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MAGNETI C AND ELECTROSTATI C CONFI NEMENT OF PLASMA IN A
FI ELD - REVERSED CONFI GURATI ON Thi s invention was made
wi th Governnent support under Contract No. N00014-

- 99-1-0857, awarded by the O fice of Naval. Research.
Some background research was 5 supported by the U.S.
Departnent of Energy for 1992 to 1993. The CGover nnent

MAGNETIC g\lm ﬁLEd:’gROSTATIICI QONFINEMBNITOF }JIFAM I&E& FPEI? ;
| NVENTI The invention ally to the fie
of plasma phym%@‘sEgﬁlng(ﬁfgg‘Mag to methods and
apparati for confining plasma. Plasma confinenent is
parhik G YR mdd8 ek Edbembhlntis@fpotiRdBWdeas Nef N00014-
enabl i ng a nucl ear fusion reaction. BACKGROUND OF THE

99-110§¢ENmaded by dheddfirsofifvaldresersels Sepnafapkamoundaesparethivas
supngé:d thgwmgarhgenft ?f e £1do8 Ty AL T#ng%véﬂﬁbﬁ@las
process rel'eases a tre ous “anmount of energy i1 n the

certaiofightoin thisfivemioni ng particl es. Because atomic nucl ei
are positively charged - due to the protons contained

15 therein - theLe.lLs a, t.eRuls ectrostatic, or
Co_ul onb, fo_rce b@\k@e‘ﬂﬁﬁ g W?ﬁo nucl ei to fuse,
t hirge ih GRS tel@esdRAAIBS to TESel DEf pR6RIaGaEcs, uil, Tfpatalif, %o
when two nuclei are brought close enough together

methgfiesng apperats fos cenfininggdasmac Plagne penfinemen depavacularly o giterest
for tl?e[}%?%ﬂe B%gyﬁfﬁ%q{ﬁgle&ffﬁsi@f& force and fuse the
nuc . e e

ergy necessary for the nuclei to
overcone the Coul onb barrier is provided by their

t her mal ener BACKGROUND OHSHEONENTION, hi gh. For

e | e, .the fusion.rate.can . appreciable jf the
¢ ot @rocess Ry SPuddhS rER Rl SRR Pptp g e
The £R10h PERERFbIBGed Diachdniods@mbifk dFichdrbpih tHefbiaes fisahyify

The rate of a fusion reaction is a function of the

partielesyRqcansg eiominmelel ereipesityely eharged— dye inythepigipan eqntamed
ik i o _ o a6t
therif Bk ptblitivh oot SPEblHLb R, bl HRPTRL R
nucldi &d/fus Fhid yepilsivk bt must be avdréonres whith bomhes whkntwDnuelei are
e i B o

enough B dveRBonre 18 Gificint fodd@\Vhd fuse the nuclei. The energy necessary for the

‘nuclei to overcome the Coulomb barrier is provided by their thermal energies, which must

be very high. For example, the fusion rate can be appreciable if the temperature is at least

“of the order of 10* eV — corresponding roughly to 100 million degrees Kelvin. The rate

of a fusion reaction is a fnction 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.
Typical fusion reactions include:
D+D— He3(6.8 MeV) + n(2.5 MeV),
D+ T - 3.6 MeV) + n(14.1 MeV),
D +He' — o3.7 MeV) + p(14.7 MeV), and
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where D indicates deuterium T indicates tritium a

i ndicates a heliumnucleus, n indicates a neutron, p
i ndicates a proton, He indicates helium and B"

i ndi cates Boron-11. The nunbers in parentheses in
each equation indicate the kinetic energy of the
fusion 5 products. The first two reactions |isted
above - the DD and D-T reactions - are neutronic,
whi ch neans that nost of the energy of their fusion

products is carnz} ﬁrons. The
di sadvant ages of ronl c reac ons are that (1) the

wheré huxdigtesfdesterieUr Inditstes GitigRA] & Sndiduies ahelith @08eus, »
i ncluding structural damage of the reactor wal I's and

indicatpgprnoutrgn [psndigatesta nr@tgm&éecltldlvat@%hehum, w9’ ndisates Berendh
he AL inffOs et Aa R e BRELLG e ffn

prodRls€Ct ri ¢ energy, whi ch |s very inefficient (less than
30% . The advantages of neutronic reactions are that
( Mhe firsb two reaetions h$th/abp*eexksﬂle BrD and Bt Breactising —+ aw
due t.0 radi ati

h
neutrof R uabbys S e ik ARG oo i oek Rt B o ©
neutrSIRUTaE asa&avamggés whédamua E'&cﬂons R t’?[zf’cgl Y@ Rinaot fBst hbutiohe

- are called

ot her two equations - .
createsdneay peabldmseinsluding smalcdfampgmﬁlﬁd regetorasallsaedibigh leyels as

eut r.oni reactl fusio ucts are

ot ediGhefiOp e Eu R i i b o ot Sl AR Fuc! <

colledt&l By @Bhvdriy thei? HRAAR chBiG to R REE), WD BNy iktehGRr €
suffer less fromthe di Sadvant ages associated wth

(less thhwme30%). rTHerdvardages offne@rani3eactionsart ghat (1) ﬁw&rmqswmwaks

ot R IO DG, M ) hSisas eun Fidop e TaRGrelow! °"°

becaukE e bidddi O RurRb REb¥detteriund BePriBum’@aLt i on s free of fast
neutrons, although it does produce sone sl ow neutrons

t e reactsnts in the olessocquibiops +cBdle enbp-Blit—areatlel much
t f th d
sdvaniogl fels) SR P RO B oGO IE e g BRIGHSSPBRATEL B an
fusioPfro@Rkd £€ al‘?agg cres Ohdhivadthdedravartitd fRis3OmMakey

cent. 1n energy conversion process, their
creatmwhgfewteﬂ&uifrmlaum therefte mitter leanfrdue thel disedvhndbpesassovihted

with 15y fy e 5 oF BRS¢ Lo 16 0 Hiogied b serpadaregacions,
but m%&q}eugﬁfs at of o gﬁ!?ogr@i(ﬁg@é %ear{rggf‘ﬁﬁ%ﬁer@% g &Qﬁlsﬁﬂgﬁﬁﬁ@cg

s are higher Therefore
The p-BEireactiamisdites oﬁfabtameiems atheughrieddes prodheersoine sioleneutrons
oni ¢ reactiqgns. Also, it s muc fficult

neut.r
that r?sait%r sSecqndary FeRoHoRs DHE T ale @3?1% epgr prolgms. Tﬁeﬁwfﬁe‘éaae ge
ofmerzafa%;cba/ﬁﬁeisqssﬂla%yéne?g& Jrueh AN \Ebad R REbatileERd 3R 2dO

high efficiency, up to 90 per cent. In a direct energy conversion process, their charged

fusion products can be slowed down and their kinetic energy converted directly to
electricity.

The advanced fuels have disadvantages, too. For example, the atomic numbers of
the advanced fuels are higher (2 for He® and 5 for B""). Therefore, their radiation losses
are greater than in the neutronic reactions. Also, it is much more difficult to cause the

advanced fuels 1o fuse. Their peak reactivities occur at much higher temperatures and do
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not reach as high as the reactivity for D-T. Causing a
fusion reaction with the advanced fuels thus requires
that they be brought to a higher energy state where
their reactivity is significant. Accordingly, the
advanced fuels nust be contained for a |onger tine
period wherein they can be brought to appropriate
fusion conditions. 5 The containnment tine for a plasna
is At =r'/D, where r is a mninmmplasma di mension

] P (5l _ _ ool

mot Gl ppbibf o (b 38 0T Cob b sigh AT P p A

fuelsuh@rrequases that thixebd Roughy focd taghen sneagchtdtewhore helrgedctivity is
lon-electron colljsion tinme. Diffusion according to

signifipant.cAeepsqingly. thy gdvanced felsgayst besastned foradppgsytime period

j / I sion coefficient,
Whergt“??‘??b‘:%’?é%B{%&gﬁ%é@?‘{}&;ﬁ@%fﬁ%{]@%& abilities, is 10 DB
=(tHelR)hRirgndaPimyRe b §laBma isArt=hé/D, dihe@yiod Admengjasma
D ffusion according to this relationship is called,

dimensiomanddd is a ¢ifasiproeoetficiest. Fheslaswical ylus of thndiffusipn cosficient

i Do s st 90 DL vy A e el e
. L. Thi | at.;.on d ' |
pittiB0RE g ol el Gatb il PR BNl e

Bohih REFRERA CaMBRA athibiRd fc@s&hoﬁ-v@iv&l%ﬁ%ﬂ iRtabilitied, i asma must
be I onger than 15 the time for the plasma to have a

D, LI, f whéreQ, is @rdbn grrofreduenogt Miffusiol emidingho this
transport condition is nore desirable in a fusion

relationshin is called| anomiklos tfapspostrdior Bwion wpndititnsdPd Shad1/16)827;, =

early experinents wWth roi dal  confipenent .of plaspa,
10°, SieinaloeS o oy b mbchitiRtel Coysiitieek Bl s eoSted™
transﬁéfe9119@&1&%@1&%@@%&%@@agﬁsﬁ@&uktme KR 8RN 1 &Btor, by the

containnent tinme to At =1000 r | DB. One existing

requitersanbthat the comsainroen Gmetor asgivinenTokiofglasmT mwistedonger $apo

o e o ARV o Rt B Bt il o
cond{tiéd iORoRIde@fbR i %@i@ggﬁreto&%um%%anmﬂ@kﬁm&

reactor using a . _These efforts have .
c ulnreiniya éxparimants with taseidel vanfinenmht ofiptasmp,acontainment time of

o= AR Sk TESosiad, Rctres y thf artiDeae bRt theyclpdinthont fime
to Ari@_-nﬁ)\‘?gw . ofd @RS ukion t&bio} I:m{cgﬁrig thé PoIEnak] ?h@ﬁh%%iegg e,

I ch” case the  m ni mum pl as di mensi on can
field 0B al oleathak 68 nmdre typics! gantiodeorbit 66 treriBustrdied sreFigxh dior terpast

: i nvql ved _t he, injectjon qf energetjc beans ( 100
30y ,swp&ﬁtﬁ’é%lba‘fﬁ senaJP% Otlahqngq%@@%f%?t%usaﬁg aig'ﬁfﬁelso

Thesgséfortéﬁg%g ' '%pﬁllbr%]geﬁ?fatﬁnﬁhe wRlear Bl eactor

usi on 994) . energetic beamions 1n these

(ITERX filbusirated insFiget. R eotas expeeichenis withRokaoals saggtstdhdt Classcal

classically vvhi_bg the, herer%ﬁl . P! asmf continued t
transgorh Al 5 B SIS 1 WhideaseFhe iU lastA OHPRSION gar ey
redu%:ﬁ groﬁﬂﬁétgﬁtt?] CenfitheRR2 Ff‘h%&.r&}) é}ﬁx\(&tﬁﬁ'ﬁ&&%@ﬁﬁ'fe@ﬁ&ddfu S

, as suc are rnsensitrve to uctuations wth
energetic beams (50 to 100 keV), fo heat the plasma to temperatures of 10 to 30 keV, See
W. Heidbrink & G. J. Sadler, 34 Nuclear Fusion 535 (1994). The energetic beam ions in

these experiments were observed to slow down and diffuse classically while the thermal

plasma continued to diffuse anomalously fast. The reason for this is that the energetic
beam ions have a large gyroradius and, as such, are insensitive to fluctuations with
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3 wavel engths shorter than the ion gyroradius (7,, <
a). The short-wavel ength fluctuations tend to average
over a cycle and thus cancel. Electrons, however, have
a much smaller gyroradius, so they respond to the
fluctuations and transport anomal ously. Because of
anomal ous transport, the m ni mum di nensi on of the

pl asma nust be at 5 least 2.8 neters. Due to this

di mension, the I TER was created 30 neters high and 30

wavelgB ot Bt P e rorRi O o Rt Rt eneth fheings
tend tvt)\;éﬁllarﬁ e WEDCRE dha RS cAREP Hieotrohd) Bow kA T 4 1% shidfied Or

have t'o be nuch |arger because the tine for a
gyrorhdied, s they respimsie the flugimkieas andaospatanomalougf. | onger. A

Tqokamak feactor usin T fuel has the diti onal
BB el ot e ey dateos e oRhe Pl Rust be o
least DB LGS, Snﬁxs&ﬁydiga;enﬁaﬁ, HLFER Yvak ArelRY 30 BitterOfigh andf¥och

cause radi ation mage and 1 nduce reactivity in
metera imadishetat. | Thisoia shersmatiest B-Triiolemiakitgpedenstdr dhat fsdfeasible Fon

IITIES e e
much! lﬁrga%caugpfhg tiideaty SRePiss b h%b@?fmclépfétd iPmb8defdtr, A
reactor configuration is a collidi ng beamreactof. Tn

Tokamalc eaétorctising; D-TFudl dashe edditiann] prablba thet rostruf i caengg of the

. bonharded by beans of iaons. The beans conprjse ions
fusiogyprofucis enereyngcaraidhy 14MeY, apptrons, g@ec Chusk Tedvatiop fiampgg and

inductg )%%gﬁ%?r ik 'émtﬂg%lﬁ%g%ﬁ%ébﬂ th@J?élQ@ueth ARG PRSI Th Q&cﬁﬁon,

reac en I nfeasi bl e because t he
the cduarelkigh ofithelir phaagyimtosd] evtvicity dmistibd bye themabpacess, wichi ionst
proposal s have been nade to reduce this problem and
more thap3fyesdieielt nunber of nucl ear reactions. 20 For
e .4 . y ’ g0
e PieCorobbeld b ARl a R 38 Bolfitly bl R85 15 oBliding
beamGedctorr,di bagkdraaidplaina dchontianied babehnisrof foms.s Thebeamt osmoprtial
. confinenent system In U S Patent No._ 4,057, 462)eélq
ions vjifisaspergy that 1s mughdaesrshandhetbpaal Blawps Preducingjuselplfgsion
. ; ' P g
e U8Bt p AR SRSEL LMLl BOUROHTLE RS
downSlysiot bednss. IVieiohd propedala Bavk bEakandeto rddncd this. prdddénemid 25
.No. 4,894,199 to Rostoker, beans of deuterium and
maximpizp thegwmbprofinyrlearaeagtiond trapped with the sane
a e [ ' L L0 fi
- SELABRE U Phtat. 30055 Suel) S lascRlpsdeiebba of
produdihg kgiirdetebafiigSdtlidird behi e o SdbuRrddl bRdDisifone in 4 toegidulng t he
beans. The_ beans react because they have a high,
confipempptsysicny dn Ugh datspidNg. Ad5ad0mtoiJasshuftal.y clealiaeagnefic
A v .~ .
oG ELHARD BBSHEIRE bR LR b e Hrcor e
ion species. The toroidal confinement system is identified as a Tokamak, InU.S. Patent

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

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

a low density cool background plasma for the sole purpose of trapping the beams. The
beams react because they have a high temperature, and slowing down is mainly caused by
electrons that accompany the injected ions. The clectrqns are heated by the ions in which

case the slowing down is minimal.
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t hese devi ces, however, does an equilibriumelectric

field play any part. Further, there is no attenpt to
- reduce, or even consider, anomal ous transport. O her
~patents consider electrostatic confinement of ions-

and, in sone cases, magnetic confinenent of

el ectrons. These include U S. Patent No. 3,258,402 to

5 Farnsmorth and U S. Patent No. 3,386,883 to

h I o) i
B R L b L
Fuﬁlféilttﬁé% ise.att@mp30 rte&Ee boevelietBider, ahorddlousandspditS. Pat ent
3,530,497 to Hirsch et at. are simlar to

Féith@miemn congidsr eleqtrpsietic canfineiment gBionsand; iy soMEEBEL her |

i ch.discloses. ele rost o) and
S e SR R ke A
Farnswkth 86d UrsD PYeAt No. 33861843 19 Fakddwhiah, efhichNisclote &Eﬁrcﬁﬂﬁc to

Bussard, which is simlar to Li npaecher and invol ves

conﬁpmqnt 0 leusmd inentinh eordnemprt o€ elp@tmmléscl&i@it Mer 3,530,036 to

sinse s e e R SeAY peioh e B8R TR REY s.

Patent ROEAIBI5 30O LREJaScHRR v idcRSésAd derostaRtoh fiiRAt oféns
i ons, none of them Rave succeeded in establishing the

and mmmcrceniﬁnemeamfretmtmswaﬂfmdm@e wsemeitenting walks; St he

A LT T e

cusps® ‘lerﬂa 8fthadel p‘ﬂfénﬁ’é&{kﬁiek Gleétfb@@.ﬁ@éﬁhﬁneﬂaﬁ of &168¢tfbné ﬁi(ﬁfl@&lc

configuration (FRC) was di scovered accidentally around
confil @GOt ofibns wémwwheﬁés@dmmmaa}b@sw@mm omlectestetic

con B SRS AR i e Wl BRS¢

elecﬁokt!aﬁlﬁﬁdl&tv%n'tﬁb i6hChavS R Meuirkd SensibPfor @ﬁihdﬂ%dcto? | Eastly,
orbits in a FRd are shown in Fig. 11 and Fig.

none REthe patimis)citddebo® digR@ss arfmhi/rerf@s@anouﬂgwwgmeﬂq:atMIWe n

< o Bl cpgiantip eﬁ’d@bm R o Sﬁ@v%f%@g?l&na%@%o%nd 136

at ﬂie@m%rRéMEﬁL&Bran?f 900 A Yitcal BRE M
Tuszewski, 28 Nu ear u3| on 20 (1988)." A white

topolpgp wheroin théibtermié magrefin Bl rekesses divstion, frsillwwtsdrie Rigi §and
99 d f f h., .S L.
Fig. 1, MG BAEGIE Ba FAC & Sy Tt FBEHe: BoReBring oo

FRC,}garanédsé a?%:% ain@hE»Fé%e&?s.% Bl mttﬁuﬁe@ 8taleRend Bipard CBlRre

e theta pinch nethod. A consequence of
isa obxhpmhefnewemdwmpapmtdmﬂe ihsorylaad expegmeninef BRIA raséaecht fams

196073511 5 bk S i 04 Cos A whepnfn R

develtghlgé;ﬁt ﬁ%%l&?és' fhe feQRfch HE TRR dmd réEBﬁn‘ieH&h‘ﬁoMr RINRET:QRG. | N

were contai ned nagnetically. In al nost all
See LI-BCSteinhauer et al., 30 Fusion Technology 116 (1996). To this date, in FRC

- expefiments 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
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5 experinments, anomal ous transport has been assuned.
See, e.g., Tuszewski, beginning of section 1.5.2, at
page 2072. SUMVARY OF THE | NVENTI ON To address the
probl enms faced by previous plasna contai nment systens,
a system 5 and apparatus for containing plasm are
herein described in which plasna ions are contained
magnetically in stable, large orbits and el ectrons are

contai ned electrostatically in an energy well. A
maj I nnQvat.i f t ol Nyent. r..al.
cxplfBfl OB BR o ek Bl R SAER, sl B HOB sl of

sectictl ES.L I pigtaog2.confinement of el ectrons and nagnetic
confi nenent of ions, which tends to avoid anonal ous
transport and facilitate classical 10 contai nment of
bot h el ect r onsSEMMARHKOF THE INVENTEN gur ati on, ions

PR AP Y ol B bR AN obfind W,

-and appdr&t8s fok botBaikial Plas:hm grehersinades@ibed Bywhithnplasot iefisetre ed

enbodi nent, a asma confi nenent system conprises a

contagted sisepstically inatphle: laggeroridis ang eleetrors ave cppipingdeleapiopigtically
inan FRERFIA, Sr IRt B R B o o

with BROPisitBLsmalthes1i el Rirbsdichominenient dMfoctrdnad afaghdie
annul ar pl asma beam | ayer are substanti alc[gﬁ{ cont ai ned

confipgrednt af iohe wichritnds to avaighrapmalens fansporbang; faailitais ¢lapsieal

el ectran re subst.ant i.al,l. ntakned in
conteet YRR o RRITERY B ooh AR TROIE e B e g
densiByf M e Rear@eRE tatBioh colliERANBEY Srefilsedl thgaBaryahdiuclear
conprises a current coil. Preferably, the system
forcef thng teleasingfupion sREEYri rror coils near the 20 ends of the
chanber. t hat .i ncrease, t he nitude of the.applie
el et et AeR? F okl o TAP At e oo B e .,

magndBYfidh ?&Mf a‘iﬁly&élﬁﬁﬁ%ﬂeﬁé 8618 & a ditdctibiudshitially al_on% a
neutralized ion beaminto the applied magnetic field,
principhesaxis, and dncnpyelarplesmadaysr that epmipirisecarirchlatingecamyad fens.

caused t he l.ied magneti.c.field. .ln,another
Tons SAHE o et BRBYAFF oty sk eiea RLRL08 et e
magnRtiéMY Webibfis dddthdlelbbntre ButisRBRAIBAOnRIned irf drediddtrb MR Sed
25 configuration. Al so disclosed is a nethod of

energyovelli i onp aspent ofone prferredi empodinenta wmpgneti¢ fieldgenseatorcal | y
onfini t [ [ bi t i t hi ti.c fi d

compGRE Attty Bierean e et o Be AR s dentaf

ends 6F¥8E S WRI fhat if¥teAR el W&ﬁefapﬁﬁﬁl Iﬂafélﬁg?/ 824 stReshdt 0

c
produce and control the electrostatic d. In one
of theahpmber, Jihe systenmeiai aldo tduaprise e beam &jectonder 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
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
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6 so that the average electron velocity is
approxi mately zero. In another aspect, the field is
tuned so that the average electron velocity is in the
same direction as the average ion velocity. In
anot her aspect of the method, the nethod forns a field
reversed configuration nmagnetic field, in which the
plasma is confined. 5 In another aspect of the
preferred enbodi nents, an annul ar plasm |ayer is
Wi jeld r. LT
so L K BEGE pludod Vol Bt LARD SRR, BRI el icla

umed:sroaﬁeam dverage elvdeh %lﬁclgubﬁitﬂﬁ bdnd dipectidl as@e dviiagé jons
are non-adi abati c, el ectrons contai ned within an

velocilye bt angthemtspect efide gipthad) the mythed ﬁmg alielagerseds caused

f. field of
conﬁ%ﬂ??#@%%é’%%ﬁ%?ﬂ‘ﬁﬁlg}éﬁtt% %ﬁltsal gﬁs %fl%d r IeSer sgl 10 In
OtIﬁ QhotBér RSt SofPhe priverél @hieshts RbatuAPMbsna bite iP| asma

y conprise at least two different ion. speci es, one

contamedmﬁlm a)ﬁelmvemedmpﬁgtamm rsegnatin/Beld cThermlems layepvi ng a

di C bj t
mmﬂné%dag)s#la kiﬁ Pféa‘;%%egxfsnghergﬂ 8“1\ oS o glh% qlla?@bqu?so%? ﬁqn—%@a%%ﬁc,
and eleldirdnsCBfkaiAgd @ﬁﬁiﬁ ah RledtrdsBBc cR@EPWEIE THRGIEBANSlt 8 chised t

vani shes (i.e., is zero) over a surface within the
rotatqrind Sonm a megrstit seli-figdd af suslicint oragiitude éneausedieldreprersal.

