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. MAGNETIC AND ELECTROSTATIC CONFINEMENT OF PLASMA IN A
- FIELD REVERSED CONFIGURATION This invention was made with
~ Government support under Contract No. NO0O014- 99-1-0857, awarded by
the Office of Naval Research. Some background research was 5
supported by the U.S. Department of Energy oir 2992 to-1993. The
Government has certain rights in this invention. FIELD OF THE

N I The | ' I the fiel S sics,
T Ba/0AT 15 TR ahi SRR ICT S F et e
confinement is partiREFERSEIMtepeslIFORAR IR purpose of enabling a
nuclear fusion reaction, BACKGROUND OF THE INVENTION Fusion is
;he_mmﬁ&mfm%mm%&mmda%@mﬁmmﬁ%@wqhe
usion process releases a endous amount nergy.in the form o
55 G DR SRR 5 PSR LR CHAGER - cue
supt@ithé pratolisScDatattrechild Faergidor U96Padd 20EcMilsGevelaatmdtatic, or
o %ggg qnftg{ic)&pe%%gen them. For two nuclei to fuse, this repulsive

arfigr must be overcome, which occurs when two nuclei are brought
close enough together where the short-range nuclear forces become

strong enough to overtore R ECHITHE FrRE and fuse the nuclei. The
eneThyinegsssacifar dheraliyetehtaieMart sima thdsiok| emlibpatienis, to
ravided by their thermal energies,.which must 20, be very high. For
e SR IR bl e T e
for Betiurordof ofabine\t nusdrelsiondbacficgughly to 100 million degrees
Kelvin. The rate of a fusion reaction is a function of the temperature, and
it is characterizedsCR GraNNY: OalkgEreacHWsIONe reactivity of a D-T

~ reagtian, for. example, has. %'rvozi% eak between 3Q keV and.100 keV. 25
Ty S TR R TS B DS RGBS 1A0TE Riev).
ThediFion mBmBsivhidies piftmshdte\indimnt ¢ ehertd rie\yrapéi £ dboir and
part}cies. Because atomic nucle] are positively charged — due to the profons contained

therein — there is a repulsive electrostatic, or Couvlomb, force between them. For two

nuclei to fuse, this repulsive barrier must be overcome, which occurs when two mucle; are

- brought close enough together where the short-range nuclear forces become strong

enongh to overcoms the Coulomb foree and fuse the nuclei. The energy necessary for the

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

be very high. For example, the fusion rate can be appreciable if the temperaiure is at least
of the order of 10" eV — corresponding roughly to 100 million degrees Kelvin, The rate
of a fusion reaction is a fimction of the temperature, and it is characterized by a quantity
calted reactivity. The reactivity of a D-T reaction, for example, has a broad peak between
30 keV and 100 keV.
Typical fosion reactions inclnde:
D +D — He¥0.8 MeV) + n(2.5 MeV),
D+T- 3.6 MeV) +r(14.1 MeV),
D +He' - a3.7 MeV) + p(14,7 MeV), and
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p + B" -a 3a(8.7 MeV), where D indicates deuterium, T indicates tritium, a
indicates a helium nucleus, n indicates a neutron, p indicates a proton,
He indicates helium, and Bt' indicates Boron-11. The numbers in
parentheses in each equation indicate the kinetic energy of the fusion 5
products. The first two reactions listed above - the D-D and D-T reactions
-- are neutronic, which means that most of the energy of “weir fusion
products is carried by fast neutrons. The disadvantages of neutronie
reactions are that (1) the flux of fast neutrons creates many problems,
including structural damage of the reactor walls and high levels 10 of
radioactivity for most c%g%cﬁowgté’i%; and (2) the energy of fast

wheREUIIHING!S Ratesiedhydemearingiheirdhempatensiomialactric

. ..energy, which |s yery inefficient (less than 30%). adyantages of

i G A P NG B B P AU B PSRV bl

Thetemerat tararie(Ed)thathlafsssming dag dd alitoseereyaiveddsvn
dbecause the atomic numbers of deuterium and tritium are 1. 15 The

pro Flecgmants in the other two equations -D-He'andp-B"-are called advanced
fuelts fivstead wipiodicing dastrediedhs) asiii{lecagisikoniareactions,
their fusion products are charged pagticles. One advantage of the .. .

ne R S R B T S R R R R e

nevisufeTlessshbmmtigescii advamnia gestass acided Il fhe i rstientase of

arces HEn PO RS AL AL AT AEEE DY e andann e om0, U
these neutrons accountfor only about 10 per cent of the energy of the

of reflisgolivprdauniest conspivrasdtionsisuide@)chasergyutf s netioagh it does

A R R e ey

t
creaté much fewer problems. Another advantage of the advanced fuels is

- (lesstRr en Chgypdriidgesobrsaprotivets euiséhebllodhel oienigtks

at 2 RINHERWMBARAAPE A8 1Y) HR HUSCh RN/ BGARY GISIERRIRFGRe, thelr

charged 25 fusion products can be slowed down and their kinétic energy

becapss he ALB G RESIRPTL O deR e anfrEtEY 8ded fuels have disadvantages,
toorrk eLexa Rl ead RE 2RI RMmRESRE M eradvanced fugis.are higher (2

for He' and 5 for B"). Therefore, their radiation losses, are greater than in

advafied el oMt RIRARSPRAICRIE BSHOREHOBR G Fae FREGRISS RakRgs dher
fugion products are charged particles. One advantage of the advanced fuels is that they

create much fewer newirons and therefore suffer less from the disadvantages associated
with them. In the case of D-He', some fast neutrons are produced by secondary reactions,
but these neutrons account for only about 10 per cent of the energy of the fusion products.
The p-B"! reaction is free of fast neuirons, although it does prcdﬁce some slow neutrons
that result from secondary reactions but create much fewer problems. Another advantage
of the advanced fuels is that the energy of their fusion products can be collected with a
high efficiency, up to 90 per cent. In a direct energy conversion process, their charged
fusion products can be slowed down and their kinetic energy converted directly fo
electricity.

