterize a fusion relevant state. Creation of this state, therefore,
requires sizeable input of energy, which can only be recovered if most of the fuel
undergoes fusion. As a consequence, the confinement time of the fuel has to be longer
than its burn time. This leads to a positive energy balance and consequently net energy
10 output. T
A significant advantage of the present invention is that the confinement system
and plasma described herein are capable of long confinement times, i.e., confinement
times that exceed fuel burn times. A typical state for fusion is, thus, characterized by the
following physical conditions (which tend to vary based on fuel and operating mode):
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 B
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. - - o N
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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F| 1HB100& () -] 1HS100& () -] 1HBL00& () -\"VI[: G s <O 10M & (). S410% & ()-
s'110% & (9 3.3 MeV.1aghmore)preferablylipgrange) of glifcﬁﬁpésebf)to A Mﬂf\} agd g leyel of

Y08 (5 AIREL pnd 10D VARG IR,
10%s& () - itfa %gé%%ﬂ%tft)% to 115 kG. At these levels, high energy ion beams can be injected
into the FRC and trapped to form a plasma beam layer wherein the plasma beam ions are
magnetically confined and the plasma beam electrons are electrostatically confined.
. Preferably, the electron temperature is kept as low as practically possible to reduce
the amount of bremsstrahlung radiation, which can, otherwise, lead to radiative energy
10 losses. The electrostatic energy well of the present invention provides an effective means
of accomplishing this.

The ion temperature is preferably kept at a level that provides for efficient burn-up
since the fusion cross-section is a function of ion temperature. High direct energy of the
fuel ion beams is essential to provide classical transport as discussed in this application.

15 It also minimizes the effects of instabilities on the fuel plasma. The magnetic field is
consistent with the beam rotation energy. It is partially created by the plasma beam (self-
field) and in turn provides the support and force to keep the plasma beam on the desired
orbit.

Fusion Products

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 separatrix 84. Once they are beyond the separatrix 84, they can leave along the open
field lines 80 provided that they experience scattering from ion-ion collisions. Although
this collisional process does not lead to diffusion, it can change the direction of the ion
velocity vector such that it points parallel to the magnetic field. These open field lines 80
connect the 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 é
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15 invariant associated with their motion. Since B decreases by a factor of about 10
(indicated by the spreading of the field lines), it follows that v, will likewise decrease by
about 3.2. Thus, by the time the product ions arrive at the uniform field region their
rotational energy would be less than 5% of their total energy; in other words almost all the
energy is in the longitudinal component.

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. 1t 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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’ 12.  The containment device of claim 1 wherein the chamber is generally

S

cylindrical.

30 13.  The containment device of claim 1 wherein the chamber is generally
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20 windings of a plurality of separate coils.

22.  The apparatus of claim 15 wherein the magnetic field generator is tunable
to produce and control an electrostatic potential well.

23.  The apparatus of claim 22 wherein the confinement system further
comprises a control system coupled to the magnetic field generator.

25 24.  The apparatus of claim 14 wherein the plasma source comprises a plurality
of background plasma guns oriented to inject a background plasma along a principle axis
of the chamber toward a mid-plane of the chamber.

25.  The apparatus of claim 24 wherein the plasma source further comprises ion
beam injectors to inject ion beams into the chamber.

30 26.  The apparatus of claim 25 wherein thie ion beam injectors are adapted to
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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. '
46.The system of claim 44, wherein the current coil comprises parallel windings
25 of a plurality of separate coils.
47.The system of claim 45, wherein the chamber is substantially cylindrical.
48. The system of claim 45, wherein the chamber is substantially annular.
49.The system of claim 45, further comprising ion beam injectors injecting ion
beams into the field reversed magnetic field in a direction substantially perpendicular to

30 field lines of the field reversed magnetic field, wherein the field reversed magnetic field
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generating a magnetic field within a confinement structure, the magnetic field
having a field reversed configuration (FRC) topology,

generating an electrostatic field within the confinement structure, the electrostatic
field forming a potential energy well, and

15 confining the plurality of plasma ions magnetically within the FRC magnetic field
and the plurality of plasma electrons electrostatically within the potential energy well.

55.  The method of claim 54, further comprising the step of substantially
classically containing the plurality of plasma ions.

56.  The method of claim 55, further comprising the step of substantially

20 classically containing the plurality of plasma electrons.

57. -The method of claim 55, wherein the step of substantially classically
containing the plurality of plasma ions includes containing the ions within the
confinement structure for a period of time greater than a burn time of the plasma.

58.  The method of claim 55, wherein the plurality of plasma ions are

25 substantially non-adiabatic.

59.  The method of claim 58, wherein the plurality of plasma ions are
substantially energetic.

60.  The method of claim 58, further comprising the step of orbiting the
plurality of plasma ions within the FRC magnetic field in large radius betatron orbits

30 wherein the orbit radius exceeds the wavelengths of anomalous transport causing
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15 67.  The method of claim 54, further comprising the step of cooling the

plurality of plasma electrons.
68.  The method of claim 54, further comprising the step of forming fusion
product ions.
69.  The method of claim 68, further comprising the step of transferring energy
20 from the potential energy of the electrostatic potential well to the fusion product ions.
70.  The method of claim 54, wherein the plasma comprises advance fuel ion
species.
71.  The method of claim 53, further comprising the steps of
generating an applied magnetic field, and
25 : manipulating the applied magnetic field to produce and control an
electrostatic field.
72. A method of forming a field reversed configuration magnetic field within a
reactor chamber comprising the steps of
generating an applied magnetic field in a reactor chamber in which plasma is

30 filled,
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75, The method of claim 74 wherein the step of injecting the ion beams further

comprises the steps of
15 neutrilizing the ion beams,
draining the electric porlarization 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.
76.  The method of claim 72 further comprising the step of increasing the
20 magnitude of the applied magnetic field to maintain the rotating beam plasma at a
predetermined radial size.
77.  The method of claim 72 wherein the step of applying the electric field
includes the step of energizing a betatron flux coil within the chamber.
78.  The method of claim 77 further comprising the step of increasing the
25 current through the flux coil to accelerate the rotating plasma beam to fusion level
rotational energy.
. 79.  The method of claim 78 further comprising the steps of injecting ion
beams of fusion level energy into the FRC and trapping the beams in betatron orbits
within the FRC.

30 80. A method of forming a field reversed configuration magnetic field within a
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reactor chamber comprising the steps of

generating an applied magnetic field in a chamber,

injecting plasma into the applied magnetic field within the chamber,

applying an azimuthal electric field within the chamber causing the plasma to
rotate and 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.

81.  The method of claim 80 wherein the step of generating the applied
magnetic field includes energizing a plurality of field coils and mirror coils extending
about the chamber.

82.  The method of claim 81 further comprising the step of increasing the
magnitude of the applied magnetic field to maintain the rotating plasma at a
predetermined radial size.

83.  The method of claim 82 wherein the step of applying the electric field - -
includes the step of energizing a betatron flux coil within the chamber.

84.  The method of claim 83 further comprising the step of increasing the
current through the flux coil to accelerate the rotating plasma to fusion level rotational
energy.

85.  The method of claim 84 further comprising the steps of injecting ion
beams of fusion level energy into the FRC and trapping the beams in betatron orbits
within the FRC.

86.  The method of claim 85 wherein the step of injecting the ion beams further
comprises the steps of

neutrilizing the ion beams,

draining the electric porlarization 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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