sepsit hor t el.engt h .f | ct ations tha
o It Stbetasniidn o wptred o hclin, el e iy RRER A et
two dﬂ«ﬁéﬂt?&ﬂ dp¥&es Qﬁe &lb%ﬁltJf WBEHREAAED s R arlted RicR. SR |
gyroradius - ‘due to their snal'l mass - and are

t Havifgarmensdiabiticiplasma of mqncmwomgm teﬁds depravant tas

m@@t&ﬁ%ﬁ@? o B GaR DB GO B AR Ch Bt o Seld
vanisRQL (AL is3bro)\Slek a BYFRDwihiBGhd MRdBL I16nsTaBing a 190 dbit ieﬁﬂ &

to prevent the 20 anonml ous transport of energy by
be lnﬁlnﬂtwﬂ' tomhort—‘ﬂheeleigﬂxﬂucmauonsrthat causc apumal@ns tiansportnt rru st

e b T e oL R R i,
gyrorm% O%tta Rielr sBAR hAYs L-Sand RRNherbras680dH %&r@@a@[&ﬁé&y

en electrons reach the plasma surface and

 fluctiationsehatictise buznaonsprosgpost Themre, tieejectionsard epffecm@ly

confipedh & dasriretsobaecll 6 Whiftrogtatt il MO 48 fo Topipt e
om“aﬁhé‘{rﬁlst:git ﬁlgeéﬁn%? r1132 e%?%gﬁetfh& elditfo ﬁ%ﬂl‘afé&ca%ps QorfiRinedtifkt

are con _ trostatic fie rther
travepiraw titdsghadensityl regign: neac themizB suifaze tethe surfaonsf the\ﬁmm In
reduces their radiation | osses, The |n

50 dO&Sn"t‘lS?trﬁ’ifi@}ﬁ"F CHEEY }Stsyen&m womdingthe enerey aw 53’%&&'&{%@%@

AT A

transpodis fl‘}ﬁettbﬂgﬁl&hastmqﬁahﬂal@ceténmo mﬂm altithe yonrchﬁbdrbﬂnmtatdmt

are an inmprovenent over the D-T
the diamagnetic dlg.gchon, so that they are contained. The elecirostatic 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
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7 reaction. Thep-13" reaction, and the like, is
pref erabl e because it avoids the problens of fast
neutrons conpletely. Another advantage of the advanced
~fuels is the direct energy conversion of energy from
the fusion reaction because the fusion products are
nmovi ng charged particles, which 5 create an
el ectrical current. This is a significant inprovenent
over Tokameks, for exanple, where a thernal conversion
(0] 1 :
ronc g0 TER B o a8 pEORNS bef BBk (S0 B pRIHTRE
fast ieQRBIceinpletepr. ocess i s | ower than 30% whereas the
efficiency of direct enerqg_conversion can be as high

ashuyter ad¥aptage elkipeadvanced dudlsig thedirgct spergneonyprigion gf energy
. : it . . .
from JBERE Rt herdSERE R ARRIR S aleriling BalR R R AOLE RS,

creatt B clatGIPETAt. Mhhis id b 3niikant iBRlobEm eI SEARTEAkANs Gor THE
DRAW NGS Preferred enbodi nents are illustrated by way
exampfe, wkerap eermalpanyestiomroonsyis gsed tp conved thedinetic anergieof fast

neutiph il G Blcr ARG W a S on o e W

. 30%,1vfhedasl thb BN of BfepBdleisy@biversidheah BE Y High 45006 acti ng

on a positive and a negative charge. Figs. 2A and 2B

s Hfhen2apastsrand fagtores of theqmeserfdavcption Witll beeomanpparentrfiamant
R L

drawdfgs.abatic particle orbit in a Tokamak. Fig. 6 shows a

non- adi abatic particle orbit in a betatron. Fig. 7
shows the International Thernonucl ear Experi nmental

React or (| BREFF DESCRIPHONSOE AERORAWING§netic fiel d of
a ' 1 . espect |
G e e R OOy STRESY S ot ot
limit4tide, infhedfiguidd of ER\WEcdnipRNEap thiahiddg i hith 3iks fefiitnce hineralk 1
shows a betatron orbit.
refer to like components.

Figs. 1A and 1B show, respectively, the Lorentz force acting on a positive and a
negative charge.

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

Fig. 3 shows the £ x B drift.
Fig. 4 shows the gradient drift.
Fig. 5 shows an adiabatic particle orbit in a Tokamak.
- Fig. 6 shows a non-adiabatic particle orbit in a betatron.
Fig. 7 shows the International Thermonuclear Experimental Reactor (ITER).
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.
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8 Figs. 12A and 12B show, respectively, the magnetic
field and the direction of the gradient drift in a
FRC. Figs. 13A and 13B show, respectively, the
electric field and the direction of the ExB drift in
a 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

C .

ity A ARyl R koA R Bloton of e
gradibritdrifihes RRCon orbits to drift orbits due to

| arge-angl e, ion-ion collisions. Fi 19 show A

arftigspl Hepnd [3Fnshoppreseecivebh Caﬁ%@dt@@ac 1QpHf] %«‘n
- .CC| I, sions are consi der ed. F| gs. 20A, 20B and 20C show
Ex R deittingBRGal of the magnetic field in a FRC. 15 Figs.

2 effects due to tuning

ﬂshgég%t%?aﬁgﬁﬂé%epﬁﬁwﬂg in a FRC. Figs.

2 Pgs. l?SZABan(QIEB shoo tRQ[brekaWrd:dﬁﬂmenMﬂa&&w ts for a DT

pl asma. Ig 23A, 23B, 23C, and 23D show iteratiQ rl

7 i 164 pt 168 domghofomgiral the egnic Saldang e decsicaoieatia

r B" plasma. 20 Fig. 25 shows an
lI:lth‘”%ﬁiﬂ“fgalry cgﬁgmnement chanber. Fig. 26 shows a

NeRig, N Akhovack Mapwdbgistibgtionl is el ectrically poI arl zed
before enterin a confini ng'epchanber Fi g

h @m b&A ol B Thow trstitions| Hosbkpt7tioR O e 4t Ptblt& d¥Rct s
nflnlng chanber. 25 Fig. 28 is a side
of a confining chanber according to a

PIFpdsely ﬂﬂ)wﬁ:f]bC(daﬂlﬁnbetﬁlfon&)r&tsaﬁﬂenlsmaﬂl@ﬂglé,cﬂﬂcﬁon-ﬁng 29
iIs a side view schematic of a confining chanber .

COHISH@@QE@PWQT@ another preferred enbodi ment of a

R e S e

Flgs. 21A, 21B, 21C and 21D show the effects due to tuning of the external
magnetic field B, in a FRC.

Figs. 22A, 22B, 22C and 22D show iteration results for a D-T plasma.

Figs. 23A, 23B, 23C, and 23D show iteration results for a D-He’ plasma.

large\%m g, 1g lod co%hsw%

Fig. 24 shows iteration results for a p-B" plasma.
Fig. 25 shows an exemplary confinement chamber.
" Fig. 26 shows a neutralized ion beam as it is electrically polarized before entering
a confining chamber.
"Fig. 27 is a head-on view of a neutralized ion beam as it contacts plasma in a

confining chamber.

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.
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9 DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS An
i deal fusion reactor solves the problem of anonal ous
transport for both ions and el ectrons. The anomal ous
“transport of ions is avoided by nmagnetic confi nenent
ina  field reversed configuration (FRC) in such a way
that the majority of the ions have large, 5
non- adi abatic orbits, nmaking theminsensitive to
short-wavel ength fluctuations that cause anomal ous
' SIERALEDDSEARBIRIN OF AR PREPERREBEMBOBIMERSS
anomal ous transport of energy Is avolded by tuning
t Hen idgatl Gusianl reactapplvesdbie prablemtdf endmatowd ttanspdehfed both ians
trong.electric field, _which cqnfines them )
and cleplaonty g ARqnpaleys frapspost 08@@518&8@3?4 Pyipagpetie confipsrasny ya
field foelri}grgint cgﬁ?t#ﬁ{e%g? pr oc%gvgja {alllﬁ QB%E’P tﬁfs:hjéz:\\fp Iéghr?g?%i%e’
non-ddiabaticontbits) making fhem ioschsitivesto ahdrfrwateléngtl Sectuations that cause

. vant ageousl y.i ncl ude, advanced fuels, (For a )
anomglous ofptabersinmse B Hlesteons, dasangmalou HEMEHLYE aorgy s

e 5 . 7 y o
e o)l NS HBCRAT l  ipB
whichltoafised therm electrastatitedlyin o Beaeprpotehtial rvlin Marsover, dirdipsior fuel
foynd her ei mkes use of a specific magnetic field
PlaSﬂ%ﬁw AR BY7S9E COnFRCReEREPTaCHSS 38d FRPEHS Are Nohe
- c
iSRS, s iy 1 B oy DS o 008
discussomifiadvangedfuels jses R 1 Beldbhcheo &-MdHeibéled, dutlemysinstruments and

L e

r b EWurtor 16 ¥ &R Bﬁﬁﬂh%loﬂﬁggi-ééﬁ roumhggg%&gﬁgg ofhe

concepts contal ned herein. orentz ce
speciiRamagnetie fiek oot figuration, wiignie thiedRE. engaicplar, theekiBtendd df a
. ele c.charge g movipng with velocity v in a nmagnetic
region Mﬁ%wh@tf@&m@ﬁe%g%d Wishes mppkes it possilg to Bae a plasmy,
' Eh:4.5:.Gald ed the Lorentz force. It, as
comp%ﬁa%ﬁﬁf&?ﬁe abaticG&Hs!

ormulas used in the present 25
BackglpwrlfBebon, is given in the gaussian systemof units.

The.direction_of the Lorentz force . depends on the

s %ﬁf?f%‘?cs?ﬂéﬂ%ﬁh@ gxsitandipppayaug n apkl, it Bl be pefofal to frst

i ' ' | Ghefdip! d-
B SAPPL) ikl ERipy b Bkl e A TRANSIA
p &erentznForetaad GerticlE@rbitsvin b dbdchstiocdfielihe particle is

shown by the vector 32. The magnetic field is 34. _
SiApartiole with electric charge g moving with velocity ¥ in a magnetic field B

experiences a force F, givenby

= vxB
F=q P (1)

The force F, is called the Lorentz force. I, as well as ali the fo;'mulas ﬁsed in the present
discussion, is given in the gaussian system of units. The direction of the Lorentz force
depends on the sign of the eleciric 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
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Fig. IB shows the Lorentz force 30 acting on a
negati ve charge. 10 As explained, the Lorentz force is
perpendi cular to the velocity of a particle; thus, a
magnetic field is unable to exert force in the
direction of the particle's velocity. It follows from
Newton's second law, F = ma, that a nagnetic field is
unabl e to accelerate a particle in the direction of
its velocity. A nagnetic field can only bend the orbit
of t I '
ot POPYRR e L Prentbret HPCARRRA 15 10 volbiy SR saiflep b3
a magudic fieldfis anableso exevigbiee ahthe dizettipanf fhe patitle’s aelocitys tiant
magnetic field 34. The Lorentz force 30 in this case
follows fromiaveton's seconddgmi £ erde? , thate nidgeetir fivld is 36abdd to atdeterate

o peeile e st Poeliely. rmebplis it o S thont o i

partiélé, tvut th@ﬁlakﬁuﬁ@'ofﬁéjveﬁ)c&y FsQHoP HibRed o nldinbifield. Y. the

velocity of a particle has a conponent that 1s
pafigl Aeshote thelvebiteigrpesitiely thargd mrittlen aconqmdnnémagttehat

s, PAERL Tk b & S i o
the phBER AR a@releNdnis Qﬁclﬂﬁ'%ﬁﬁf i ChIRE Y TlabfiG: RGB! Fhe radius of

transl ation al ong he conbi nati on of these two
ﬁlecmm.ﬂar_@dstlﬁleaalbdagytwldmsi%ﬁhat follows the magnetic

a7y, 4 el o et Beicompenpat et Birafinlp GE maneti
field W&ﬁﬁﬁbn@ﬂt%a@m'ﬂe@@ndﬁﬂ?ﬁ t@ﬂl@%fd Iﬂguc?ﬁ%&[‘&e b&ﬁg\]ﬁ' ed

per unit time is the particle's gyrofrequency,
undex@emmsimdtabgoud Motiomsd agotaton drgund-theBag@dic fietd linhande m

MR TN R T
mag:ﬁht\!ﬁéldli’ﬁie dt) '9151913(131.‘)icatéﬁfiﬁfﬁfg yg i s the conponent of the

velocity of the particle perpendicular to the magnetic
f i AepatticlE indtsELdbmor arblamrol&mtomulta mongngtic ﬂﬂd Ehee dthe ingmber

el ds .af f ect theoblts of t ,
of g VIR Bt gt e o e paicla’s eVpYEdragh Bhich 7 Jabia Ry O
and gpRhByS toward the reader. The orbit of a positively
charged ion due

= @

where m is the mass of the particle and ¢ is the speed of light. The gyroradius ¢, of a
charged particle is given by

aL=—'L—, : 3)

where v, is the component of the velocity of the particle perpendicular fo the magnetic
field.

ExB Drift and Gradient Drift

Electric fields affect the orbits oficharged particles, as shown in Fig. 3. In Fig. 3,
the magnetic field 44 points toward the reader. The orbit of a positively charged ion due
to the magnetic field 44 alone would be a circle 36; the same is true for an electron 42. In

the presence of an electric field 46, however, when the ion moves in the direction of the

11
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to the magnetic field 44 alone would be a circle 36;
the sane is true for an electron 42. In the presence
of an electric field 46, however, when the ion noves
inthe direction of the 11 electric field 46, its
vel ocity increases. As can be appreciated, the ion is
accel erated by the force qE. It can further be seen
that, according to Eq. 3, the ion's gyroradius wl|
increase as its velocity does. As the ion is

BRI 5R0Rl DREoC51 et o BB
o PR PYEURER St 55 DAL 5L b0 AR R

increhddia§ it PRPYAoest Ne T on is decelerated;, and its
gyroradi us therefore decreases. The ion's gyroradius

t Hssthe ivorisacselerated by Sscleshicdild 46, themagnetietfi bendsthe

s G sbib oM R i e g ok A u i gt
oppofi%' th ?‘% clecttic fid1d 46, -WiRin/this 8 ns, gie%ﬂ 1 QEceRidied, Sndids dri ft

e sane direction ) simlar drift can be

gymre@ilus@arebye %ﬂc@ﬁmi Ehe ioots gyresadinsdhustinareasesaind dmeaagfin y

i |. in . Fig, 4, Fig.. 4 . i '

alteméhorﬁi"ﬁ%@?f‘fesﬁﬁ 9@ S?Wga}*se%_g’b?ftgeﬁﬂg b@ﬁ'&‘?ﬂﬁﬁﬁ'&?ﬁ&f‘)ﬁéb% |
A ol . onYEs The 1.

showfTREAR4 s Bofortsf ghlda 7 B4R o2 S tprh P PR

the s\ diRbticwspunt of dots in the figure. 15 From Egs. 2
and 3, it follows that the gyroradius is inversely

prlopimiley Gifbganbe caused bysa gredigntiof 8t magnetiveliphibd4 as illyspigd in

. .an ton moves d.n,the direction of idhcreasi

Fig. 4yt P hERBRAE el Y pPRSlab S 1R Feadly, TRE RERRM M e

magnefefidl@anthe dir@étid S6NThe akRAEse ot nvighaicRlPPstreliB id ON' S
~gyroradi us thus decreases and increases in

depictad by thredenssn amownt ohdejs indbe figwe to a sideways drift of

t ion Qrbit . in the,direction .60. This ti |'S

N R e L R D
strength 6f 189 BRAGAd:e fidldl SWicnQA iGifmowd irpdha Hiréetian of dier8ashid radpAblic

Particles Mst plasma conprises adiabatic particles.
field itheyserpdinnwilkdegeerse; acause theHiorsntz forde dngseaseshandridggrvstsic

he ol Puf B B e AN S e PagaY® °
sidewiapd drifv\6f the B8 bibit 53 B et tfonf60€ THis lnhdtien &oatl dd\@adiBrt @G C

field lines 68 25 depicted are those of a Tokamak. A
Electigp arbaid i63 geif iwthe gpnosi¢ direstien 641 ar ge gyroradi us. It does
210 i f

ntd.aol.éoyf hgc gnep field lines and is usually
e . EXTSt her plasmas that conprise

N QMlosBfladdddntprises adiabatic particles. An adiabatic patticle tightly follows
the magnetic field lines and has a small gyroradivs. Fig. 5 shows a particle orbit 66 of an

adiabatic particle that follows tightly a magnetic field line 68. The magnetic field lines 68
depicted are those of a Tokamak.

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

12
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- which gives riseée the derm “Rewersadd

particles. Fig. 6 illustrates a non-adi abatic 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 nmagnetic
field lines 72. 12 Radiation in Plasmas 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 charge of an ion is Ze,

wﬁg%ﬁmgnispa§e el ectron charge and Z is the atomc
rﬂﬂﬁmﬂ"_iﬁﬂ%ﬂgpg

re, for each ion there 5 will be Z free

el £ alokiag Shirfal panidid radiadi alb@rombiageticatarts. PRMROwWEAEiake d
by these Z electrons is groportlonal to the cube of

by the partiele éfireposiionsblo theuarenbihg ebprge riiechage pfandonrrEeri g.

8 s the netd.£. fiield.of a F The system
wherge AR PR s e diBoafne Thgte MM i

will B Pfréd¥lectroReth will@ading TIRGbRNSovdk rdilegstietyl thest Z@lddtrons is

l'ines: open 10 80 and clos% 82. The surface dividing
propariienal tedhe eube oftheiptomiepyraler (Z1p separatrix 84. The FRC
- f JJndri null surface 86 in which the
Xitzed plficle ﬁﬁ&shes. In the central part 88 of

t Ifeg. RRGow e ifigidf dfRIFR G OB spfém GRPGUAdRRD Rl Y
_in the axial irection. At the ends 90, the magnetic
with fespacttodis agis Bakfbe BRBr there atsl tyyoregiens of meprstic fighd lines: jopen

h ic field.al h s 78
50 anfSfosBE P et bafod B g Re R P hE it B 38
FRC irei acpadirical multis@ifite Be uew Bkl hoanihdaiefld @nishdsRE thel N

Fig. 9A, the magnetic field outside of the null
central pert §8 of tha FRE thevmegnstieifield do¢soiwt denge apeecivhlyrie theaxial el d

. LNSi th 4 surface. s in.the diregtion.98. ,If an
aireclifs Al s B0, e BhpeRE R Rod Pudrl ey e gl 50
direciéi, I THG n@ignétic fRR A1biSy the vt Sxik h@ reveisks ditetficiGe tRARTNI s

is easily appreC|ated_Q%.apply|n the right-hand
in FigldReverned Gonfigaration(FRE)102,

cagl ked,di amagnet. the.laorent z..f or.ce . al wa ol .nt
o AR ol BRbu SRERE SRR AR Rbts.
The thighetid fReldindidE HeGiufl sOfRE is ifi #ld RctdtoRt TP 10k Bioves ik thebe
descri bed below. Fig. 9B shows an ion noving in the

direcigny K9: the horpolz, forea PP eding o et tavargs geingll squfase Phr Ehis i

~force. | I.S. case ' way. fr t he nul.l iSuy
csl o AR 8 B ! I ot
102, Gillbdl Gidmagdhit, fthe DBit: foréelWe sPomes thivad thehdWurflkR®4. This
di amagnetic 25 direction for ions is

phenesaenen gves tisrdg e oeitiglefohit ealledbataron, orbih ¢ be described belowri g.
rl %ﬂ%?ﬁ%@f%}&i lﬁg I‘}Q’E{}@ o Hlle %{reclztl%x 9 [)4,0(:].::1116%I c%%nn%rd% ag16agnetic.

The Lorentz force in this case points away from the null surface 94. This phenomenon

gives rise to a type of orbit called a drift orbit, to be described below. The diamagnetic
direction for ions is counterdiamagnetic for electrons, and vice versa.
Fig. 10 shows a ring or annular layer of plasma 106 rotating in the ions’

diamagnetic direction 102. The ring 106 is located around the null surface 86. The

‘magnetic field 108 created by the annular plasma layer 106, in combination with an

| externally applied magnetic field 110, forms a magnetic field having the topology ofa

FRC (The topology is shown in Fig 8).
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di amagnetic direction 102. The ring 106 is | ocated
around the null surface 86. The nmagnetic field 108
created by the annular plasna |ayer 106, in
conbination with an externally applied magnetic field
110, fornms a magnetic field having the topol ogy of a
30 FRC (The topology is shown in Fig 8). 13 The ion
beam that forns the plasna | ayer 106 has a
tenperature; therefore, the velocities of the ions

f .a_Maxwel | di stribution i frane rotating at, the

e RGO o s 180 1 s Rl Ml r oo
velod@ds Ve 8 idrR AsmP4 MetkW é1EdiSibutienlif 6 ifiaing Sotht@mtht the avérhil ON

reactions. For this reason, the plasm beam | ayer 106

. angulag vdegityof the iewbeand iGelfisineg retwsersipat efidifferpny velvditierleadto

rsich S R ey RS ol BB e LR e 6By
systell2 can be expressed as a sine wave centered on the

null circle 114. As expl ai ned above, the magnetic
f ilag.d 1 showsibe mainl typs of doreorbitstinvaapollidingdeam Fytenpcalied aof

betatioR @i . A Teitin B R ekt Sos gt & e e enbted one
mull GHoRNBANAS bLolathéRBHHVE Te iRt AOMRIPoS hBhiA BiRk1H PiAVanibA&:

An ion in a betatron orbit has two notions: an
The planeiof thatorkihl 12ris pédrpendixtdlanto thé axicT§ ofithg PREC pams indthis arbitt o
the. pull,.circle 114), a trapsl ati al ong .t he.
112 sy oot aipcion 195808 e fSampms 6 ok i har
betatfoh %Ptﬁlt_ thivd Eloﬁclwrﬁ% qsllrﬂlgtic,fd i it rAdis dh%ctﬂﬁr(bé&ﬁ&diddﬁf HGhé

one-di mensi onal equilibriumnodel, to be di scussed
null disledid), andotranshtion dongdbe hull difcle b t heory of the

{ (HE JpATSh st o BEreme 6r8 118 i RO The R0 ER G o
usingt?g&l@%ﬂé&sfdnﬂl éauﬁilﬁﬁﬁlﬁ ntdb ORI Bscusd bdisw H @RfmctHARE S,

e magnetic field 118 vanishes at the null circle
the theanfiof he i@@ntids Eiedwrizantal Ekig of the Braph repesstrite the disoueaiy

.hear the null circle will se .0r adi ent 26 of the
centifyEigts ot b FBIC s Rn TH Megele SePdeirsloniey- | AChe Bask g6,
; %%ﬁ&ici i 1@l j circle is 122,
deplcv\@/hqiﬁllﬁe e r;flfaégfnielig i‘)rcam?ﬂi%‘gIagﬂﬂiE %gllijggﬂt gﬂ%ﬂlzq circleis
1 2. shiwe indfig 2B, @ partifle iveingmasti teemulldsitcletwill seqn gredieddy

126 6 R AP ool Yo S Bl G e e R
outsi@R M.au;(gfcieér}g 153, ingi.tsie ﬁf%%ﬁat Shield fA8ie Eﬂéﬁ‘mﬁ eir8E 15198, Phe

t he ar 1S 1 e counterdl amagneti c
{4 MR Gl B4

gradiert o€ the nmghétiel fitld] Bis,iihcaa bE Riprecidted by aiptyig3ie rightdend mbd
that the direction of the gradient drift is in the counterdiamagnetic direction, whether the
ion is ouiside or inside the null circle 128.

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 radins 120.
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- is in thediamseneticiigseiioss whether

usi ng a one-di nensi onal equilibriumnodel, to be

di scussed below in conjunction with the theory of the
i nvention. The horizontal axis of the graph represents
‘the distance in centinmeters fromthe 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. 14 As shown if Fig. 138, the
electric field for ions is deconfining; it points away

f t he .pul | i 1 4. Th ti.c field

ROV EHe 133 e BfeSioie il 10 ipad B FadfRARGE Engitefntey 2

fromaRPRgCiuatheed 3D) 34 mm%@e%&ﬁﬁmi a9 BbfoRa13Gh the iBedibad 120004,
ri

direction of the E x t is in the diamagnetic

It caélibe @ppirbcisted Whaiphiidg thiBglit®iand flO®itshe@iredfion ¢T3helE <t arifi
nul | surface 136. 5 Fi %ls 14A and 14B show anot her
edorFRQUtsifigior igida themp surfage b3

o s b Pl s 3P QTniloh 48 8 107 it agi

0biti1B8FDEif HAB.138kirf e carstileloS b3l SRERE s Kiov I8 Fig. 14A, or -

. ..diamagnetic direction if the E x B drift domnates or
inside {, aspBownindfiiarldBaMidimsbitscl 3§iretatetin B diamagnatic diretion ifithe
. drift domnates. The drift orbits 138 shown in Figs..
E x B ginifidominais of gt the eoupierdisreagaptigditpaidqn i the grrdient &ift i on

. f St ar.ti ' 6 rd 6t '
comfl. IVB R S 08 ST i1l ol b g

direction 102nforo sterting poinel &t | vel y bi'gger circle. The snmall
circle 142 spins_around its axis in the sense 144. It

al 4 Grif g asshawn ihEgnt4g, eanhe thoughipotiap a simall eirdazellingiever

a relgtyely pidaen BT 1ol Shabbide Ho36s sbuAPACH 0 SRALRTA {2
also fotls evdr theftdy citcl@l46tih hednedionfnoa. FiRGoint180 Filltract Sfspacéia

ion is shown noving in the diamagneti-c direction 102
path gimilar 19 1984 ocity 148 in a magnetic field 150. It can
bgs: ] I ' - Truke

¢ RBe RER B A0k ORI Bt PSR et
In Fig. NS A; agion ik shbwa hosig if the Glhnlapheais dirbdtioh N0B with a$€locity 148
therefore, the Lorentz force 152 is confining for the

in a magagtic feld Hi0y It crgde appreqiaed biseppbyingfborehidandyla thatthe

i . ; : o L OCL b ve: 148 | ;. a .
Lorefig T3 AR ikt g o ik LR s bR RE L
case, tlieeeforeptht Lbv@nd forod B52tiadnfinlhg fhthevhg In®igL dSB>a o 8nds
to push the ion jnto the region of open field |ines.
showp foviedn the saunterdigmagnstie direqien with paglosityt i8de a wegngtis field
150. 3688, bl dfhusdty S e ME ot Rl il oo 52 o
tends(ts peshith@ion il the agpidreoflopéield liflesa IHRE daye, thatefné, it

energetic - _
Lorentz force 152 is deconfining for the ions.

Magnetic and Electrosiatic Confinement in a FRC

A plasma layer 106 (see Fig. 10) can be formed in a FRC by injecting energetic
ion beams around the null surface 86 in the diamagnetic direction 102 of ions. (A
detailed discussion of different methods of forming the FRC and plasma ring follows

below.) In the circulating plasma layer 106, most of the ions have betatron orbits 112 (see
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ion beans around the null surface 86 in the

di amagnetic direction 102 of ions. (A detailed

di scussion of different nmethods of form ng the FRC and
“plasma ring follows below.) In the circulating plasnma

| ayer 106, nost of the ions have betatron orbits 112

(see 15 Fig. 11), are energetic, and are

non- adi abatic; thus, they are insensitive to short-

mavelength fluctuations that cause anonalous

ans e stu sma Ia
Fig. 105 S RRlakr A HEPOH-AEE Bultol) R s bs 1o R,
waveléh, wmngﬂﬁtcahébean@ﬁamwﬁisﬁ@ﬂ of rmrrentumlrrposes a
re ation between the 5 angul ar velocity of ions w, and

aplisoe laypr HI6 in B@chbr@mwsémopwewbe@dxom At

ven . bel.ow in ¢ ction vvlth

was fﬁ%%vef%e%%tﬁ | PhieRibioR oPhnbRatoR ifosed's RRRE R g |
anguldf veRRY 1 238s B r%gree a&agmax e ﬁ% Bt QectOns; (Fhe &mau&m ,

lon atom c nu lon nmass’|, e is
this relhteomtis ginercthedovgin, mﬁjnnctbnmﬂl thd eorpofitht mienmfn )t e relation
) appl i ed magnetic field, and ¢ is the speed of |ight.-
8 There are three free paranmeters in this relation: the
applied magnetic field Bg, the el eg on angul ar
vel ocity co., ,AnQ, he% nwﬁg}ggiar ocity co,. If (g
two of them are°knd ,Ophe third camebe deterni ned
fromEq. 4. Because the pl asma | ayer 106 is fornmed by

In Eqj 4 JZes:then‘gl at@mcm@:mhsr inpis thetipremegRy istheeelectran ghiggs, By is the

e L T e T S

paranfete i this i‘EIa%o X[{}fhe ma?;egl@ field Bo‘, ﬂ% 10ctrof AR fRar Veloby bhe

I njection ve 00|t e cycldtron
and tlfeﬁ&ﬂéi@ﬁm"vﬂécﬂgla@ NEtw@ Bflthem ai'eslmbﬁ’ﬁ th@ﬂlltrd $aPbe dei@mitiel |

surface 86 e kinetic energy of electrons in the 20
ﬁﬂnlB@éh1has been i gnored because the electron nmass me is

Wb Bh o B7R, 08B bRE ey P P b BRI, e
angul&%ioicﬁjgom% &etém%eq b?the ihifRBida%irdedd g%r%o%ea@e A

di fferent values of .ar e ‘obt al nabl

whichsibgiwen by uni ng t he ext er nal magnetic field Bo al so
gives rise to different values of the electrostatic
field inside 25 phe _b}nq,srml p.This feature of the
invention is illudtrated in H g8 "16A and 16B.  Fig.

-.U

Here, V,= oy, where V] is the injection velocity of ions, @, is the cyclotron frequency of

“iops, and 7, 1s the radius of the null surface 86. The kinetic energy of electrons in the

beam has been ignored because the electron mass m, is much smaller than the ion mass
m;.

For a fixed injection velocity of the beam (fixed @), the applied magnetic field B,

- can be tuned so that different values of @, are obtainable. As will be shown, tuning the

external magnetic field B, also gives rise to different values of the electrostatic field inside
the plasma layer. This feature of the invention is illustrated in Figs. 16A and 16B. Fig.
16A shows thiree plots of the electric field (in volts/cm) obtained for the same injection

velocity, @, = 1.35 x 10 5", but for three different values of the applied magnetic field B,:
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16A shows three plots of the electric field (in
volts/cm obtained for the sane injection velocity,
co, =1.35 x 10" s', but for three different val ues of
the applied magnetic field Bo: 16 Pl ot Applied
magnetic field (Bo) electron angular velocity (co,)
154 Bo=2.77kG a) =0 156 BO =5.15kG we=0.625x10'5" 158
Bo= 15.5 kG we=1.11x10'5" The values of co, in the
tabl e above were detern1ned accordlng to Eq 4. One

LAl dapJpyl Cbl atre—t Ilal LU, '~ U' neans Tt Ilal OLU VV, I LL

Eq. Mot so t hat| Agipbiet magustic G¢ld(By) i n [teeiron angular velocity (@)
count erdi amagnetic direction. Fig. [16B shows the

ereciric pote “23@97‘7”] VOITS) for Tjhe —~same set of
val ub¥ of Bo 3k kthe horizontall ®xi®, in Figs. 16A
and 16B, repraesents the 5 distanceffromthe FRC axi s

78, own in tﬁ_ r qu%i n centinetgrs. The anglytic
expressi ons of ﬁg‘lgl tric field arfethedSef HEeric
potential arelgiven belowin conjunction with the

theol" of the i}ﬁx_L [ . These expriessi g pend
s_tror%l y on we. DTE(@e'tsalﬁjgve results ca(% bféﬁZx ?ﬁl ned on

i Hons - rotate-in the |
dlanagnetlc direction, the ions are confi ned

pcin|the tablg abave wein detarmined ecoogsting:io Egnfts Opgepis hown

he
aPPffiﬂ"r“'e%%u“&ﬁAda?E%%éhﬁt o o frrin fosoht el hsatee s MRiene.
comPRASBiC\FERL]. s, 188 7S nELERHE ATBHPUA doiPorh

confined. The el ectrons | eave the plasm and

samelseisofivhluePofB|apd e THe hoisdritd]l weis,0h 8igg €1 G&andqrésaﬁepféseﬂshhs
sets up an electric field that prevents other

distapgedion ba FRCrazin 18 shewindn tlmrapblua%qmﬁmetprﬁe The pradytticon and

*corb Q5o A, Rl 05 81581yl B BT

with BRIRANE P0G R Phlse Begralofs ddbnd kg REh.OW [ 1

conjuriction wth the theory o he 1 nvéntion. The
el Betabostredults cdri el cotplainay sn ampha}hgntal atoundd. &Viam théions

tr ort of bhoth electrons a i ons,, Accordingly, an
rotat?w{?ﬂ%@%m%gna% 16, TePLs &', ?dotﬁasﬂgh?qﬁﬁ%heéw?
foree? hﬁgtv&a%ﬁcﬁsﬂ rfl ®lad pob §1e81:)o?1§tr i it 1R 6lEsahB Qirbl A TPthe

[ ayer 106, gni tude el ectrostatic field
ions, mlmmermfmtwot insilie @poslteaimcahonesujhattdfetrmmodmﬂwmtbgnet ic

wnﬁflﬁ'@i Tg'F@l%P %ﬁ"P H? 5708 2. agerfﬂs u%%?ﬂl@%&%@'&ﬁ%b%gg 15¢
crcaté‘l‘l9 A?r eas ic flefl tﬁét%re %gﬂ)eltéi{iuggpﬁ&h?gavﬁgﬁ} gnel |

can by tunirng the app nmagnet | ield
plasnda/ The dlrecuon and the magnitude of this electric field, in equilibriuvm, is

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 Sirong electrostatic field

is created inside the plasma layer 106, the magnitude of ﬁns electrostatic field is

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

_As explained, the electrostatic field is confining for electrons if @, > 0. As shown
in Fig. 16B, the depth of the well can be increased by tuning the applied magnetic field
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Bo. Except for a very narrow regi on near the nul
circle, the electrons always have a small gyroradi us.
Therefore, electrons respond to short-wavel ength
fluctuations with an anomal ously fast diffusion rate.
This diffusion, in fact, helps maintain the potentia
wel | once the fusion reaction occurs. The fusion
product ions, being of rmuch higher energy, 5 | eave the
pl asma. To mai ntain charge quasi neutrality, the
r
B Ko 0 oo BB e e WL 1B o lunfs vl G54

gyromdnmﬁ a'Ble:refbret dectropd respoad ltcaghert-waﬂalengb fisdtuationd wﬂh m:t rons
asma s very |ow, an

aﬂOﬂ@i ?f%%t.gjf&ﬁg{? rq?% élfbgseél Sl*an 5ot WIP%fnﬁiﬁfémftb%P%ﬁmal well
I
one RS S xR o B L R o OpL ),

leavedhsplasnimu t Toxnaifiah chirge tlmt-nejmahtymb Yusioamyodaoie et pull
fromthe tail ;160 of the Maxwell

I
eloctigpa gyt o theipya S chsa Feiin s e e ectons T dhe susfiee of g

t
psshE, Sl kil GBS cTIEAE L] et 05 0y, g
eIecmhethhirIeaveeheqﬂimmmﬁhé fision prodinets triuet Heeeplmd safthelnwig) the

S|tnge r the null surface. The energetic
1§ BiBthave. a smal | gyroradius, so that

s ur gq (?‘g% Mgﬁgﬁ g cﬁ%ﬁg%&ggr%r&rggf%] {]1? %‘ﬁggp‘ﬁﬁggﬁi"
electibnsfram thertaill 060 of theidaxwelhdistdnaiog @hn fEaéH the furfuosof thsplasma

their_ energy ascending the potential well and |eave
and Iggve pyith dpsion jops, ¢ %ﬂw’éﬁgﬁ theAistEBigh 1% s centingpishit an

ROHE !
creat&f‘tgaf]ezectg]ra? © anorrér:(l) l%hoéh g“JlnﬂeL;‘Jf % : %Ifﬁlgh W ntgg?ag%%e avglllf ed
The dn&tg&usﬂedtmhﬂ il leoed gyall gyroradiag) Sp diat ﬁﬁma!bﬂs Aiffasibe permits

cons of the potential well is a strong coolin
themﬁoe@ﬂ%?ﬁi aa?fasfeqn%&%rt% Acopypadate hedeppripg fusign Product lonsg

U
The egl &g({ eg%dé%ﬁs @%lg%efﬁg/y ceﬁé@gm(f%oﬁefnﬁ? avi‘@na?ﬁ Ja@ w1
little ermepy. | Mttionginthe Ehctﬁ)nbleaicross ﬂmm@nbﬁdﬁéi&ratphﬂy I‘dﬁeﬂﬁl n| ng
I{?qui d water and the sg) roundi ng medj um which then
anomplous Waspoth aporpalensyenergy kpsses fnd to beaisided berauseriis eerayian
transﬂ heat transport processes can replace the energy.
Imlarly, for 25 electrons, the potential well depth
| Amethsr valsequbndeof thatpeiehifal well did stivha todding weioheniszedor on.
The, electrons supply the energy re’g(_w red to ascend
electropdhatds gpilasio woraﬂwcqqlf@g + Frexampledes water 19 eapetate, ihat

must é? 3 #H&i 1hE Batdn Feaf OV gé(nz%{}l hﬁ’ér ma S aqpli @M))éfh énlﬂﬁﬁl{l he

rons can escape on process
liquid wested dnd ﬂndsua:ohmmigrmahm twidech mamhemm:w epidistoiatlowa nuc h

pote

faster than an heat i ng process. Because of the, nass
temperpipredasierdhandhe TPESAESS aweeleCEpth%@rw Sipiarly, for
electrﬁe £l ﬁ{ae%ﬁ{ﬂﬁv;eﬂ eéthﬁ?eg%{v%hﬁ% Wb 1t RORUE vabBADhtibh e

electrons supply the energy required to ascend the potential well by the thermalization
process that re-supplies the energy of the Maxwell tail so that the electrons can escape.
The thermalization process thus results in a lower electron temperature, as it is much

faster than any heating process. Because of the mass difference between elecirons and

protons, the energy transfer time from protons is about 1800 times less than the electron
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18 thermalization tine. This cooling nmechani sm al so
reduces the radiation |loss of electrons. This is
particularly inportant for advanced fuels, where
radi ation | osses are enhanced by fuel ions with
atom ¢ nunber Z> 1. The electrostatic field al so
affects ion transport. The majority of particle orbits
in 5 the plasma | ayer 106 are betatron orbits 112.
Lar ge- angle collisions, that is, collisions wth
thern$afiAdtiof kibrdd Tﬁﬁ%&ﬁlgbﬁéc}‘iﬁﬁ{m o RAhked R rafABNIRRBISedions.
betatron orbit to a drift orbit. As described above,
Thistisveariitulasky tiinpertzot for edvanéedruad, vihies reffistion lesses are ¢nbanced by
.det er.m ned npetition between the E x B drift
fuel ignsivith-atory a?b‘%@ﬁrtzd ift. If the E x B drift doninates,
t%e@febi&& ofd 41t dirgemgR
| Sl eld B oS onteabhipr TR & PR OH
the plaghalape 106 atefbetatron moibids bllzarfamngle cdilisiens, thahis, chllisgonis s

with St aeles Tebieeh L0n BRERSDE i indl 2 Brtaron, b to 3 Aot

As déséhb%d aﬁ&eo&ié hirédueﬂ ofmmbﬁbnﬁe&ﬂﬂﬁ Srblis dRGRRIBY a1 72
he drift orbit continues to rotate in the diamagnetic

oomp@ht'i(ﬁlfﬁeh%én RRCAYFedAh hdh& orBdiditidhitt, YO B B Brififdothinat@B
shows another 180 collision, but in this case the
the dwif: exbitrrotstenini the fiambghetis dinestian. alif thetgasliept daifft derninates, the drift

orit Bl G i AP Eoe Ao Tt TGV L igb A S pod T8,
Fig. 13! sAbv@R trMsitioRGroft 4 bdtatRinldit \‘.@%tcﬁ'ftrﬂrlﬁ?&ue% L Wrcolﬂmd
confined or not. A particle noving in a drift orb |f

whiclwbdchrsat the pbiat/E72a The duft iothjt qoatiziel @l rotate it Fre &ﬁ@gaeuos
The time it takes the particle to go fromone end of
directignchermss the & 18 @ithdomyinates. F'ig. d §BIshovsfanpther 1892 pellisien, but

T I U R e

mus&ﬁﬁes‘iﬁﬁE%ﬂnt&&%aglﬁﬁcﬁP&ﬁﬁh' n connection wth Fig.
the Lorentz " force at the ends is confining only

f dihé diréction of totation pbthe diifi grvitrdetelraings wiheilgamaitis confined or not

A pefeleiionfmadhrsety Pl ke et rede diTme 855 1

time #{k&Othé 9&!1@15 & $008dm odd¥rd o BRITRIPH ML ARL U &ultQF itd
| oss mechani smfor ions, which is expected to 25 have

parallelnetiongisicalled] ttanﬁmnakar thergrift orbits reatiaart endiof theiPkin a
r ri.ed half of,

time B PR iR o HEn R FPesgn P INE Goe Loren

force smgbﬁdsg& n%sitagcfsﬂdrm er@ére g@'@@mhﬁw@gﬁf@uws

negl i gi e gradi ent al ways~ dom nat ed
Aﬁertahenﬁi time] tigbréfore, iondHadof or!atslrotaﬂm id thefooumtetdiamagmtioduc ed

qy alr e angle collisions were |ost after a transit
directiqngre loStThose experinents reported ion diffusion rates

t FI‘Tﬁs ﬁﬁ@ﬂo%lefn&? E&Buﬂt@ﬂi) 2 [JIORBHRARRA f&t 1393 Bich is expected to

have emsted in all FRC experiments. In fact, in these expenments, the ions carried half of

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

inéide the plasma was negligible, and the gradient drift always dominated the Ex B drift,
Hence, all the drift orbits produced by large~angle collisions were lost after a transit time.
These experiments reported ion diffusion rates that were faster than those predicted by |
classical diffusion estimates. | '
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30 classical diffusion estimates. 19 If there is a
strong el ectrostatic field, the . x B drift dom nates
the gradient drift, and the drift orbits rotate in
~the diamagnetic direction. This was shown above in
connection with Fig. 18A. Wen these orbits reach the
ends of the FRC, they are reflected back into the
regi on of cl osed field lines by the Lorentz force;
thus they remain S. confined in the system The

B35 Shine oo LB R B ER et SRR el Y

and tﬁ@cﬁnfg&%ﬁé Rt AF qaé &mmJgﬁeﬁo ditddfort I T8 &&%@% Ghdve &l d of

the system would avoid ion transport by elim nating
conn¢dtibs with Fig. 385, Waesh ﬂwsasmb:tsMeaahhhe ands bfthe ERC, theparel oss

reloqi ek PR EP ot S e D e e o on Aoy Brmaie

confifldd in ke@ngl e; electron-ion collisions on betatron
Its. "Fig. 19A shows a betatron orbit 112; Fig. 19B
s litheslcthestaie fields irbihe cdlli@ngbeim syt manid stroag emtiglyise thah
collisions are considered 174; Fig. 19C shows .t he
the B Bidrificfonfinages ﬂ‘l@@adlait Idgifte ﬂ‘hﬁso theaiebh'mﬁcifmld afshd systger
factor .en 176, . and 19D shows. t he, orbit
would voidion Wy el utire fis3on lomsMeGARER: 9 i SHRIL o
losséaﬁefn"ﬁﬁﬁ% %@ce I't can be seen that the topol ogy of-
betatron orbits does not change due to small-angle,
el Aptirep asped nf ol diffisicnres) bhappescmted Hylmensadqnﬂngthecbﬁectfof

t he radi gl scillations g In fact
Smaﬂffwgi ST BB 10 EANASIOnS O PEf oty ik é@\fsﬁ Yehbdon gt
112; Fffgnﬁ"B WAl fhel sl 8@5@912 Wh@r?éi‘xﬂ?éngfg t{léc'&éla co%ﬂmé? ary

I'nvention For the purpos |ng t he
consideredeHI4; iy 12C shoers dhenabis oLiig.l 1 98duilldwddrforuminn tat is Idnger by

Ty
by a fREEF twgﬁ}%*i‘iw Eln @Qéﬂs‘thﬁ} tBIS’o g@; df‘é&aﬁ&&‘bn{lq)it?&dey Hyt
expressi o for t e part ties e magnetic

changel duk th srhdtleanglepelbotion-iba mmls,tom;rhi)\nteh& thk emplifude mhamaaﬁl
25 The eqw | i bri ulrg1 nodel presented herein_is valid f

oscillatiqps gL Witheimey Jnfachiiee erhieshgrm impygs. 198 tgy 19D fien o it

tim. Qi =types of ions (e.g., DT, D He3,
e, Rﬁ@:ﬁ%‘g&.}es f’f/fwdsov axvvel | Equati ons Equi librium

solutions for the particle density and the

el ectromagnetic fields in a FRC are obtai ned by
Th—“@’dﬁ%‘@%&!-consi stently the VI asov- Maxwel |

eqyadb Blicpose 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 detive equilibrium expressions
for the particle densities, the magnetic field, the electric field, and the electric potential.
The equilibriuin 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 fons (e.g., D-T, D-He’, and p-B").

Vlasov-Maxwell Equations

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

'ERC are obtained by solving self-consistently the Viasov-Maxwell equations:.
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20 ai +(vV)fj+nj +xB 1V, fj =0 (5) W (6) E=-ca~ V x

B= 4c Lej f vfjdv + ¢ (7) VE=4icEej f fjdv (8 5

VB=0O, (9) where j = e, i andi =1, 2,... for electrons
““and each species of ions. In equilibrium all

physi cal quantities are independent of time (i.e.,

8181 = 0). To solve the VlIasov-Maxwell| equations, the

foll ow ng assunpti ons and approxi mati ons are nade; (a)

Al the equilibriumproperties are independent of

axial positioprz (i.e., 8/8z = %0 0). This

corresponds tg HSV)j‘eﬁ-i B PhE e, pith an infinite (3
. extension in tde axial mjilrectiod; tHus, the nodel is

valid only for the central part 88 of a FRC. (b) The

system has cylindri calV sgn_we_t__@ﬁ. Hence, all _ 6

equi |l i brium properties G ot g depend on O (i.e., 8/ 80()

= 0). (c) The Gauss law, Eq. 8, is replaced with the

quasi -neutral ity _condigz@n: o_ 15 Ej@dge; =0. By assum ng

infinite axial eﬁ@ﬁf@ff&h_‘a"f grg cylindrical Y]

symmetry, all the equil{briumproperties will depend

only on the radi al dj err. ,-For this reason, the

equi | i bri um nodel BB L% s oal o ®)

one-di mensional . Wth thesé& assunptions and

approxi mations, the VI asq J/fleel | equations reduce ©)

to: 20 (i .Wfj+ ei EVfj+e[ixb]V,fj 0 (10) nj njc
wheré/peBa 4 andref 1£2,vf fodeleifohy and@aph spepiesofions IR pquilitiriuii, gil d

JRotor Distributigns To solve, Egs, 10 throu 12
physigg] GEPIBER 918 wdﬁeﬁﬁ@fr}fs me {isn SGE- SholRiplvaiae %%%M%w y
equa E)‘E%Qﬁé@?fé&é%% rﬁtﬁa%f;@ﬁb&%@%?&iﬁﬁﬁﬁs ardAgfRs and ions in a
(a).AII the equilibrium properties are independent of axial position z (i.e., 8/0z =

—

0). This corresponds to éonsidering a plasma with an infinite extension in the axial
direction; thus, the model is valid only for the central part 88 of a FRC.
(b) The system.has cylindrical symmetry. Hence, all equilibrium properties do not
depend on 0 (i.e., &/06 = O)
| () The Gauss law, Eq. 8, is replaced with the quasi-neutrality condition:
Y.n.e, =0.

i€
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
equilibrivm model discussed herein is called one-dimensional. With these assumptions

and approximations, the Vlasov-Maxwell equations reduce to;

GV, + LBV, f,+—LpxB] v, £,=0 o
_ n; mc
VxB=Eye [ora5 . (1
o
anej =0. , (12)
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choice for this purpose are the so-called rigid rotor
di stributions, which are Maxwellian 5 distributions in
a uniformy rotating frame of reference. Rigid rotor
“distributions are functions of the constants of

motion: 3~ mM 2rr 61 -CATf'(r,v)=(2nf) nl (0)exPL-
T], (13) where nl is particle nass, v is velocity,

Tl is tenperature, n#) is density at r = 0, and co, is
a constant. The constants of the notion are 10 el = 2

Do Vado €I (for energy) and Pi = m (xv, - yv=)+ e
T dZROt r]5:1.)stn{)u onsngyl ar nonentum), c where Dis the
el Beéolesiqa! 100hiase T, ditrbansh fuXclichs ivet Hel ysehéact i on.
The el ectromagnetic fields are E, a(D (electric

adeqpately dgscebeithe 1dfating bearps (fielegirensiand fans iy FRGuBgedsenableng

choids 1 (RSS! B0Bc 0L RR B R AP i ORR: Phic A Wheltion
distribetons 4 (sifoRNIy rdthtidg/fidth&bikeRrendd )Rigid L diSiributions &

I V-wWl XF12=(V. +. Ywi /~ +(Vy-xwl) 2+V. 2" and nl (r) =n]
functicdy efibe comsfantslof mption:" F |- j wjr2J}. (15) | 1L J 22
That the nean velocity ip Eq. 14 is a uniformy

rotating vector gives,rise to tthe. ngpg jrigid rotor.
ne of skill ffr,7he -adt |oglo)epyreeiatlelthat the choices)
of rigid rotor disti{3Muyi ons flor d€scribing el ectrons
and ions in a FRCis justified because the only
where o, igipaudicls ndsatv issalocit, T} iviteaspsvatereay((pds density Bor.= 0,60d &y e
isac(rnils%ng. ,hgtor di sttrélbut.i.ons (e.g., Eg. 14). A proof of

e constants of the motion are
£, =y ie® (for energy) and
15 j 4

e.
P =m, (xvy - yvx)+ -~¥ (for canonical angular momentum),
¢

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

fields are

E = —%‘3 (electric field) and
‘4

r

z

B =lﬂ (magnetic field).
ror

Substituting the expressions for energy and canonical angular momentum into Eq. 13

yields
3
m, )z m :
f.(r,i)')-:( ! J n.(r)exp{—ili?—cﬁjx?[z}, (14)
J 271{[:’ 7 22:!}
where
_ﬁufﬁij|2=(vx+ywj)z+(vy—ij)2+vf
and ORI e - - v - .
1 @, m :
n,(F)=n,(0)exp{-—le,| ®——L¥ |-—Lp?? |}, 15
,(#) nj()xp{ Tj[ej( » ) 2 % ]} (15)

22
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5 this assertion follows: Proof W require that the
sol ution of Vlasov's equation (Eq. 10) be in the form
of a drifted Maxwellian: 3 fj~r v~=[2;(T)JJ exp -2Tr
“lv-ui~r~! (16) 10 i.e., a Maxwellian with particle
density nj(r), tenperature T, (r), and nean velocity
ui (r) that are arbitrary functions of position.
Substituting Eq. 16 into the Vlasov's equation (Eg.
10) shows that (a) the tenperatures Ti (r) nust be
t [ lde st be
Thatuni éoarﬁ%klémpé]?? E‘Sls\ggl?{}%r Sﬂd?&lg%v@ °‘(§%)§§? §0| t%?
rigidotetos | Grieaxf skill n( the aft bamapprectaee thit thdfnhofce ofirigitl réfor disthbutions
16 into, Eq.. .10 yields a_third-order

Suhstitutin .
for dﬁ%ﬂ@ﬂ'&ﬁkg 'ong P aER Gis jusfified pagausy hejoply splutipns thatj -

st St IR B AR,

ﬁsédsarmﬂ'ﬂ(@s i . +vO-l nni ~+nd | ui | z~v' VTi ~- i
lv' ~ni' n| ~-e, V' E+ e ~vxB)ui... 2Tiz Ti Ti cTi 23 e
+J&@fj J For this pol ynom al equati on to hold for

3 L‘%‘{Iﬂg ‘m'ér it f@g gdcl@:i Sftrlf:lsg{/:1 58 BOIP @%ng (():}% .}&/ ﬂlg?c?'ﬁmzof a

driftedVistwallian:

£F.9)= [2 — ()Ja n(r)ex p[ T 0 u,(r))’} 7 16)

i.e., 2 Maxwellian with particle density n,(r), temperature 7|(r), and mean velocity

u; () that are arbitrary functions of position. Substituting Eq. 16 into the Vasov’s
equation (Eq. 10) shows that (a) the temperatures T (r) must be constants; (b) the mean
velocities #, (r) must be uniformly rotating vectors; and (c) the particle densities », (r)

must be of the form of Eq. 15. Substituting Eq. 16 into Eq. 10 yields a third-order
polynomial equationin ¥ : '

ii'-V(Lnnj) -nfi(lT—i'—) -V, mj(; u")z(v VIT,...

J J'

+ B -~ [Fx B]- G —i,) =0
.t 1-; J T}C J -

Grouping terms of like order in v yields

2 69T)..
...+%-(v-v::z,-a)-—%g-(v-aj)(v-w;)...
.._.+17.v(mnj)+%|aj|2(ﬁ-vi;)--'%(v_-vaj-izj)-%v E‘+£§'—;j—(ﬁx§) i,
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5 The second-order equation gives aux auy auy vz ax
ax ax V uj - v =(vxvyW aux aly auy IVY V ay ay ay
au. auy auy V. az az az vxaxtvya t+v=a==+vxvy(+
au-).:. ...+tWW( az + az J+V74+ aUY )=o0 For this to
hold for all v , we nust satisfy [ J 10 aux = = =20
and auy +aux It + o”uz auy + auy -0, ax ay az ax ay)
(ax az) (ay az ) which is solved generally by

uj (r)=(w xr)+uoj (17) In cylindrical coordinates,
take (err)oj = 0 and 53,3: Wi, which corresponds to
injection perpendicul artm.;admanetic field in the i
direction. Then, u | (FT= érr) jr(err) . 15 The zero
order equation indicates that the electric field nust

. For this pplynaemyal ¢quafion) to heid ferlli bsthe toedficienk ofqaph powysef v must

.first-order equation is now given by
vam O(Innj)-m (vDuj -ii, .E+e" (vxi).uj=0. (18) Tj Tj

- (caly . be rewwitten with
o e IR = S5 0o 1 =1 our
U&e%e@ﬁd—‘ordé?ecfua@o%gigesgwbr =rw2rrP. (19) rae rae -r

a

80 our Duo au= u-~ az az Oz .
| (ou, ou, ou YV

ox aﬁ’x ox
114 v
5.V, =, T Lo BV

& & oy
6ux au}’ auz L&
N8z @& &N )

auz aux auz au)’
A +—=+v v —+—=|=0.
ox Oz Yoy oz

For this to hold for all v, we must satisfy

ou Ou ou
aux — hd =auz =0 and ( .V_l_auxJ:(auz +aux)z[auz+ J’]=0,

ox 8y 0Oz ox oy ox oz
which is solved generally by _
i,7)=(@, 7 )+ i, )
In cylindrical coordinates, take #,, =0 and &, =®,2, which corresponds to injection
perpendicular to a magnetic field in the Z direction. Then, &#,(F)=w J.ré .
The zero order equation indicates that the electric field must be in the radial
direction, i.e., & = EF.

The first-order equation is now given by

v-v(lnnj)-%f'(ij-aj)-—;!j’-v-mcﬁf:(vxé)-aj=o. as)

The second term in Eq. 18 can be rewritten with

24
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The fourth teen in Eq. 18 can be rewitten with (
~vxB' ~u"j =v~Bxu"j ~=v~~OKA~xu'j~=v LI rarx( ror9 =v
aoj ar (rA9 ' ° (20) b5 Using Egs. 19 and 20, the
first-order Eq. 18 becones 8 (hi n) - m"' t o' r-
e E+e " 8(rA~=0. O " T " T r cT e W
The solution of this equation is r2 ej(D(r) e’\rAe(r)l
(mroj (21) nj(r)=nj(Oexpll 2T. Tj cT j where Er =
-d(D/dr and n;(0) is given by 10 nj (0) = njo ex[_ mw
+ e] ~+ evwroAa(ro) (22) 2% \Jj cTj Here, n(err) is
the peak dgnéity &, ro.8ugo0 lﬁn on of VI asov- Maxwel |
Equat i ons Novget hatgit hgs eeg oved toit |s

appr gpri_at g itd, desgu,i beaw,.ofs, pnd el ct rons

r ot oY %.ditks ] | OITgy ] aspvl 8 efualip#,n( Etf’;”l()) i 19)
replaced b 5 S fla{,st %ge 5 megtsoll ..}, r o dn.
-nj njru>' , (23) c dr which
are conser qz o‘?z mnrf@znt mﬁquatl ons. The system of
equations_to obt ain equilibriumsolutions reduces to:

The fpgrtiptepm igdfiq. 11 8¢an be semittenivithi ei  Er + c BeJ- Ti

[ERN

dr=ezZ=12>... (24) 8W7 r 4)r or o+ O
8r C{QQ@JW(EQW‘) ﬁ%@x;i)xuj)u?a[( E(rA ? (cojrﬁ)}
=V-o -a—(rAay (20)
for
Using Eqgs. 19 and 20, the first-order Eq. 18 becomes
7 m; e
Inn, |-—- LE +- L L (4
61'( "j) Tja’j T + T, a("a(")
The solution of this equation is
m.@’r’ e,D(r) e rd,(r)
n,(r)=n(0)exp[ L — , 1)
A N P
where E, = -d®/dr and n,(0) is given by
o’rl e,® @ 1A
nj(0)=njoexp|t_m121{’0 +e.r T(”o)_i_ej .rrt}e(ro)} @2)
-l j ¢y

Here, my, is the peak density at 7,

Solution of Vlasov-Maxwell Equations

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

moments, i.e.,
dn.

2 re; i
=R Mm@, =Re, E,.+TB._, —2}—5;“, (23)

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

equilibriuvm solutions reduces to:

25
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Solution for Plasma with One Type of lon 5 Consider
first the case of one type of ion fully stripped. The
el ectric charges are given by ei = -e,Ze. Solving Eq.
24 for-E, with the electron equation yields m2 rwe Te
dne ( 'Er =-Me --Bi _ e e 27) e c ene dr and
elimnating Er fromthe ion equation yields 1 dlogn,
Z,e (CO -Coe) Be - ZT, | dlogne + mw? + rnZ, we (28)
rdr ¢ Ti T. r dr T,. Ti 10 Differentiating Eq. 28

wi th respect to r nd subst i tutlng Eg. 25 for d82 / dr

yi el ds ""’a = ne,
with T —g’EI?ﬁ éons?f nf {:er, vvg s%aﬁg’s’, @4

obtaining 1 d 1 dl ogn, 4rn e2(w, -we)2 Z, T, 1 d1
dl ogne (29) radrag drasl cZ;rT 4zdir dr The new
variabl e 4 i SZATFOTUCER="T2 P E?15 e (30) 2£25)
r dr r dr p d"EQ. 29 can be express@d in terms of the
new vari abl e 4: d2l oYg 4 ch e2ro (w, -we)2 Z Te

d2l ogne (31) d27 T c2 'IrZ:f'Z lei ng the (26)
quaS| neutrallty condi tion, d2l ogne - d2logn, ne =Z
n,S lasm 16 eBﬁIoﬁ 4d2|ogn oran rfolz

+ 2 (T +
Conséer &st tEe casg of one &ype 0 1on fully stnpped Tﬁe electric charges are
given by ¢;=-¢,Ze. Solving Eq. 24 for E, with the electron equation yields

g = T2 _ T, dn,

r

> 27
e c © en, dr @

and eliminating E. from the ion equation yields

ldlognl' _éf_(mi —me)B z
r o dr c T, R §

dlogn, mo +mZ‘,caf.
dr T I

i I

L1 8)
v

Differentiating Eq. 28 with respect to » and substituting Eq. 25 for dB, /dr yields
_dB, 4x

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

(a), —cae) and Z.n, =n,,

1d ldlogn,  4mZe* (a),-—coe)z _ZT,1d 1dlogn,
rdrr dr T c* T rdrr dr

(29)

The new variable § is introduced:

r 1dld 1 d*
= LI LI N 30
d 27 rdrrdr r d*¢ G0
Eq. 29 can be expressed in terms of the new variable &;
d’logn, _ 4mZe'r (0,~a,) ZT, d’logn,
i T, ¢ 1, d¢

Gh

Using the quasi-neutrality condition,

d*logn, d*logn,
d*¢ a’¢ '

n, =Z.n,

yields

26
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49Z, e2 (w, -w8Z, cz 4= e2 (CO -we)2 Here is defined
T+T s rd4Ar = 2& Z2 C (33) 45' neoe Itv, -tvel where

the neaning of Ar will become apparent soon. If N, =
~nln(err), where nl0 is the peak 5 density at r = ro,

Eq. 32 beconmes (Q | | d'dlog -8l ZN,. (34) Using

anot her new variable, ~ | z x=2-rj, yields. d N

=-2N' x the solution to which is 10 N, = |

coshz(x-xo) where 7CQ0 = x(ro) because of the physical

rng rement that Ni (ro) —1 Fi nal | Y the ion density
 dslagmyen by n,off | = nz _z (35?) coshm2(| g \JIm 1

J @?qsh 2 QTJ,Q 2 o A, i) ‘The st gnificangg of r@.lﬁ -(32)
t hat Pcat—r?n of Hédkz—gensuty Rote that R,
(0) :n, r%)a’"fﬂé Wth theTio ity known, Bz

can be caI cul at ed usi ng Eg. 4Mw6a o, tan be
?#cul a‘%&g using Eq. 27. The electric and magnetic

EhtS re CD=-fr OEr(r')dr' and 27 roe =1 f
r-rr'B2 (r')dr' '"F = rAe (flux,function) (36) r r'=A

T, ]2
Lo+
nar=a2i—=tl f (33)

4meoe '60, _me] o

where the meaning of Ar will become apparent soon. If N;=#n/n,, where n,, is the peak
density at r =r;, Eq. 32 becomes
d*logN, r
=i g0 |N,.
d*é Ar) 34
Using another new variable,

2

X=2-;0;'§, yicldS . 622};‘_? =—2Ni’

the solution to which is

1
_ —COShz(Z_Zo)’
where ¥, = (r) because of the physical requirement that N(r,) = 1.
Finally, the ion density is given by

- o - P
n; o 2(.’1][5 _lJ o P2 (35)
Ar 2 fo ¥

The significance of 7, is that it is the location of peak density. Note that #,(0) =#, (\Ero).

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

= -—L:E, (')dr' and

27
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Taking r = Jr. to be the radius at the wall (a choice

that will becone evident when the expression for the
el ectric potential (D(r) is derived, showing that at r
= (err) the potential is zero, i.e., a conducting
‘wal |l at ground), the line density is 5 Ne = Z/N, -fro
r neo2nrdr z 2nneorQAr tank ro ... <coshzl(r -ro A
rOAr 2nnor OAr (because ro >> Ar) (37) Thus, Ar
represents an "effective thickness." In other words,

for the purpos of Iine density, the plasma can be
t hought of gs= gnmf ed & -=tRe @uk fnetisyl e in a 36
ring of tﬁ?ckn { %kth const gnql denS|tI?/ nom 10 66
The netlcfleldls r=r, B.(r)=Be
Takigg r Faigs tabe theragiypst ﬂl%W?lL@ chpige that w@hecga@evéﬁni Yihen the,
and electron beans is IB = JfrQ 1Bdr = N ee Co.) o
cxpramonbr s pani 80) s ity ring it e Vagrtee | ¢
eld can be witten
Pote%l is erp; k)2 ozgq@haawiﬂ%wdw@lmeﬁs@%qs tankr -ro
(40) ccroArcrﬁﬁrlnE 40, B2 (0) -Bo + 2yr ie
and ¢ BY:hzmy=— F 2 =dn ngeml;a@nn current
| (err) vani shes, “the I’Pét*”‘é fieldis condtant, as
expected. 20 These rgﬁ re illustrated in Figs.
20A through 20C. Fig. 20 %ho the external magnetic

field Bo 180. Fi tic field due t
the o oo 00 8 S 2805, AN WeeabisdS, TBMG ©7)

Thus, Ar represents an “effective thickness.” In other words, for the purpose of line

density, the plasma can be thought of as concentrated at the null circle in a ring of
thickness Ar with constant density #,,.

The magnetic field is

B,(r)= B(O)———j "dr'n,er'(o, —o,). (38)

‘The current due to the ion and electron beams is

i N, -0, ,
Iy = I Jedr= ——(2———) 7o =nger(e, ~w,). 39
iy
Using Eq. 39, the magnetic field can be wriiten as
r? 2.2
B.(r)=B,(0) -———1 ——2-51 tanh "0 = B, -2, tanh (40)
roAr c nAr

In Eq. 40,

B.(©)=-B,+2Z], and
C

B, (Y21, )=-B, —3’51

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

These relations are illustrated in Figs. 20A through 20C. Fig. 20A shows the
external magnetic field B, 180. Fig. 20B shows the magnetic field due to the ring of

28




current 182, the magnetic field having a magnitude of
(2(err)/c)l(err) Fig. 20C shows field reversal 184
due to the overlapping of the two nagnetic fields
180, 182. The mmgnetic fieldis 1 ( 11 2

- Br(r)=-Bl 1+2~I Btanhr2r0 | =-Bl 1+atanhl (r2-r0 1 (41) L
cBO rOAr J L rOAr J 5 using the follow ng
definition for /3: 2,r Ze Nee(w, -we) 2zr roAre(w,
-me) c BcBO c neO BO 27r 2 Te+(TlZ)] 2 cneo

w12, e e S aenidna PP i PAC b ad
reve@élqgn Hh&tol%’é SRHbingdTehd th8 n'i@aafé fidlds 186,182.ux can Dbe

cal cul ated. From'Eq. 27, Er=-TCsB=- Qedane+erwe—-~(D
( 4By magwelghidd isng both sides of Eq. 28 with respect to
r and using the deflnltlons of electric potenti.al and

fl f IIZWI- f (¥B-fr d
(15 B Gt e D (o

e e ne(0) e2Now the n?agntlc | ux can? béc cul at ed

5 _ usm%w(ﬁﬁ)ﬁngf&?mu{oﬂ%j%press| on of the magnetl c field

BIll+~tanhr rO "dr'... r-0
Or PO~ J 'éﬁfIOAfN?eQ:a =89 227: BQ?A,,E(gpILu pgl cosh r2 -4
)-1og(cosh 'T‘—Ei‘ -—c?;— B,

1
.“:21;__2 2 Te+(z;lzi) 2 cneO e(a)i mwe)-"
c 4 e 0, —o B,

e

= |:8n-(neOTe + n!OT;)]E = \/E. (42)

B

With an expression for the magnetic field, the electric potential and the magnetic
10 flux can be calculated. From Eq. 27,

E,,_ eB T, dhlne +_ :_______d_@_ (43)

¢ e dr e dr

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

O= _L - E.dr' gnd Y= L:oBZ (#rar, (44)
15 which yields

2 .2
o=Ley Loy B0 _mr o

e e n(0) e 2 )

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

%J;:—Bo[

(_ 2
20 =B B Ar log cosh log[cosh )
‘ 2 roAr Ar

29




10

15

2 =-BZ +Bo 4~logne ). (46) Substituting Egq. 46 into
Eg. 45 yields wB arAr n (r)+T n (r) _coBr2 _mr2o04
c 41og ne (0) ene(0) c 2e 2 e (47) Usi ng t he
“definition of /3, 5w Bo V/'rOAr = T 18rr(neoTe

+n, 0T;)2 (TQ +T.12~s ¢ C C 4neoe2 (w, -we) = 4 we
(neoT, + n,02). 48 w, -we neoe () Finally, using Eq.
48, the expressions for the electric potential and the

flux function beconme BY2 +. neo7e+noT  nne(r') and
(49) 2 co, -we neoe JJ ne( Dé’r)?z

wew( heoT7+nr 02) +Te 'h &%”o 'B nr 2we (50) (46)
-€ neoe a ne(0)” c2e c Iatu on Bet ween co- and

w~ An expression for the el ectron angul ar vel omty we
Substitating Eg.clustodigr 45/@eldf r om Eqs. 24 through 26. It is
assuned t hat yms have an average energzy (err)m

(r(err)q)(em)ﬂo Brylixi chnl(:s) e]Bag(mj nexy Bgy tli)ef‘sz,'t hod of
f or mat i*on g@ e@) egm ned by (47
the 15 FRC formatl on ahd’ co, can be et erm ned
Usmgmelgqﬁm%ngy conbi ni ng the equatl ons for electrons
ions to ellmnatethe electrlcfleld z z \Wer dne
dn -Te -T. (51) ~nenrwe +n;rri (w toe)B dr
dr C £qp %ﬁrﬂﬁﬂ_ﬁ—hﬁ%@ﬁ' W@")QM - ve)

to obtain’ [ 47m e (a),—m)
= 4 we (neDTe + niO'Ti) . (48)
G)i “‘G)e neoe
Finally, using Eq. 48, the expressions for the electric potential and the flux function
become
2 , .
\I[(r) — Bﬁr R c neO'T:z +ni0'T:‘ lﬂ ne(’) and (49)
2 o-o, 1€ n,{0)
2 2.2
(I)(l")= @, (neﬂTe +n:’01;)+_2_1e_ lnne(r)__a_J_g_Bor. ____’Z{r @, . (50)
@, —@, B 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. Tt is assumed that ions have an average energy Yam(r)’, which is
determined by the method of formation of the FRC. Therefore, @, is determined by the
FRC formation method; and @, can be determined by Eq. 24 by combining the equations

for electrons and ions to eliminate the electric field:

o (51)

' -—[nems"aa,,2 +n,.m',ra11.2]'= =
y

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

namre? +nmrel |=—| =+ T . (52)
b 4ot S
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[nemrwe +n, mrw2l= +ZnlTj . (52) ar~8 i 30 Eq. 52 can
be integrated fromr =0 to rB =V 2ro . Assum ng rdar
>> 1, the density is very small at both boundaries
~and B. = -Bo (1 ~,6~. Carrying out the integration
shows [ neomwe +n, om w?]rOAr = 2-2 [87c(neoT.
+n, OT, . f2li . (53) Using Egq. 33 for O- yields an
equation for we: 5 CV, +Z-niwe =no(a,-w, (54) where
0. = ZeBO nt Sone limting cases derived from Eq. 54

il = d B 2. co, =0 .=
Eq. 55 beifiertied oy = i o2t ASRmBENATT Foliadilinis
very 301 4 o RponHanes sodi BrragRdl 4 PeEvRbMtinzamon s

el ectrons are confined magnetically, and the ions are
confined el ostat. = N W I 0O for r >-
ro Zen, Tr [’?fnc%&f gﬁ?ﬂ&@%%b/(%[ér(rfgimﬂﬁ) 'second case,(53)
. the current is carried entirely by ions noving in
Using Rei3p T Afrvadidrain cgugfiondeti®on (a, > 0). If co, is
specified fromthe i op_ener gy Yzm (rco)', determ ned
in the formation mfo;ce@mj <Ol W ¥, 0 and CIO = co, (54)
identifies the value 8 Bo,, the externally applied
magnetic field. The ions are magnetically confined,
wher& 0d = trons are electrostatically confined by 20
E, 2 Teradne ?Oforr>-ro en, dr 0 for r:5 ro (56) 31 In
the third case, we > 0 and (20 > w,. Electrons nove in
t [eme ligyting capes dgrivaddipaeEa-S4d@r% ecti on and reduce the
current density.eBFrom Eq. 33, the width of the
V]

L.oy=0and @, =——;
me

2.0,=0 and @, =Q,;and
3. Z’—"—wf <! and @, = a),[l—ﬁ].
m, 0
In the first case, the current is carried entirely by electrons moving in their
diamagnetic direction (@, < 0). The electrons are confined magnetically, and the ions are
confined electrostatically by

- T, dn 'SOforrZro. 55)
Zen, dr  20forr<r,

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

T, dn, 20forrzr,

E = .
en, dr <0forr<y,

r

(56)

31
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o

distribution n,(r) is increased; however, the total
current/unit length is ((,e NIB =J,=0ledr 2g e(01
--we), where (57) 5 Ne = f reo2nrdrne = 22trbArneo .
(58) , Here, rB = Niro and rodr cc (co, - we)-'
according to Eq. 33. The electron angular velocity we
can be increased by tuning the applied magnetic field
Bo. This does not change either o or the maxi num
nagnetic field produced by the plasnma current, which

B 2z/ C t daes change Ar and,
i‘bﬁ'\e&l“él %’ gpﬁ%‘l g’we%tmf‘ﬁ?cﬁeém?ﬁéﬂ %?fum val ue
) L.
dia oAb il AT e Al B EL k%g%l'sf. .
distrituitign n, (3 & ierbsed; mewemmﬁel tbtaE@nreﬁmﬁqenJgaﬁs B~ /(Bo J)
188, CD/cD0190, and' P/'1'o 192 are plotted agai nst

r/fro 194 for v I@és of The val ues of
potential and ?Ilr'u 0k 'g g;@r ngaV Io1 (Do = 20(Te + (57)

T,)/e and' Fo = (c/ro)(Do. Adeuterlum plasma is

assumed 15 with the- o neo = nn =1015
ro =40 cm (err)JEﬁ( @(b%%u)”%%ﬁ“soo keV; and Te _C(gg)

T 10 a5 S L PR

vloo BT il WSSl B o B BB 1

7 58
il v Ky A e

BOJ—B&B@nBc)Ie 1H3WEveK G dody SHaMESAHRA!\inificalt®y) HiepR1ERMI aofTHROL h

| ectrons and ions. The potential reduces to CD/ $0 =
ma:urmmi valpg &F P BQfickeassd, Asds theahectie flekl iRt corfilet tieleleetramnpar ed

Sl 1% 500 00 0 Y o
tﬂﬁﬁgﬁ %%ﬁa ”eﬂﬁq%wkﬁa@@ %g&@{ s ipeRizpedee

d
192 atlg l%gaztﬁ% gga%s?w llﬁ ?o%‘ vmﬁuts ler.l e%?a.{ueg S po?e%éi afd flux

conpri's
are normalized to @, =20(7, + T)/e and ¥, = (c/cthI) A deuterium plasma is assumed

e
o=

with the following data: #,, = n, = 10¥ cm™; , = 40 cm; Ym(ryw)* =300 keV; and T, =
=100 keV. For each of the cases illustrated in Fig. 21, @, =1.35x107 5", and , is

determined from Eq. 54 for various values of By

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

156 B,=5.15kG ®,=0.625x 10" s*

158 B,=155kG @,=1.11x10"s?

'The case of @, = -w, and B, = 1.385 kG involves magnetic confinement of both
electrons and ions. The potential reduces to @/®, = m{ra)*[80(T, + T)], which is
negligible compared to the case @, = 0. The width of the density distribution Ar is
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5 ions. Fusion fuels of interest involve two different
kinds of ions, e.g., DT, D-He3, and H B". The
equi li brium equations (Egs. 24 through 26) apply,
except that j = e, 1, 2 denotes electrons and two
~types of ions where Z, =1 in each case and Z2 = Z =1,
2, 5 for the above fuels. The equations for el ectrons
and two types of ions cannot be solved exactly in
terns of elenentary functions. Accordingly, an
rative nethod has been devel oped t hat beg
redu%ﬂgﬁ aertorop fowd e mpagpeticfisld Bond iafhe S%Iﬁ%%?rféﬂ“’ro
0 have the sane val ues of tenperature and nean velocity
"V, =r(err)i. lon-ion collisions drive the
di s rlbutlons tomard his state, and the nonentum
t rgkutzon for Flasmas g iple bypes @fdonsy| | sions is shorter

L I e S L

~ jons, Vifusfontfieds tbﬁ&ﬂeesﬁﬁvolﬁa twomﬁfeea:ﬁ kbﬁs ofionis eg., DT, D-Hel) ghdH-

i on problem The nomentum conservation equations for

B'. Thequifibsium eayafippsEas. 24 thiopsh 26)@pply;rexgens fgt [50)l, 2 denotes

B th
e BPARER REOvit8 Bl B A0 1€ Sl
above fﬂdl%t The Squatisns! forselécro@ and 1o types mbﬁ%hﬁ{o'fbd'ﬁcﬂveﬁ ekacﬁy
(61) V\/neren—n n2; w, =i =w2; T=T, =T2; n, (m
in temﬁ of ﬂpmm ipns(¢ Aceprdinglyzan wmmmmbm develomé
thatb%gri%‘ g}# é}ﬂ%n)aeggﬂh ) are constants obtained by
acl ng

r) by nl0 and n20, the maxi num
v all'hE@@lSQf‘e dskigndies poR the/Rme walkkd sTiémperatite afidnedn RibcRY V,
this problemis now the sane as the previous sol ution
= raof dmn-toh@oléusngs driviedine @ﬁnbngs towauhilis stabea nd( th$ momphimmes Z
nd ), replace s .,of n, and_n2 can be
tfans%{amaé?%- + ﬁ&’nilsﬁ ?Pang prdomglediogsollisigas by 4 7) .
me
g ot O PRYTPES SR o, BTt I B
ions @hbairetaceddy a singleadn prgblede Thqnmmemnm constriatign &juatidns foro
252t (CO - tye) B. (CQ Tedlog N +,n ~"' )2 and
fonsqrgo) g~ TBo T,. d~ T5d log N2 r252 ~w, -u~e~ B7 )

ZTQ d 1 og NQ (63)
—nmro; = n,e[E +4 —1B jl -1 %’—1‘— and - (59
—n,my e, =n,Zel E, +—= . (60)
dr
In the present case, T} = T, and @, = @,. Adding these two equations results in
—n{m, o} =ni(Z)e‘:Er +™%p ] T%’—l— (61)
c ¥

wheren,=n tngo =@ =a; I=1T=1; "r(m,.).t_i’.z.lml +ngmy; and ”i(Z) =n+nl
The approximation is to assume that (m;) and (Z) are constants obtained by

replacing #,(r) and n,(r) by n, 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

type, except that (Z ) replaces Z and (m,-) replaces m,. The values of », and n, can be
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dgn2 z T. Bo T,. dd Ti where 2 N, =15(r), N2 _ n2
(r) r 2 >52, - BO and 522 = BO nlo n2o0 2r mnRc The
first iteration can be obtai ned by substituting the
approxi mate values of BB(4) and N, (4) in the right
hand sides of Egs. 62 and 63 and integrating to obtain
the corrected 10 values of n,(r), n2(r), and Ba(r).
Cal cul ati ons have been carried out for the data shown
in Table 1, below. Nunerical results for fusion fuels
.are shown in Figs. 22 A-D through 24 A-D wherein the
obtaipad Arom ek T AR 7, DB, = 8/ 562 P08t cabe apprerigied it g and 7,

| ott inst r/r 204. Figs. 22 A-D h the first
haveﬁ’ﬁg?%éﬁ’ﬂ&?‘?%éﬂ%@'gl ird | | nesl) and the fi nZI o\rN:suI ?s e
( Ak BE coirdelutdh chl18e dotainddyalettins i Quddods: f or the

normal i zed density of D 196, "the nornmal’i zed density of

T 1984 10t 4e nor.nalj,zeg e pRient wals 2P0, and the
norna'i-i'%rdl-#mmz@ L2880, (L RUES meP 8™ o)
iteratifns for D Hedifor fehe fior I zed density of D
212, the normalized densjt of He' 214, the
nor nal %i%l_vrg_ Fach Mﬁ@luﬁd%_;ﬂﬁﬁrsml i zedggz)
flux 218d€Figs.” 24 AED stRyw tle sdée iterdtions
forp-B" for the normalized density ofp 220, the 20
whergor mal i zed density of B' 222, the normalized electric
potentjal 224, and the ngrmalized flux 226.
@Q\M’_'t}enc af 4he itecafion ics Afst ﬁﬁoi dgarZeT. In
al'l agses tHe fiy St Aapprbxi mati anel s cl ose t o mpé
final result. Table 1: Nunerical data for equilibrium

c Jbe frshiteralion qap be ghtpibed bynsubstifating the approximate salesstof B.()

end NS g8 g, BT it 10 By egrcted
valu&@-bﬁif&%%?(r)@mﬁ?@-g)ﬁ n20 cni 3 0.5 X 1015 1/3 x 1015 10' 4
V, = V2°cm0.54 x 109 0.661 x 10' 0.764 x 109 sec 1 2

k Edlcglaionsdpvemn cariad witt for the data shown in Table 1, below.
Numerical results for fusion fuels are shown in Figs. 22 A-D through 24 A-D wherein the

quantities n,/n,, 206, ®/®, 208, and P/¥, 210 are plotted against /¥, 204. Figs. 22 A-D
shows the first approximation (solid lines) and the final results (dotted lines) of the

* iterations for D-T for the normalized density of D 196, the normalized density of T 198,

the normalized electric potential 200, and the normalized flux 202. Figs. 23 A-D show
the same iterations for D-He’ for the normalized density of D 212, the normalized derisity
of He’ 214, the normalized electric potential 216, and the normalized flux 218. Figs. 24
A-D show the same iterations for p-B"" for the normalized density of p 220, the
normalized density of B' 222, the normalized electric potential 224, and the normalized
flux 226. Convergence of the iteration is most rapid for D-T. In all cases the first
approximation is close to the final result.

Table 1: Numerical data for equilibrinm calculations for different fusion fuels

Quantity Units D-T D-He® p-BU

Moy om’ 10% 107 109
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1 2 keV 450 675 3300 2 nRV2 w,

102 1.65 x 10" 1.

3 (Z,) None 1 3/2 1.67

"(Z1l)eB rad/s 2.35 x io 4.95 x 10" 9.
rad/s 0.575 x 10" 1.1 x 10" 1.52 x 10
keV 96 170 82 T, keV 100 217 235
35 Quantity Units DT D He3 p-B"

8. 25 15.

91 x 10

=W ral rad

(m MP 5/2
55 x 10
~1 c
rar cn 1
16 None

/s 1.35 x

r cm40 40 40 B kG 5.88

5/2 2.67
no (m)c

o HO -1 TQ

14 203 313

. 228 187
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15 Around the outside of the chanber wall 305 is an
outer coil 325. The outer coil 325 produce a

rel atively constant magnetic field having flux
substantially parallel with principle axis 315. This
magnetic field is azinuthally symetrical. The )
approximation that the magnetic field due to the
outer coil 325 is constant and parallel to axis 315 is
nost valid away fromthe ends of the chanber 310. At

Quaptity 1vi r for ditSs 330 ar Papted to BHRluce an P~

€ach end of the ch%rmer 3T0 i'S T 20 mTrror cpiT 330,
|
increased maonetic field inside the chanber| 310 at

ch end, th& bendi ng t magnetic fijeel d lijnes i rd
t each| en fSee Fi gs. and 10.) Alssgexpl i ned, . this

bhondi nalinanrd ~f + fiald lLindec haol ne +n cont 91 N
|IAYIRav ]} ITg FTTvVvVieAT U J1 LA A ) LEELELELAYE"] llb]irJ\J L4 CUTICUAT 11

the plasnma 335 in a containment region within the

StructReBRE iSRS Rlhy between the mirror coils 330 by

pushi ng i way T the ends where it can escape the
2Fig.Stitistaent preftsicd smBAHmerihd a vbitaiamentaidtan 3@Daccadinge
adapted to, produce an increased naghetic field_at_ the

to theprereniivention, The sprismmegt syste@ 300 sarpTises o gangher wall 305 that
' [ ' ' 3 f. w-ndj ..t he

defingYierdfl Vol ERRES 107 Brdrit o) RO Blaatber M0REL ARG,

shapeywith @rinciplzialis 3338 flon®the ostériof e chambdra 100 Farapplivaiidmsof330
with the outer coil 325. The outer coil 325 and mirror

this cogfammentyysigme’ 08 omision reapigr, itis neqesswia prealg 2 yaguamyy near

o lin 385 r .1 NSl t
vaculg ool IS Gpmblh 210 Conee iU Bitne SAIBHICRI I3 1} Ep AR iR
coil 32018 éatedowitlin e charalsen d LG t Thethetbe Flivd boib3M0Ncompriseetml , it

maybe advant ageous to place the coils 325, 330 inside
clectfiggbotTeaherEingamadivgniapd & dieect perepd avgundierions Qofl, asihesen,

. ' i di £ f r 5
which Blfeilfy SRARSH frdbBlAab8 il 8Bail e ad s Wm0
paralleDwindiigt of labig@ foh beparael oails, &6 Toym allbvg ilareesnsItBedBythe

of the shape of a hollow cylinder, the chanber wal |l

art willgppsegiate thj carrens fhgough dha etatron cpil32( willwesultiie p magesiis dield

nsiog AF LORRA (62 it i G0 Bt FRRBIERUFS, (o
anbn®d thé bitgide b¥thé eiamibbywall 305 ik Aelterwall 1325.0THE diger bhie
center. of the annular ri nrgil nmay conpri se

325 presiice s Rlatively wansiant wpgnstic Seldhaviag Qu&s@stm@ll?mpmaﬂdééﬁwe

. , 310 e Ssuf£j cient .sj.ze
princBRERICAS, ThSERAIRI A homMHRly PaRtBil, ThEpERbR R
that theifineBS Belt dné PR Sut@IcoNBES isREnshink Bed fRkAlePisiagis 3I1Hisat a

iven radius. 15 The chamber wall 30

gl \ may be formed of
most yalideaveayfigm tha onds gt theishanbenad bt exch puskofdhixteanber 318 s

misof iF 0 g pBLP e FRE opled i e R ks ffd ©

insidd4@€ BhanttRer BRDA @hdhGnd, | thus behdiRER $eadRéttSield ¥hes inward at each
end. (See Figs. 8 and 10.) As explained, this bending inward of the field lines helps to
contain the plasma 335 in a containment region within the chamber 310 generally
between the mirror coils 330 by pushing it away from the ends where it can escape the
containment system 300. The mirror coils 330 can be adapted to produce an increased

magnetic field at the ends by a variety of methods known in the art, including increasing
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: nma
outer g@%ﬁ 323 ub?ptside the circulating plasma beam 335.

chanber 310, "conpressing” it. If the chanber wal
were to be nade of a material having | ow magnetic
perneability, such as plexiglass, another device for
contai ning the magnetic 20 flux woul d be necessary.
" In such a case, a series of closed-Ioop, flat netal
rings could be provided. These rings, known in the
art as flux delimters, would be provided within the
outer coils 325 but outside the circulating plasma

m . FULt her . these delipiters. coul d be .
LR G R T e e N B
coils 3804l ol o 1agpil %_&ﬁ miltbit ddils 350 RRefRLIPEM T2 rent to

greater facilitate the contai nment of magnetic fl ux

wi Theiowter 26j1 325eand mirpreqoilg 130 arpshowmiia Figy 85 ymplementediputside

Qi.l s hensel ves coul d_serye .as.fl delim. ters.
the ek WAL 303 OB 25, recridR P g apas HO- BR e e
chanf®@FR4ll $0518 cARMUGRAIRIAdBHRSmaterdR Yudi@s BRM, 3 MBtheM t hi n

the chanber 310 by the Lorentz force caused by the

‘advantagpous foglack thelcdileds, 339 inside e chambenivill 30hecuse thedime

ot i P B et 5 e P e e RS ey e
and thisscFOFLLAB00HS Rhct SpkistR st eimbar’s DA 1o

to the principle axis 3 e or nore beaminjecCtion
the shape vEa Bl wagybindedr,she ghamberdeall 305dernEuigla lgg pinaslaminigods t o

such 8ot Bl B PR R Plepenf pSigE S i et

305 iR ARREREr §Qhdt Rhrfibdr riff hﬁfermem : @%ﬂhﬁ@iﬁ%&g of the

radi al position fromthe principle axis 3
annulgi ringinay congprist a somcdyducting nBdSial such emglaisnéd will become

ot 540 Bl Sl GBS
plastbPRER0x 1y P8 It Sl el Bl D BB RAEARS O 1
orléhe ahamiger &val) 30k oy bebripédefimematenial basnBalkigh oagnetic

permesbii paiegteet 18 i Gratts B CBUGRFADADS: SR st -

. iHeect
counSRESGLhTHe PACHITRIRMS £2p (ANABE: RECROR Soculing b,
chamB&r(3.10) ‘tecompresdire it. fIHiha dhanitet welil weretto bgmadveofjalnesderial havimg
way hel ps -to better. contain the plasma 335 gnd | eads
low %%shwegrﬂa@wé AUt e§ Plsrglios Sheiherdevies fof FeRtERiAg HedpagRetic
n 310
T G B ioy "1 360 £ B ¥eri et clob2 06, TR fes bl bE
provided | Thysed rivers tinetva irpihe adt s fluxeddinitersewaudt be proeidediwithin tir:

t hi s. convent.i onal thod, a bias %ﬂ?ﬂgércthgsie%lug is

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

with a predetermined current to greater facilitate the containment of magnetic flux within

- the chamber 310. Alternatively, the outer coils 325 themselves could serve as flux

delimiters. _ _

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

contained in large betatron orbits about the flux lines from the outer coil 325, which are
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external coils surrounding a neutral gas back-filled
chanber. Once this has occurred, the gas is ionized
and the bias magnetic field is frozen in the plasna.
‘Next, the current in the 20 external coils is rapidly
" reversed and the oppositely oriented magnetic field
lines connect wth the previously frozen lines to
formthe cl osed topology of the FRC (see Fig. 8). This
formation process is largely enpirical and there

' . f gontrollin formati g
peralfif it e b DA SRR flors BB BbcitoR Bt P A 1 ke,
for addiny plgrned peetth Metcirodating pldsafWedm 325inl the RALESTD, It He

FRC formati on nethods of the present invention allow

preferrggd embadiment, fhpinjesior perts 39P 614 adapted iminibct an ien hepmatghoptnt

. ' dnfact the FRC forned by

the sEfEral BYRILE B PR AR o 12 Bt oh Ol oo

335 i tontadud (ke agoutd|the @8l sQERY. FudtheR) BelihieGordits D80 are adapted
directly-influenced by mani pul ati on of-the magnetic

to injegt dncpeainp prQiFenlia: Ho tangentde and iv fhe dissetion of #s beRromerbiton

e ds of the present inventions also

Oftheg%mi esyﬁggnipﬁeﬁ‘gggor mation of the electric field and
ptlengroviled @t bnd d? nidebaREBEAd @SR soesk 343 fordfjebtiedl |
above. Moreover, the present nethods can be easily

cloudefnmrgreaedtis pligse ings Hie shamher fmtal Inﬂ@rqf@@dtembodigmeﬂ, the
G B s e,

of thd dhémb&1330. Flind heof FAE that HieecHBEING bRLEa S3 WHEheBI¥RS BoRE
[ act device and is very robust as well as

ina_co

contajgiho plagng 135 aagdaads to adiighendepsityo 3B$ in the containment
. [ .St ] for reactor systens. In the present

regm?re%%lgg@?e&ﬁé&&?éphati on relates to the circulating

pl asma beam 335. It can be appreciated that the

circul ating pl asma beam 335, because it is a current,
m&@ﬁwﬁélpol oi dal nagnetic field, as would an

el ectrical current in a circular wwre. Inside the

c iGoovintivnah groo¢dnseyaisdsida flor83EFR € pemasly eeiploy thethéta hineh-d

e Sl plopedL o 1 i PP PP T P oo S Bgniied e

extertl 8538 BuRRAAIng 3 Reuttdd Eas YERORAL] Ga®Bbd UnbE1nsk Had obdinkd fhe

same direction as the applied magnetic field. Wen the
gas isjorizaduand the biag magneticifisldsia fiozani ie thelpjasinar Yext, th eurrent in the
sel f.-field. overcones_the applied fjeld, . a .he
extesif s By PP P G SopRL Y B e RSB SR et
with {28 ARVidssly frb7e8 1RV o FO B Blolddofotiey of ﬁﬁ@m?mg?jo‘iﬁs
8 and 10. or fie

in Figs. 15 The requiremnments
formatien prosesk isdangelly empizicalreat] dbrawxtists aimest mp heeanoafebntrolling the

nsi,gde n.electri,c current IR . garried by a ring of
tormazh ot 6 R 76 Béliy e oor pingpoii e 56 g bapabifly 3 o
result. ' ' :

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

control and provide a much more transparent and reproducible piocess. 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

results in the formation of the electric field and potential weil in the manner described in
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ro. The magnetic field at the center of the ring
normal to the ring is B,, = 27cl1P/(cra). Assune that
the ring current Ip =NPe((err)0/2(err)) is carried by
Np ions that have an angular velocity Cl. For a
single ion circulating at radius r0 =
VO/(err)0,(err)0, = eBo/nt is the cyclotron 20
frequency for an external nagnetic field BO. Assune V.
is the average velocity of the beamions. Field
detal\[mﬂ?()gé ?vlﬁtl)nr_sn‘)wl%é gﬁ‘f{ %‘&%ﬁit l\%&l;(;ﬂg rc%?n ks agl?;jh %{t&ﬁgd tol a@é&leraté ﬁ'{e FlSC
to reaatayr levebparmesters and:}ngﬁbnang}tlfuelbnﬁé’nts; ahd adxﬁntageaasiyl etidbies itheen

classiR{En %593}/ Batn: r%ﬁ{@eﬁé@% & teohpitg don DR s
comﬁaefdeﬁi%% his W‘ro‘t(tﬁi?&/ﬁ agea%erﬂz% erltS. all B ‘EHSI% DS

unit o engt e f|e reqU|re
charae:’k@st(mlfmr)rem:(cmsygtems: 0.225 kAlcm 39 where Bo = 69.3 G

and m VO 10e Fora nmodel with periodic rings and
B, 10 e Prespih g %&P’éte%% 6 GTHALBE PRS2 Doy .
It cah b§ )qu]-em%aﬁ?@t)nfgt;t\ﬁ;% éu%ﬁfa avb;e?%ggg %%ec#g% itJs g Ctﬁxl%zat cioltbs
a polbidai mapactit fieddak onald anekkefrical wintrént hIpEbldﬁﬂal' Wlﬁside eht

cicul3ing B TR IATeBR o PHEIEA M HaHBRE PPoreibe Sygmally
appli elzl e ferainy th oﬁ&rc%ﬂ @%% eHiEde M&%lz%&g?gﬁgss the

etatron is ap nes | ow

magretiesafyfidie arin thefsamb éﬁémon fthe amihbd bapadic disldaoieh&iet | on
usi ng the, beta flux coil 320. 10 The first stegl
e

plastpsiop Fyreenhissh wfl gms thp aclifigld ngqrmtheamp

magfiPHda FUREs Hide ﬁlﬁﬁﬁaﬂﬁh@%ﬁa@sgﬁ%éﬁgﬁ%&%ﬂ% e
topolag;&smhmnﬂagsasmmu c field inside the chanmber 310,
whi ch magneti zes the background plasma. At short

i nhe reurements, for Sgldrexprsabgan éﬁ%ﬂaé?dewﬂlh? ggplegnedst o t he

om0 B UL O, MR B R gty
oe Thmﬁ@ietwﬁéldat tlle véritdtion the iag a&a@wm@ﬁﬂg isA% =em1J/(w ped

above, the ion beans are
Assume that the ring current I, =N, ,6(Qy/27) is carried by N, ions that have an angular

velocity €2, For a single ion circulating at radius 7, = V/Q,, 0, = eBy/m is the cyclotron
frequency for an external magnetic field B,. Assume 7, is the average velocity of the

beam ions. Field reversal is defined as

M 0p (64
P e )
which implies that N, >2 ry/a;, and
1,220 il (65)
ma;’

where ;= ¢’/ mc® =157 x 10" cm and ‘the ion beam energy is +m, V. 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 requiremént is 1,> eVy/nry0; = 0.225 kA/em,
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trapped within the chanber 310 in | arge betatron
orbits by this magnetic field. The ion beans nay be
generated by an ion accel erator, such as an

accel erator conprising an ion diode and a Marx
generator. (see RB. MIller, An Introduction to the
Physics of Intense Charged Particle Beans, (1982)).
As one of skill in the art can appreciate, the
externally 20 applied magnetic field wll exert a

ol S ] ST T G2 PO 205080

t he be mno ﬁ{glleck\g 3 cgﬁ ot .enter a betatron

averagrhyer dig o LD AR 10 o HEILS i31B° PG PAFIBDS B = o
3 T | bl

this @9@%‘&? RATA the simg v progn Ramel B9 B 08 phedimemianl BoR, -

withswhstantially constant unidirectional magnetic field
Be re enterlngthe chanber 310. As 25 illustrated in
¢ dagyBdtite e@5fques directed through an

apro ti¢ tield, itive rged
el 5@%&%@?&@@2‘& &%aﬁ%m%eabgryswg%ome
descﬂb‘a aﬂﬁ@% healf? terbPth CoHbih &b ARy BekAbh 'Eéc§m ., This approach
-polarization due to the magnetic %I d. Tth
combumg hm emergyf ieatnsl ofplgsniadonsrwaithuisetadron weceleragion usingthe betateod

t or by an el ectromagnet along the path of the
ﬂuanggﬁ eam When subsequently introduced into the

¢ 2 TR LS il B b o6

| backyamfdl pldsem, in thelchabiveg SI(hﬁmgahe bdb@gﬂoemdml&mamomfces 345, Outer

on_view of the ion

coil 333 ggdlg%tag%gpgﬂcgf@ﬁ%aég ﬁ%nq‘}? Swh@b@agngma%fbﬁ ct ed,
bk R IRRR, A1 A HERISTR o ] BB 18500 TRAREC Gy

chamblérdil 0 shrdingh themjdctor pores3d0istbstantiblty tranaterseno thékeermathe

eamis no.longer electrj cal ly pol ari.zed, the beam
apph'f%m%le%@elé%qhmém%m% Xﬂé‘&?ﬁ ahgwe, the ign beamsgron

@,]1?1 n?a%n C}*‘{&E? l g.
tapp%@% Q?‘Elg p:gggﬂn{al eam ié:F:S étrlgterugin
beamniay be géreeatedibyi angor m&emtommm anaceelerat@vompildingin don

turn_gives rise to a poloidal magnetic self-field. To

diode g a g eensratmases R Bo M, it ffiioftaini fachadvusics shipyrensq

G 0
char PS8R0 O RASRE LI BLOE Loyl
appliciagagtiicficlé Will &ieetl al ordntd fotde@npheinjeeied babead 3bs0oA USRS .

When t he rragnetl c self-field is |arge enough, the

enterfhe eharqbsh3 Kk howieyerdidndesited that the beam not deflest, apd tysupt gater

a betafhrog B}bﬁfﬁtrltlﬁ)sfﬁe 1{)1'13 %&xﬁﬁ@ﬁ {'tgé gﬁgﬂ%@g%}ﬁg gggfg)%% i ?{av%ez )

this pﬁiblﬁnﬁ ¢heribe Hednidake ndufaliRd Withielbchriis ahd diréthed thtosdghance of
the circulating plasma beam 335 in the betatron orbit,
substangiafl g consteaiunigispetional magnetic field before entering the chamber 310. As

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 319, the

resultant electric field balances the magnetic force on the beam particles, allowing the ion
40
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15 increase the applied magnetic field fromthe outer
coil 325 as the plasma beam 335 increases in
velocity. A control systemis thus provided for
‘mai ntai ning an appropriate applied magnetic field,
dictated by the current through the outer coil 325.
Alternatively, a second outer coil may be used to
provi de the additional applied nmagnetic field that is
required to maintain the radius of the plasma beanis
. n S + .
beanfio Rl Bl choly FACPPUEHE D Bl AP of BE LRI 55Fesit

contagtstthd pladnipe335b disalepioted,festtordidm thd plsins 338 wavelibchg
Referring to it can be appreciated_that

ig. 28,
magnerie SRR 0 T o b YRGS D I BBEPE SRR Grbestn's sloptric

poell, WA BEDEs 5 Yk ATl g

circulbdiig glasnd sam 339 it hBetatiraghitaloaaithe gnciplen8€ TS| &9 Abef in
. b%thisinduced electric field, leading to field
Fig. 3%versal as 25 descri bed above. Wien ion beans are

a ' l<at |.0g: . .

ot e gl fiah {3 b 0l RGP AL iR o copmise
a curteRf) whoh B turir gived rise lt6la pelvidaiSAdgnetid WRIfdeld; Ulodirbdi@e e FRTR

beam 335 is preferably accelerated to a rotational

topolpgeyiliin die chpmber 3100t is Yecesgary to increapaibe yelpdity HT thgmiasmef

7 V. e\, reach fuskqn.relevant
bean53% fon el BRiteof e AR AR B 4 boam
335 daneb.cWabh the 2hpadiatigfeldas ate endpBthe 3REIKE YF 8O fhagnetic

preferably to a range of about 100 keV to 3.3 MeV. 41

field ptyadiahdistanseaigom Hie ans3d8 withip thaplpweaticans 35 sversere giving

sse EFRC (e L EREIOC B veb B SSaTR b BPirdpin B Biflons
distaficeof e S#duling!plasma GBaR 955 AeEABLHAroN ofbXC It RARSGsRPE t he
appl i ed magnetic field nust. change to maintain the

increpsgdhia applind megnetit Beldrfomdhmouierspib L3 astis plaug begm@3351 Van
. 06 . at. t wh V = roe EB, = eE
incresgeg . veiity! A gl o/ bents thos pENG5f 5 g SR eprrorizie ©
applibBea@ti€ fidl,Uétatdd by the QurPen? ik élih The dukeP cdiP325. (Aifdtnatiddly, a

where
second outer coil may be used to provide the additional applied magnetic field that is

_g

required to maintain the radius of the plasma beam’s orbit as it is accelerated.

To increase the velocity of the circulating plasma beam 335 in its orbit, the
betatron flux coil 320 is provided. Referring to Fig. 28, it ¢an 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

' j}lésma beam 335 are accelerated by this induced electric field, leading to field reversal as

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

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.
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lz 11-(Lo (B:)-BF yo -BlI J. (69) FromEq. 67, it
follows that J a(B=) at =-2 aB at (70) and (B.) =
-2B~ + BO, assuming that the initial values of BF and

- B, are both BO. Egq. 67 15 can be expressed as atV
2mcro a(B) . (71) After integration fromthe initial
to final states where 'z mV02= WD and "'z mVz = W
the final values of the magnetic fields are: B, = BOW
= 2.19 kG (72) O20 and r BF =B ji+(mJ Z[$1 ]]
ﬂ]ﬁﬁk@opﬁﬂgfﬁ%e né:@ssﬁ%%ﬂ?i‘%atb%i 1B%r thdbtatoPacclfelion 490, and

ro/ra ="2.” This calcu on applies to a collection
accelgfatiprefsinghy pavticlksds fidsbtonsideyd. afte gytdradivodtiad rat V/@pwil -y

t he sange.radi us rq and.the nupnb of jons.is, .
chang fecBP FibteseS i e apisd el ot chifs togntan the
radiu§BEkhE bhahh Obrpithe=hasi c betatron equations to

accommodat e t he pre%ent 5 problemwi ||l be based on a

one- di mensi onal egyi | iII@'yunyt ggz'[scri be the multi-ring

pl asma beam asstyri E% Hflve spread out al onp6)
RIS

the field lines arf nce can be

W]m,gegl ected. The equilibriumis a self-consistent
Solution of the W asov-Maxwel | equations that can be
‘summari zed as jpl | pusip (3 Ther_gi_en i distribution is
10 nrZro' (-é-&)=—°eo§-ﬁ=a—|£<}t\- -}:m?-%q applies to thé7)
el ectrons and Bf otBfis% as@uni n§qiBsi® neutrality): ro

and\j;lmfs&{ﬁ%@%%h&pn of the density maxinum and Ar is the
S

e distribution; and (b) The magnetic field

¥ = [* B, 2mrdr = (B,), (68)
where
’ 2 2
(B,)=-B, (m] —Bc[i—[ﬂ'—] J 69)
' ¥y iy .
From Eg. 67, it follows that
&(B,) _oB |
NS R 70
ot ot (70)

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

can be expressed as

71

After integration from the initial to final states where LmV7 =W, and LmV* =W , the

final values of the magnetic fields are:

3,257 219k (72)
L
w r ? W
Bp=B)| |—+| || |=-1||=107kG, (73)
Wo \1) (W
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zzB _-B -2 tanh(r -rot (75) [Ilro4r J 15 where
B. is the external field produced by the outer coil
325. Initially, B, = B0O. This solution satisfies the

" boundary conditions that r =r, and r =rb are
conductors (B,0O,mt = 0) and equipotentials wth
potential C = 0. The boundary conditions are
satisfied if ro = (ra +rb 2. ra =10 cmand ro = 20 cm
so it follows that rb = 26.5 cm Ip is the plasm

iy Yoy t- Qo (]
e o o Ty A2 27 iR BRI ecion
of iom, providel dtat thepyretall docatyd iat nidarly thersame chidivis @ undale menbief 3f

rr), eBc/(mc). Initially, it is
lonsh“é%i?%é%‘gﬂémmﬂteé@eweﬁ oSS and w, = 0. On the initial

e e E

R e ?%s%%ﬂ%érﬁﬁagﬁﬁhséﬁi a
problenewifidedetEdenacaediihagions eplilibidoiccds@ibeBre tulfitiag plasma

equil | brj ume uations 43 are assuned to be valid if

bean, gssumpig ¥ Piifed ovialone e Field ingsond theiz-depeadenas gen
be nefg%c%éﬁ \e/'II'lé% %;emlgﬂé’ﬁﬁg.k Qé&éf 9€}1§igt%)ggfblu§g Pf; {30 q}lf}sb]? R/Iagt\% 11 this

equaﬁdmtﬁdtuanlfamﬁhﬂa@mddaa‘sllm additional term i.e., Y =
21r 1%1 &mv\,here (B:)-B:+2~lrzZ-r2 (77) crb +ra JI 5
giy-diggibutionis B—~1- (Yo J. (78) The magnetic
energy per unit length due to the beamcurrent is ( z

J 2,rdr(B~ -B~1 = 1 #BLB.(iQ?_Ll, 8~ ) 2 fromwhich 17

L = rb g2 2Z2r and coshz[r —rozj

rAr
which applies to the electrons and protons (assuming quasi neutrality); r, is the position of
the density maximum; and Ar is the width of the distribution; and
(b) The magnetic field is

275 2 _ 2
B, =-B -2 tanh( L h ] (75)
c nRAr

where B, is the external field produced by the outer coil 325, Initially, B,=B,. This
solution satisfies the boundary conditions that » = r, and r = r, are conductors (B gy = 0)

and equipotentia]s with potential ® = 0. The boundary conditions are satisfied if
=(r} +r2}/2. r,=10 cm and #,= 20 cm, so it follows that 7, = 26.5 cm. L, is the
plasma current per unit length.
The average velocities of the beam particles are ¥,= 1y, and V, = ry®,, which are

related by the equilibrinm condition:

0, =0, (1 - %J , (76)
i

where Q,= eB /(mc). Initially, it is assumed B, = B, @,= Q,, and @, = 0. (In the initial
equilibrium there is an electric field such that the E x B anﬁ the VBx B drifts cancel,

Other equilibria are possible according to the choice of B,.) The equilibrium equations
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Pr,, +.2c2 (B=)-B=+ c2 LPIP (80) The betatron
condition of Eq. 70 is thus nodified so that ak-
-aB~Lpcarp at 2 at xrQ2 at (81) and Eq. 67 becones:
aV, erQUB0 e aBe LPal p 15r0 ----. (82) at m c
at 2mc at m 2nro at After integrating, A T:
-2BolL1+rb 2't J~-11 (83) ro WD For W = 100 eV and

W= 100 keV, (err)Bz _ -7.49 kG Integration of Egs. 81

and 82 determnes the value of the magnetic field

1t i gl il —. =, G

oo oY S 15 ol 5. i S0y oo pfie i S 1)
remafiBcomsta. The cop8itipn for €his 1s the sathelak BY.f68. Bqnell isQRe signilat, but

200 keV, Be = 3.13 kG and BF = 34.5 kG The nmagnetic
the flax denetigy ¥ hus tinadditional temi, ey {8, BFhdpl =172 U. The

pl asma current is initiaIIy 0.225 8)c 5 kA/lcm

correspondi ng to a _npgnet |2c,‘rf gl dy0f 140 G which

i ncreases to 10 kﬁ{Be}fF Hadt—=1, c field of 6.26

kG In the above cal cul ati®ns\/t hs

collisions has been neglected In the
i njection/trappi ng phase, it was equivalent to 0.38

volts/cm It decrease thE efegtTon tenperature
i ncreases duri nggag_g |_031 e [i pductive drag,
which is included! is Y vol*© s/ ssum ng
accel eration to 200 keV in 100 s.

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

and

IZm'drB —B, =1L12,
8z 2 e
from which
2
LP— r 2”2 and
rb +r ¢

The betatron condition of Eq. 70 is thus modified so that
6§ 6B L cdl,

z

ot ew 2

and Eq. 67 becomes:
¥ _endB, e 0B e L, 0,

= 7 .
ot moc o 2mec® ot m 2w, Ot

| 2_ 2
A5 =_230[1+rb_;a_}[ 7. }
Iy 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:

B, =B, /-;i =2.19kG
0

44

(77)

rag due to Coul onb

(78)

(79)

(80)

(81)

(82)

(83)

(84)
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10 The betatron flux coil 320 al so bal ances the drag
fromcollisions and i nductance. The frictional and

i nductive drag can be described by the equation: aVb _
-Vr I+1elL albat btbl tb; JJ nb 27cr at (86)
where (T,Jm) < Vb < (Tim. Here, Vb is the beam
velocity, T. and T are electron and ion tenperatures,
Ib is the beamion current, and 1 15 L=0.01257rb[ I n(!
) ..]=0.71uH is the ring inductance. Also, r = 20 cm
and a=4cm J The Coulonb drag is determ ned by 3
fml T~ the 4 ~r11nﬂne4InA7195 usee 2 2mrWj tb, =
4nne a 1nA = 54,8, ;E (81?2 29 To conpensate the

and

drag, the begt aggon_ AR st 2pr@QVi de an 85
electric field o’f vd’lts/q’m 0.38 volts/cmfor thc(a)

Coul onb drag and 56 volts/cmfor the inductive
dri&thp fingl-raergy 200 k@Vf Bet 313 G apmdBjeB4b kon The magesticl

320 nmust increase’ b 78 Gauss/s to acconplish this,

energytn WMYfoR 62 55ul kZPE é plasHsi%mtrrﬁg t‘f‘s xﬂ’%ﬂﬁy 6’525

e current to
field
Ao BRpRing & adn%;sﬁvl“fg@eld Pfg@@%?@gﬂq%ﬁn%%eﬁeﬂg% M
magripR ?elﬁ 8P b k&, IPthe §bd¥e ChicalaRnd, oMb udtb CobibrfbBbllisions

Betatron Formation Techni qué Anot her preferred
has bam ﬂegléctetﬁ hdhem_reghm/tf@ﬁmg/lphtnem tvheeqnovaletinie 9e38tvolis/aih e Ih

erein terned the betatron, for
decrqa%_eé ﬁwila e@c trop{praperalEfeingeases dipg a e&#ﬂﬁ%ﬁ Ipdpctippdrag,
t: e a
whicl R0, s AFUERGaE Yehilthe SckiRhlibY W ROREPE RICALE B,

C Gitle béi2fion Auxpecdif320mizd balniwes thewrdg fofn tdilisortseadindyamee.
uses e nfinement 10 system 300 depicted in Fig.
'Ihefggtlon@i&pg ‘?“PWéetdef?%‘éml @*?f%/‘ﬁ dﬁe? W er gy i on beans
is not necessa nd| C ted thg mai n conponent in

=
/3

I

the betatron fo RY M le (86)

ty, | my2m, ot’

- where (T/m) < ¥, < (T/m). Here, V, is the beam velocity, 7, and T} are electron and ion

temperatures, J, is the beam ion current, and
L= 0.01257;«0[ %-) —H =0.714H
a

is the ring inductance. Also, 7, =20 cm and a=4 cm.
The Coulomb drag is determined by

3 f2(m) T*
by, ===l — | —F—=195useC
B4 x[m)ne“lnA #

2,(2m,Wb
———— =54 8usec 8
by = amme’ ToA 4 5C (87)

To compensate the drag, the betatron flux coil 320 must provide an electric field of 1.9
volts/cm (0.38 volts/cm for the Coulomb drag and 1.56 volts/cm for the inductive drag).
The magnetic field in the betatron flux coil 320 must increase by 78 Gauss/ps {0

accomplish this, in which case ¥, will be constant. The rise time of the current to 4.5 kA
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betatron flux coil 320 nounted in the center and al ong
the axis of the chanber 310. Due to its separate
paral |l el wi ndings construction, the coil 320 exhibits
very | ow i nductance 15 and, when coupled to an
- adequat e power source, has a low LC tinme constant,

which enables rapid ranp up of the current in the
flux coil 320. Preferably, formation of the FRC
commences by energizing the external field coils 325,

s 18 o el e BAIER B B Btasd ) 19 10, 2 Bl el ey

requisediia feybetatrof fiaecdild20@d asma i nj ected into the chanber
310. Once suff|C|ent 20 nagnetlc field is established,

t he background B} Al as ces energi zed from
their own powegg, ?)ET?%&‘% lzﬁ‘ﬂ?})ati ng fromthe (88)
guns streans al ong the axi al gU|de field and spreads
slightly due to its tenperature. As the plasma reaches
t d-pl ane t he chanber 310, a conti nuous,
%%@%@g&f@%nul ar layer of cold, slowy

MO dfGr pRIARTEdHBARS fARlds L wiBinde doRfifierhal tehmao is

betatron flux coil 320 is energized. The rapidly
hereip tesnpdythe betetzon formationteshuigne. TBiOtectminneds basedont drnmtb@ ng.
I, ' S |nter v
betatf ftnp i, ettt S Belsee ety stoe nlebe b isSiing the,
betaﬁbﬁlﬂ%&%oﬂ BE0. % &fe%l"eﬁ eﬁb&ﬁmaﬁ @mlm&m}ue%&%é éoﬁﬁﬁér@ntﬂ
i(Qzee Flg whi ch perneates the space around the
systef 399 depjrtied ingig. wwimt 'that thgiejectionof low ¢niergydbmlesams s not
o field is directly proportional to the change in
ncesg?r?ength of the magnetic flux 46 inside the coil,

| . A indiBatbd HieRfaif 85 onet 1§&b*betﬁﬁ|6r[ ﬁﬂhaﬁoﬁ%hbﬂﬂué’!s'tﬁe | ead
to a stronger electric field: The inductively created

betateop dlvx coit 320 mpenteddn theeenteandlatong fﬂmag@obf therchaber $10.nDehe

to ts Ry w R S BB RS SRR 20 B oy otgnce

and, WidhRoupl6dl RGk 8 Rate Puwil dolite8, Ha5 a IWELE tiadBRlohdint BB are
the first species to experience acceleration. The

enablpsyiapid aamp up pEthe cureenhisdhefuxt deil$2fr ocess is, thus,

Pt ! .
P rrdRat sy oo R TRE foiemnt Y RS pniths i Byt

325, 390l IThispr&nddéah layi fleRBat Wl ds QUi WAoBHc ﬁef@éoﬁfpbhéb%
to Fig. 29, this electric field accel erates the

near the ends t® malbmnﬁmibe plasmgpipissied intelthesbarnlan $10. Pave shificient

mognfBERNER SERTed JEHorts i Plive i Rk e B b B
own FORRY Supplife Pladna @anR flofCth® Yurds @ﬁeefr&'tﬂéﬂg"tﬂe eﬁﬂlﬂ?ﬂige field

gives rise to a self magnetlc field. The crea n of
and Sprh&ds alightlyl dup RGts toppiratyie. dstthe plesmatreachedtbe wmdd-plantafites i ¢

chamber 310, a continuous, axially extending, annular layer of cold, slowly moving

plasma is established.

At this point the betatron flux coil 320 is energized. The rapidly rising cutrent 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

B (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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field created by the current in the plasma | ayer
becones conparable to the applied magnetic field from
the external field coils 325, 330. At this point
" magnetic reconnection 15 occurs and the open field
lines of the initial externally produced magnetic
field begin to close and formthe FRC flux surfaces
(see Figs. 8 and 10). The base FRC established by this
met hod exhi bits nodest nmagnetic field and particle
insideMe ball, €8.: ' tupabi
operafiﬁgagg%gﬁgﬁgéggmﬁgﬁggg?@lmﬁﬁgq?ﬁgﬂg%rég&gﬁg@%ric
field’'accel eration field will persist, as long as the

L L S e
and cifed ﬂ%nd%ﬁxo%ive'iﬁfég e clPdREel e fthe ma\%é fn%]ef ' tgr lasma

strength of the FRC continues to grow. e extent of
layert Biegirong,tycwistue of $heirtsimalier npass, mmerthé first spetiesdo experiedve f | ux

g coi l Wer,., I as,.conii nued .delivery of. current
accelgigfion; L8 titial gliten) forBe v iis areses g IRS eSS & 1 ¢

electrbs, HoWweRérl S8#idaak accslefaBbfihb P&%‘@H%ﬁcﬁecﬁ%g gahcg%?écﬁ?dgf‘ﬁm

systemto reactor relevant conditions.
eventyadlyalseddad te oe cuirent u Rafeinng tp Fies i this eloctl8ficlil sceelerates the
referably accelerated to rotational .energy of
electrly il o i QPO AFeci ot ings boph pReolss FeRFILERTRBRLE 75 ev
velocki@s, baPer® ¥ carrib® abRAEfhafiy'5y s 4Rl B4RHHs, COndi tions, the
circulating plasm bedam ™335 I's preferably accel erated
t dsabted sbeOh& evtenindrried b ¢heablating lasma givey eisotb aabléut

00 V. 3.3 . i b ] dd to th
magngieciel » The ereiion BF e petonl F BEHOPIEE 88 i Vhrm bt B ssn et
| i e . A7
field BEutdd ASHBCRRATh BRDIARR ﬁg_é{] Bgeé%%st Jé.%hg@? ﬁ_&f%ﬁhe&

Experiments - Bearn Trappi
magn@icdield frem thelextePrabfied)enils3fSs,B360. At thigyoiny nmfnetic reconnection

occurt il shonsh BeARSERth e e razppr i e
close SHGERS B WROMBRERRES (584 Figs. 3lani 16, f O/ oW ng S

paraneter |evels: acuum chanber di nensi ons: about 1
i MhefpaseER Erestatilisbed by this mgthod exlisbitsahodest neagnéticrfai and of

.10 cm _Plaspa. heam orbit radius of 20 cm = Mean
Pamc%ieﬂ"erﬁeﬁﬂ’é{?é? @lcg}fywﬁféﬁqﬁ%ggﬁ‘@awﬁ{ﬂa%@@%% QWeVER

. + . A H 3
tho i RSIGRRS oo Hheld Wl Pseh R IGHERS oy B boteioh
flux cqili$20econtinngt to iodreant ahuatrai rdte. sThe effect of this process is that the

~energy and fotal magnetic field strength-of the FRC continues to grow. The extent of this

process is, thus, primarily limited by the flux coil power supply, as continued delivery of
current requires a massive energy storage bank., However, it is, in principal,
siraightforward to accelerate the sysiem to reactor relevant conditions.

For field reversal, the circulating plasma beam 335 is preferably accelerated to a
rotational energy of about 100 €V, and preferably in a range of about 75 eV to 125 eV,
To reach fusion relevant conditions, the circulating plasma beam 335 is preferably
accelerated to about 200 keV and preferably to a range of about 100 keV to 3.3 MeV.

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

plasma beam 335 depolarizes the ion beams.
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Mean magnetic field produced in the trapping vol une
was around 100 Gauss, with a ranp-up period of 150 s.
Source: Quter coils and betatron coils. Neutralizing
"background plasma (substantially Hydrogen gas) was
characterized 15 by a nean density of about 1013

cm 3, kinetic tenperature of |less than 10 eV. The beam
was generated in a deflagration type plasna gun. The

pl asma beam source was neutral Hydrogen gas, which

. ExpetitentsjBR6h G9appliicQMe PRO®AAGds of the gun through a
speci al pu val've. Difterent geonetrical designs of

t hBX}’@h@@ntrl@ dé“%ﬂmemrgd twenping ofie nertpadided leaarin o wegedtic

dr| The chargi ng vol t age was
com(t" f” ‘%7?‘?8‘ 2’?‘" d betvveen 5 and 7.5 W Peak

br B@Jﬁﬂﬁ’dﬁhgﬁﬁﬁﬂﬁﬂttﬁplbﬁg weR sﬁéb%&ﬂﬂ?&%%ﬁ@ﬁéﬁa%ﬁ Qs ﬁ@ﬁanoﬁmg

During part of the experinmental runs, additional
parapeterlevald: zed pI asma was provided by nmeans of an array

of ,smal | eral uns feedin 0 the
ce“?cimé’i“%%ﬂ ?1?18%8&3’3%8‘?@@ ?ér“gl ing or
.afﬂﬁﬁudﬁ%ﬂﬁ-ﬁmsgﬁ@obﬁj ection. This provided for
extended pul se |engths of above 25 s. 25 The energing

ol oWaaneb@meiutadQISiOE%cmeam was cool ed by neans of

t th d tub f
o E ipet ebebinc o ihe Gpink hedon plasiin oo AT RN R0 ¢
b PhRSHPoABSyA0S @mﬂrﬁné’fﬁg&ﬁﬁére?tﬁ&‘é oWiHel Bdes b RPEV a&sh 3

through this tube by nmeans of” pernmanent nagnets.
bepmisedeigth ¢fobeuti2fgs whil e traveling through the drift

d hanb
o MG AR 10 DAL in (he ARG abieps T A0 JOp Gapss, with
Ofiﬁﬁb- hRerdPanNsh e sdtBed: Dalet cdiRh®Betfibnlcddls, Peam By

virtue of this mschanl smit was possible to propagate
she¥deviralizing bﬂqbgramdq:iasmc(s%tammﬁ{ydmgm gas) wes charaoferized

field def | U f h
e herh dgpty GF Mo ' era S et %ﬁ@ena@g%%@gﬁzfgiﬁewe
deﬁie"b@ﬁn %pgémltéaqaau ggﬂgﬁbﬁ%gﬁ%g 1%5 b@afm

background plasnma provi arr

sourcg was neufial Hydregengas,mdmcél Wwisdgjlagodthragh thcé’sck dEhha gun through

aspeB e, Dt secnton B e SReadk aremhia Tt | ow
ut:lzzéd BGhevaan (Ejjr]fh Cc-Jl hﬂfﬁzg@fn@htt The cﬁa?g?&é‘%léké Wad t‘j/f?i@ﬂlf‘ g the

beam Fara u pr obe fheasur enen
adjusted hefwene andwbS er Bpaki hrgakdbwn hwdntsanﬂmrgﬂns dxseeded230,000he

beam wa bserved, to hav rfor med desi red
A. DYRERFLRE th BPETRGH "W Pﬂm@n&s ﬁﬁﬁ%@?ﬁa’%éﬁ by
meank 8F Jmoéi\ﬁz ofRA10pe gﬁerﬁiréablte g{u‘E fe&il itolthe Shftalkn Qlfgc@ode
turn e measurenents I ndicated that continue
assenfibly baforenduiring ndafiendemttal gas itjectivas Thls provided for extended pulse
lengths of above 25 ps.

The emerging low energy neutralized beam was cooled by means of streaming
through a drifi 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

chamber, causing the generation of a beam-internal electric field that offset the magnetic
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caused the beam particles to | oose sufficient energy
for themto curl inward fromthe desired orbit and
hit the betatron coil surface at around the % turn
~mark. To prevent this, the |osses could be
conpensat ed by supplying additional energy to the
orbiting beam by inductively driving the particles by
nmeans of the betatron coil. 15 Experinent 2: FRC
formation utilizing the conbi ned beam betatron

field f@rcd¥@hitifs beaine ByRiitnesof HiREedhanigmlii Wik posibls trsBserhid bbams
denonstrated utilizing the conbi ned beani betatron

as changptaizerd ghovedbangiyaresionieémegnetic field withavtdsdectionon

BB Sy bt ch o OB B b B AR ARt ng
locatidi afidk bomdbred a ﬂ?rﬁl‘ AR CHERGNE blaSmd prdvidedby éipaﬂ'ag opibs a

lﬂrrg(?neticfield omthe betatron flux ‘coil 320 of up
guns pad gherenrfagedlashoyersguresto fThe poximityof sufficient ¢lectron density

' Kk I had d i f
caus FRES RS ot sl Rt I hat relf PR g e
esseﬂﬁﬁ@ﬁrip@iﬂgrtﬂe Feafle Fatalddy Qfp ahd B-dot HAbS meiBurbmeRts\e6AMEel Yhe
of 2 x 10" cm's, and a pulse 25 | ength of around 20 As

trappingtof thelbbarh endyits §rbit~The bbameves obstrvedds hob perforad the desired
cirnf B S g o B S o i o %
of a thal ahé BRadufiniBRts' ifflcdt QI AR NPEicasEE Eriﬁlf]&ﬁéﬁ?&e losses

denonstrated at the follow ng paraneter |evels:
causeg¢dlaheampiatictes &r lodsermufficienhenergyfontherh t¢ @ridnwadifom the, 5 m
.length.. .3 etatrqn coil, radi f 10 ¢cm,_ 49 P| asma
dosirgfFft i it e befRE ol o kB et et mrovemt
the 108§¢9 €S8& B bdinpeliSutctA M mIFinR BlEtiondPehet 16 B bifting BMS:
wth a rarrp-ltp peri od@a@%SO I(%ns aﬁ%?a %error ratlgyyof
induchively ddving Bepadiecles Gy reans of thielbetatromlediket at ron coils). 5
The background plasma (substantially Hydrogen gas) was
characterized by a nean density of about 10" cnmi,
KigRBkrikenk STPREGM %ﬁkz@@stkémg,- b@%]éz/b thBy folrhghidn T
of The confi g%ti oﬁ was [Mmte "E)egt e ?otg’r}b?&‘gédgy
techngguared in the experinent and generally was around 30

o TR SRR s S e epapae g the comtised 0 °

beam/betatron formation technigue. The combined beam/betatron formation technique

was performed experimentally in a chamber 1 m in diameter and 1.5 m in length using an
externally applied magnetic field of up to 500 G, a magnetic field from the betatron flux
coil 320 of up t0 5 kG, and a vacaum of 1.2 x 107 torr. In the experiment, the
background plasma had a density of 10" cm™ and the ion beam was a neuiralized
Hydrogen beam having a density of 1.2 x 10" cm™, a velocity of 2 x 107 em/s, and a pulse
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
demonstrated at the following parameter levels:

¢ Vacuum chainber dimensions: about I m diameter, 1.5 m length.

e Betatron coil radius of 10 cm.
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10 sets of coaxial cable guns nmounted in a circul ar
fashi on inside the chanber. Each collection of 8 guns
was nmounted on one of the two mirror coil assenblies.
‘The guns were azimuthally spaced in an equi di st ant
fashion and offset relative to the other set. This
arrangenent allowed for the guns to be fired

simul taneously and thereby created an annul ar pl asma
| ayer. 15 Upon establishment of this |ayer, the
eDELRLTPBbltlhifud¥ob @S energi zed. Rising current in
the betatron coil w ndings caused an increase in flux

oi Ndeabeextdneml paghetic \ﬁh]dqtn@aachn the \&axmmclmmbazwamtpha (100
the betatron cojl

el rig field cur oun i ck
raﬂ%ﬂ% arm&ﬁ&ammugﬁe%qﬁ&ég{) b #c A fRIrgE FaP 0 A 1 |- (Roves Puter
prcgﬁy e?atr%ﬁ(:&' electric field, which accel erated
nnul ar pl as | ayer and thereby i nduced a
oSi ']?lmzblaﬂgrmmd piasta (sShdtdatiaileHy drggst gadneas2Bampdiadsed by a mean
cu rent p ducgdg gnetic self-field that altered
nsityrof about 10 ey inele temperegire ofessthansl@¢V he creati on

o Of fr: [ Il .
ne'%f‘ét‘l?%tﬁ'%eﬁ%f% HRES RS LA By p o Bk b e
S texpariyiidnt ambheterally waveredndt3bes-RC. An exanpl e of

ty ical data is shown by the traces of B-dot probe

grrerimenisingoceedgd by figst injptiag 2 backeromnd Iaaslémréym

25
s QLRSS o Bl AR el By
colle&ioh lo€8 gemchvaz|nadudled oh ohdef thx ey hiifdn beil ass@dﬂﬂm@ e'Ihefavgiﬂs at
a radial posjition of 15 cm The data_curve

were prippihaly specedia ap gawifistart fashionand piseb relative t(ashp giher set. This

oranERE e T 1 B o8 Raftp iy olfin RO AP

annulatiplvsnalagket a set, therefore, indicates magnetic field
strengt h inside of the fuel pl asma Iayer (bet ween

bdipgn egablishment of fhiplayeshy bewirandluxiceil 3@s enprgieedn Ritiag

ouro Y BBt S AT b

rise té meazmmm el givelel Couling aoung Vi eegroR boik NQEitk Rhphipsand
negative) between about 23 and 47 s, while the outer

High Riin dippn it Fibprofced § g slonbi bl wis accleaed
o BB 0 B TR POl ARy, S B R

plasneifréftprddacddentisietid RIf A el ikl ﬂ:ecsitdmausr RepplisdlAgigd
current in the fuel plasma 5 layer starts to decrease

and capyerl tha erepiem ot ﬁnls}/rw@rémnﬁg!patm Rsiaileh mepsuremantzevity -

sl iR o FB o o 1S
to$typld319da$z}/§ Elﬁmlﬂ@ﬁh@&adé@smxas%rb@e AERKIA Ry,

Ion er [ifetinme and acceleration to reactor
30. The ﬂ@e guve ﬁa‘pmw@ﬁlge absolute strength of the axial component of the

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

—-d

--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
curve B data set depicts the magnetic field strength outside of the fuel plasma layer. The
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Overall, this technique not only produces a conpact
FRC, but it is also robust and 10 straightforward to
i mpl enent. Most inportantly, the base FRC created
~by-this nethod can be easily accelerated to any
desired level of rotational energy and magnetic field
strength. This is crucial for fusion applications and
cl assi cal confinenment of high-energy fuel beans.
Experiment 4: FRC formation utilizing the betatron

data bleArBhiRRed BEN NG mabRetfiTicRt f68RS ohienthRI M

utili zing the. betatron formation techniqu
betwpar dbontrP8chnd 4 as,lwininﬂml duser fieldatayhpositive, ile.,doesnotltexromse er

. d 1 | | 1jed
orenffn.o e e BV GTAL R P00 o i T L Rh G op G
Onck B@akl%ﬁﬁéit ‘ié’ﬂ&a(fhle&'iﬁ ﬂl@@étitroﬁ%gﬂ e #Buded crrdhtin B0 ﬁle?plasma

vacuum of .6 torn. e experi nent,
layerbaimtk o dmmase q@ﬂ&iﬁﬁ{(bmmnﬂy @ayss Ulpso aow itsd Iifyhﬂﬂy@ﬁth@mc is
thofadn3|t cm and a |if, ne . of,
Ry fhe spsrgstha St?rgéaﬂr@apxnﬂa@%éér‘v emnsgwwd

trappﬁg%béﬂn?@ﬁbt hﬁé's sttéiﬁéﬁl ﬂe‘%gfggg‘tg %Ugtﬁelgﬁ% Cf’ﬁfl Jﬂﬁbeaanﬁ RC

i Nside of a cont ai nnment ribe ove
accelomatitrhte rbackm;relmntpmdtdzm n pl asmas havi ng propert| es.

© dvefath fis e SnidhR SO LAy P SHrEe SRR RBt H ixplsosehiatand
straighFoRfabelotdieatint %@@p@ﬁh@%&ﬁﬁﬁwaﬁaﬁ%m

ener gy and magnet i c I's I's crucia
can b oasﬂy laecebmtablpl any d¢siredkevel od rotitmasll enedgy anhhignetiefield of

siren ene?_&%{%} ueél§1?$§§gsml nth ség fi g%nengco%@gx-energy

fuel]ﬁgllﬂg_l ne high-energy plasma beans for sufficient
periods of tinme to cause a fusion reaction therewth.

3Experiment dnBd ﬁtrwatzmﬂtda;nglfkadaem@nffmmdn kehtipes e
math ds is prefe cele ted. to appropriate
Apemgt to By %‘?‘g m@gﬁw& pefias been
perfoﬁﬁéfe&geﬁméwanytiﬁa ehdnftir @&ﬁﬁ'%ﬁ&% Eﬁiygléh SR

tends'to require a particular set o
extermabiy dpplied msaghetic feahd/ofnpaa 6 006, 4 magmie figh dfom the hetatron flux

tio chleve ffl kent bumup of t and
coil 32@9%%@ %%éf@ P YRS 50 KO, ﬂ[F ¢ FEcHmeEt tﬁ%\’wﬁ
plasnis%e h&dtshbs‘ianﬁﬁl? ﬁy&H%éﬁtvﬁﬂfdf@éeﬂsng o NENERIS f P oof
n ed periods of Tine. I nportant, as hig
aboutléﬁOmIFleIdtre\rqm}manbeervmd/or energy characterize a
fusion relevant state. Creation of this state,
Fusiopper et ore, requires sizeable input of energy, which

C &FbnPitlaXtly) Srck SHRVEE B ubS fol Rotthingfa PRECinkME bf a containment
system 300 described above, or the like, can result in plasmas having properties suitable
for causing nuclear fusion therein. More particularly, the FRC formed by these methods
can be accelerated to any desired level of rotational energy and magnetic field strength.
This 15 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. _ _

To accommeodate fusion, the FRC formed by these methods is preferably -
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under goes fusion. As a consequence, the confinenent
time of the fuel has to be longer than its burn tine.
This |l eads to a positive energy bal ance and
consequently net energy 10 output. A significant
advant age of the present invention is that the
confinenent system and plasna descri bed herein are
capabl e of long confinenent tines, i.e., confinenment
times that exceed fuel burn tinmes. A typical state for

e U838 A5 U e L e
betateonchcogherntivri Egs1mﬂm)reveﬂ,5endsrmrragmeiaqmrﬂca]rapm afphysicali n a

r.an of about 30 to 23 Vandpefe bly in a
condjtiggs for 88y TTHER (3 kRRle db ﬁ%t? debieyecficiettbumy ot the

foct &RTBEHEY b tveleferly DARRE, 1 111N bikobiin o0 Ra SRl
unchewped g‘;l;t podlonged lpémmi’s oﬁmamsT]ﬁls i3 jimpbréahi,iap high k&fﬁc gnqbfratlugeo
a in.a range of abou
andf‘r%'&%gfgtsahsﬂ}%%ﬁg %”@naglera@t si#f-y Cregtion qu{é‘r% gtatss thefg¥or® 300
requitd Vizk bl SinBut'\¥ ¥ner é%g& %glrﬁg;b Jc%féréél if mBstbruRneg of

about 47.5 to 12 In a range of
undezgoes fiusiof. Asraﬂ:cﬁ&eq«ﬁu(w\ihb hOItﬂllBI]l&Mﬁﬁ[MﬂWfﬂdﬂﬁk todd 16riget d

ran bout 2.5 to 1l d preferably in a
than tgbrae dxioapopiivg @}ergs'z@%%@. COBICRHHY PRFSRERY

. ouw 1hrm‘s greater than the fuel bumtine and preferably in

a range of about 10 to 100 seconds. Fuel ion density:
i M sagmﬁngﬂ adfanapooi thd firédent mvéxmsﬁ igtthat theldfinawenBsyaten

T R e
nmeétﬁat‘égi&e&We?HﬁrﬁE&ﬁ@rAE@ ical ?tgte?@fﬁgl?rf St edé&gég%ve Y'Stﬁ% o

To accomodat e t on state |
followiRg physiqal edrditimnd (whickcemd tervatydﬂsetdmnafuél endbpepdting afvde)ent
rof ati onal ener preferab in_a range. of about 100

k \YerA6 103, [SMREGILIe; inj FRRgeoisoaptsi04dR P30 KeY andpasirablydn a
rang@&gyautgggev@ovzgoq{& 3 MeV, and a level of. magnetic

field strength preferably in a range of - about 45 to

1 20vekage elepitcbontempergineef du atAnge &f abouts 0@ b@ekedf andlpoeferall in
ese | evels, high energy ion beans can

to 5 t
arang;eoﬁ%ﬁ?tggﬁgaﬁ}qgﬁp the FRC and trapped to forma plasm
b @RMbreRYREr MBS IFRL! bEmRIRRIR e, ARPciufiting plasma

beam): in arange of about 100 keV to 3.3 MeV and preferably in a range of about 300
keV-t0 3.3 MeV.

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

and preferably in a range of about 5 to 15 kG).

Classical Confinement time: greater than the fuel burn time and preferably in a
range of about 10 {0 100 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
cm of chamber length)
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magnetically confined and the plasma beam el ectrons
are electrostatically confined. Preferably, the
el ectron tenperature is kept as low as practically
possible to reduce the anobunt of brensstrahl ung
radi ati on, which can, otherw se, lead to radiative
energy 10 | osses. The electrostatic energy well of the
present invention provides an effective neans of
acconplishing this. The ion tenperature is preferably
KeR acdbmMollRY fle sl stdh UbtEiR bb¥e, BllPRE 8 ?I’eféi’éﬂif‘_‘ up
since the fusion cross-section is a function of” ion
accelerataddo atewelnf chhayint ditatioos! ceergy grefandbly e rafigeaif abamh 1 0ckaYs

to 3.4 R1el Sinond praitrly S smnesiat b SQekqy BISEEAd: St lowtof
magﬁeﬁ@ﬁ@lﬁ_fsﬁgﬂ!%ﬁle @fgfe}raggxiﬁair ok bfs‘boﬁm% tﬁqtflf)] 18! addl RGO Brefelitly

magneti c "~ consistent w e beam rotation
in a remgeragpboukt 00 151 3G, i Allthese tvelathigh daprgytien ipdass wan bednjerted
. self- field), apd in ta royvi des the_support and
into ?@Q o) R 1 §|P§§wa%%eal\$mﬁvslwrén tpeianEh bosg 9ps o
magdeH&dl RoftfiRA URd &eiﬁsﬁ@ﬁeﬁé&%m@&@@M%&ta%ﬁlﬁ%ﬁhed.
predom nantly near the null surface fromwhere they
-entrefgmblyy the iclettneri tompératueeriskept helowenp araatically pBstiblsteeeduce
Fi g. . This is due to _cqllisions, wt el ectrons (as
the gt og PSS AHLHE FOGOB capy b wisey{ead e FAGAIVE PR
1 fi
oot LRty S e BURSHERA £ AGS il mme
of acépmudadhiog iloms have rmuch hi gher energy than the fuel

, S omhnd e k6 BRSSP e
sincetcge:gas@ﬁemkse&\eﬁoﬁkchaskfoﬂeﬁ&m Eﬂ'faﬁara ﬂﬂgg _alagcg OndyPafitaled

t ey experience scatterin romi
fuel ion béansiinesential tolpooidde cldskical taadpbit es disaissadrin thissapplilaation.

not, lead to diffusiqn,.it can, change fhe direction of
I alsp inipRS thpeflee o nyelliis on Hoe fosl it awrﬂlgm&iﬁﬁ(fﬂ el

itenttvith B BOGE tofatibh Bhdley. TR Brehtb®hyihb bli§Ra B0m (self-
consxcorrlmect t he FROC topoe?%(gy o?%hﬁgfcgre V\ftthhlpt E‘gauni f(g?m
fieldpgmg i tmch prioeides the suppoké endofiotcgitallecep e [BHnfalkearh op tealgyired

., Product ions energe on different field |lines, which
otbits hey follow with a 53 distribution of energies:
FusidaPtedcggeously in the formof a rotating annular beam
“TIn the strong magnetic fields found outside the

s éfherfedion produbts(ary/pirn preliymmpilyearliBO il Burfavdiom mhert ety
e B i RS e T o0 BB JRisp oo polipavig
electf&ﬁ@‘fg?%ﬁiﬁfms%ﬁﬁﬂﬁs & ALAbe b SedtBIF @E‘ﬁrﬂﬂ?ﬁéﬁo& lIBLCt

i ons. y ave

5 Initra the product 1ons ongl tudi na
causcihenadd thaage figld Abdsh nBecaeswarfdheir high kinetic energy (product ions

have much higher energy than the fuel ions), the fusion products can readily cross the

separatrix 84. Once they are beyond the separatrix 84, they can leave along the open
field lines 80 provided that they experience scattering from ion-ion collisions. Although

this collisional process does not lead to diffusion, it can change the direction of the ion

- velocity vector such that it points paraliel fo the magnetic field. These open field lines 80

comnect the FRC topology of the core with the uniform applied field provided outside the
FRC topology. Product ions emerge on different field lines, which they follow with a
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characterized by V2 Mv,")Z and''/2 Mvpelr)2. vpPis
the azinmuthal velocity associated with rotation
~around a field line as the orbital center. Since the
field lines spread out after |eaving the vicinity of
the FRC topol ogy, the rotational energy tends to
decrease while the total energy remains constant.
This is a consequence of the adiabatic invariance of
the 10 magnetic nonment of the product ions. It is well

dlsmbﬁtﬁbﬂfbfbﬁbrglﬁﬁ adVdntab Bkl Gh Bl F6ieh PR totatih@snnuld béabd. N6 then @
magnetic field have a magnetic noment associated with

strong mgneﬁﬁéielda oung gutside theggpasatex 84 Gypicdlyasound 0HkCh theng a

proa ol 0 e Bl o & s o Bt 558 it
valud\SeB&a B chdto B makitBurk bpﬂuﬁﬁd 3 &R Sor@hddnbdt BRergMe Qroddottibal 1

respectlve field l'ines have a magneti c nonent and such
ariniidilythe pradudtfonsihave longitudinebascwdl asaotatiarial enereiyr

tion. S ,B b f act f t 1 .
charidRie by R o P et s 5 Al o B ATt with
rotaﬁB@ Hoaﬂ@a Haa'hné’% the ¥blthl cehtke Wis® (RICRIGBAR sPitad G QRér

Thus, by the tine the product ions arrive at the

leavmmﬁhé wicinityiof g FRé&Yopelogyh Sierotatianabercrgydends heedegyeaseovhile the
| ess than 5% of ei,r total ener ot.her, wor

total GERIF A S0 PR oSO RE D AHPERIPF{oRce o Te
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various nodifications and alternative forns,

orbiting &cd hagnetix field heve hmagnefic mameltossvcinted writhi theit metmn In the

o BB 3 S DR BB b o "0 ¢

adlabgﬁc inb AR Bk thO@mbish deR&@bed 5¥ l/ﬁ’UI(\f opfg,d 'I‘ﬁé’in@latlﬁg ionD bibitin3

e contrary, the invention i1s"fo cover
moumwnethwﬁqld lireesy havmd magnstic mnnielatlanésunhmnuésbahal l'ing

vvlthlnt |r|t C of th ch
{dpbisha will bt oy SRETE Adrengi iy an Bt B0 Mo o
| e
o Bl o A R

- about ¥ eTlamdbyctha fiing ltheqjmchnt ipRR@)ivere dhwedni form tﬁellddegmn them a

react or r about rotating beam_pl as
rotaﬂe%qiﬁ?qr@r walﬁﬁ go Tessfhon So o them il enphgy B oML ¥ S lgyst alk the
ener ifuliﬁé‘fo AEht ions, and electr ost atically
ining a pluraliity of plasma el ectrons. 2. The

m:Whtmthe nventionnis shséaptiblh ér varionpmbdificgjioniendsdl temaiixfe forms,

appl e fleldt the reac
2 speqifig R L X WD AR ﬁsﬁ?ﬁf tnr@s‘g@@%mof
detail. M S6H1dRE uh&’é}stg’cﬁ?ﬂavever, 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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into the reactor chanber. 4. The nethod of claim!l
further conprising the step of generating an
electrostatic field within the reactor chanber. 5. The
nmet hod of claim2 wherein the step of formng a FRC
magnetic field conprises the steps of injecting ion
beans into a background plasma within the reactor
chanber and forming a rotating beam pl asma,
generating a pol oidal magnetic self-field about the
rotating bean1p|asna and increasing the rotating
beam pl asma' s mhﬁslfmtnmalx@&aﬁggr ease the
magnetic self-field s nagnitude beyond the applied
magnetic field s magnitude causing field reversal
internal to the rotating beam plasma and formation of

. t He FR&méhod bﬁcdiﬁhlﬁn?% Mbsifih of fﬁh@ alté 8feBitrBnd Wehif b&hafber
CEP%F’B %malgnet ield includes energizing a
FY P®PY coils extending about the chanber.
7forﬂi‘h€g ﬁﬁélb@év@éecﬁbcﬁiﬁﬁh%tnﬁﬁﬁfl@&ﬂnh Hetic ﬁ?ﬁﬁaargscmr
e a

i n ntlaII transverseto t
Cha'ql?ﬁjéﬁg?'ﬁ E’S ‘-"E@Péa MisheorRRrisinsHions agd aleﬁtfvnmher ei n

t hﬁgﬁbmll%omfmufgcé bligaltyhér ﬂlﬁ?né)%ﬁgsaﬁd” ther conprises
t he Ot{@ﬁy neutralizin he ion beans, draining the

n& %\? PRI Rhural tﬁ’ﬁ%“q;)@ﬁawfﬁat i on, and
ezert i THe MelheH P kink Qrfﬁrﬁ'né#‘és suh@ﬁuﬂﬁgﬂgﬁ 4 {gh@ laq'n%)@etlc

the neutralized ion beans to
ﬁemtﬁé’?%’f@&ﬁ”&h%’ﬁ?%" 9. The nmethod of claim ! further

CQ ”D I i'fHedethbg obLiSim 2furidr b@ﬁxp{lﬁﬁg ?%St%[? g m]}?ﬁnﬂqe t?l"}seﬁﬂ"s

|d's magni tude to naintain ' Ag
'”totf!ﬂ'eécﬁfé'&ﬂ!ﬂ@fm ned radial size. 10. The nethod of

CJI ali mﬁe")ﬁ@tﬁ@ﬂ Br &ibfn ¥ ePEo ﬁgrﬁgiﬁ‘erkg?éjgtee%r ol Hgtn

beam plasma's rotatio na vel oci t
electrestaiic figld wihiodhe mactarichember.a betatron flux coil

N L vl L R
comprigastthe stepswpri sing the step increasing the current

4 Pféeﬁri‘g’?% Iﬂgar}l%ﬁt%%%r gréggﬁf Blglsr%gt%\tnt%mt tﬂg régétgﬁ r!:hré b%?'aarrpd

fon'nlng a rotating beam plasma,

generating a poloidal magnetic self-field about the rotating beam plasma, and

increasing the rotating beam plasma's rotational velocily to increase the
magnetic sel-field’s magnitude beyond the applied magnetic field's magnitude causing
field reversal internal to the rotating beam plasma and formation of the FRC.

8. The method of claim 2 wherein the step of applying a magnetic field
includes energizing a plurality of field colls extending about the chamber.

7. The method of claim 3 wherein the ion beams are injected substantially
transverse to the applied magnetic field.
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rotational energy. 12. The nethod of claim 11 further
conprising the steps of injecting high energy on
beans into the FRO and trappi ng the beans in betatron
itswthint 13. The nmethod of claim4
rei rffeHEeiopd BF %lﬁmgé whekn He step of iniettingthativre bésras irther

mmpl‘kﬂsﬁﬁ@&t@@@kyl ng an applied magnetic field at a
hat corresponds to an electrostatic field

ma
H'%”"'ia iIA0 R§@MS a plurality of beam pl asna
‘elc&ahrngrtﬁe nddiralTBe ioHES Atk chﬁgﬁﬂomn%amer gyn the step

FRC magnetic fie r$88"t he st eps
ofe’ﬁea]“a?@tqrq{ﬁmﬁlf%ﬁﬁ'”ﬁ i Bethagnetip rfeudnrrmg metiralizeddbrobeams to
bendihk inbdanes mbbdslon @RLYI N9 an azi mut hal electric
field within the chanber causing the plasnma to rotate
afd f of it Menconilaimifeiyribet eomprisingfthe btip afehing the applied

netiefersd me f [ | as
ma:gl ncrease t%@ﬁﬁgéﬁ?‘ﬁﬁ #‘ i"%‘% Eéén-gﬁla%r‘?lgd? n%’tﬁ”“‘"ed
radiah$iz@)i n the plasnma to a |evel that overcones the

nggni t geg n?éthéci‘@f Aéfhor m%ﬂ;egﬂthg%gé;:%f dﬁg%'ﬂsgég Fﬁ}fgruiqqng beam

field reversal
plasma's, rqjathqug{,\{q‘@clgnnqhmmtb@ etepg)j rurting d’drﬁerntrﬂ'trb@gh @betatron flux

coil V\ﬂtﬁﬁ\lt% cAdmba; ﬁ&?@nq? amu } altegﬁiai%ﬁ% B'Pn re]agcgt\eag'nsb rd

nmagni t ud
maf nt ai e matod of glairm QO !ﬂﬂrﬁmr pbmpﬂsin@theastem fr@f@sﬁfgﬁhé edrrent

throuél@ﬂieaﬁu Lot f‘o r% ec?gfoggtﬁ%eq-a&m plﬁﬁma laa ﬁtuﬂgrﬁ Ee'p%\@%ft_,f

y| ng

mtat'@‘lﬂéﬁ@&rﬂl!ng a bet atron flux coil within the chanber.
142 T 6 further conprising the step
Zzl n??*ee;’@%ﬁé%ﬁ&amﬁﬂr%‘ﬁ Ebf?' e iRpE Al @#tng high -

energy ligrobrgims inte the SR and trappiag thel b@raa‘tsein baeatiodlarbitd Within the
FRc,. Pl asma beamto a fusion level rotational energy. 18.
The nethod of claim 17 further conprising.the steps of

i 1. ecilhegnetbod obdainss Wﬁeifeuﬂh@@té enéFh% ¥nl é?é&rotsﬁé?ic field

: nd tra n betatron orbits
mcludFﬁgpéﬁﬁg b Bﬁﬁ%fgmﬁg'?%gaeﬁ atla BAGRTUS tmfeﬁoérlﬁﬁp@m tow@dp
electmﬁtaticrﬂeﬁ:bhang cohfinin@® & prRiSity diWckReplasifTRldcRBas t he

Sty epSTRe method of claim 2 wherein the step of forming a FRC magnetic field
comprises the steps of
injecting plasma into the applied magnetic field within the chamber,
| applying an azimutha! 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 fo increase the magnitude of the

- magnetic self-field within the plasma to a level that overcomes the magnifude of the
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4 [ I ni he electric
neutralizing the ion beans, draining t
pol ari zation fromthe neutralized ion beans, and

[ orentz force due to the applied magnetic
Eaarg oo 2 anms to bend the ion

ﬂppgéefgﬁr;gglﬁ’ér}itcgﬂgde@éﬁr{gﬁiey %?/{erig.g P@\pb f%nnation of a combined magnetic field
having an FRC topology.

| 15, The method of claims 14 further comprising the step of increasing the
-magnitude of the applied magnetic field to maintain the rotating beam plasima at a
predetermined radial size.

16.  The method of claims 14 wherein step of applying the electric field -

_includes the step of energizing a betatron flux coil within the chamber,

17.  The method of claim 16 further comprising the step of increasing the rate
of change of the current through the flux coil fo accelerate the rotating plasma beam fo
a fusion level rotational energy.

18.  The method of claim 17 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,

18, The method of claims 18 wherein the step of injecting the ion beams
turther comprises the steps of

neutralizing the ion beams,

draining the electric polarization from the neutralized ion beams, and

exerting a Lorentz force due to the applied magnetic field on the neutralized ion

beams to bend the ion beams into batatron orbits.
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