The advanced faels 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 then in the neutronic regetions. Also, it is much more difficult to cause the

advanced fnels fo fuse. Their pesk reactivities occur at much higher temperatires and do

2
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30 advanced fuels to fuse. Their peak reactivities occur at much higher
temperatures and do 2 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 must be contained for a longer time
period wherein they can be brought to appropriate fusion conditions. 5
The containment time for a plasma is At = r'/D, where r is a minimum
plasma dimension and D is a diffusion coefficient. The classical value of

the diffysion coefficient is D, =.a /tle , where a, is the i0) roradius.and i
S e s S R e
fuelelHustequzectinitrl iscataticias sight rapgpesiidhkerBidin:eifftisip i
. _cpefficient, agtributed tq short-wavelength instabilities, is 10 D. = (i [ 16)ai [;
S AR T B VBT R B O BEL e peiod
whatelatioyshiphisicaligd @rpmatans fraivsporiiifarsfusion conditions, DBI D, =

(1/,}{.@ 1).zle 108, anpmalous transport results in.a much shorter
corta MR RES A e bR T P BBrines

GimbiviamgeDE platfimionusteimta Tasidnsszactohihyf theditainermeititnat

. the containment time for a given amount of plasma must be longer than

s Dyl fimd ST S DI SO RS S W el B AP SR ERB B SR fore,

DiftlASsizabiiaRSRIRE AR RHSIMOES-SRsANRdNa dusiRnIreasiRE: aliwing
for smaller initial plasmas. In early experiments with toroidal confinement

Boiig} FARH0R ACRHEINHERRRTR BETRVE Fiors b insediBEEnSd. Progress in
p, 1R 1A5E49 YeRketas, im%fﬁﬁ%%&@ggﬁ@@@ﬁm DBortfA th00 1D, .

One eXxisting fusion reactor conc e Tokamak. The magnetic 20 field
relatifmifokaaibd 68 nadu typipatpAdidiesiorbicBhians. MusPated/Io¥g. 5. For

gl ' the T Kk
10 5k RH0 N0 FHRHS e BT SR O e AR

transpekn abio nelptRhedetmminse by Eirpasrinissied Reh bron {ITPERY) radistr frdicin
reqiSneint Bﬁ&&@%@éﬁ&&ﬁ&ﬁ%ﬂ@%@%&%ﬁ%ﬁi&%%@ﬁ% than

transport, At = r2/D0 Is possible, In which case the minimum plasma
the dmadridisrriasnble biyraqueksar fsinresicn ol besire fbasicphuasport

con@HRR I RRAI S RYRlEH ThEIRIGEHAR: OlSRaIgsH enheRMS R HR1E0 keV), to
heat the plasma to temperatures of 10 to 30 keV. See W, Heidbrink & G.

J. Suedy, sneriversy it st ooyt e plave ettt st

At = ¥*D, was observed. Progress in the last 40 years has increased the confainment time
1o At £ 1000 #/D,. One existing fusion reactor concept is the Tokamak. The magnetic
field of a Tokamak 68 and 2 typical particle orbit 66 are illustrated in Fig, 5. For the past

30 years, fusion efforts have been focussed on the Tokamak reacior using a D-T fuel.

These efforts have culminated in the International Thermonuciear Experimental Reactor

(ITER), illustratad in Fig. 7. Recent experiments with Tokamaks suggest that classical

transport, Ar & */D,, is possible, in which case the minimum plasma dimension can be
reduced from meters to centimeters. These experiments involved the injection of
energetic beams (50 to 100 keV), to heat the plasma to temperatures of 1010 30 keV, See
W. Heidbrink & G. I. 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 diﬂ“ése anomalously fast. The reason for this is that the energetic
beam ions have a large gyroradius and, as such, are inseﬁsitive to flucimations with

3
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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 30 beam ions have a large gyroradius
and, as such, are insensitive to fluctuations with 3 wavelengths shorter

~ than the ion gyroradius (), < a;). The short-wavelength fluctuations tend to
average over a pycle and thus cancel. Electrons, however, have a much
smaller. gyroradius, so they respond to the fluctuations and transport
anomalously. Because of anomalous transport, the minimum dimension of

the plasma must be at 5 least 2.8 meters. Due to this dimension, the
wavgiepgihg dhetsehaadhedon srEredirsfand s I indeiaveiensl dictepiens the

 tendSORMRABVE: ] kamale trRechaagiontiabls iRarible Haes » adiansRrdduels,

such as gl-gHe?; and p-B", the Tokamak-type reactor would have to be

EYIORATIS Ry E?@E%‘H}SE‘ the RS ARICTTORP 25 ARRABRLP I ear reaction is
MUERA0R0E andmilRka ke ele hisignD i Baslhas ke Radiianahe at
problem that most of the energy of the 10 fusion products epergy is

a4 ey DA iR RO o 28 PR DA AP Sihcuce

metdieac Hidtystar alThst &t eoalbTHDIT shatekialpaiadtorthe: nebiticlwer In
. addition, the conversion, of thejr epergy nto electricit t be by a

st SR R s e - S 08 BHERE LRGP oposed

muchdagtabecantig twation fsra felliding beanmn medetoralitian ¢otlidth @ordgsheam
reactor, a back dplasma.i mbarded eams of ions. Th

o R R e M S e e

fusiqpl asviectPaoaigicin grusefty fLSldaY reatrtion svhicthisutygredidt 4

mdﬁ§a%%§ug§d r%%%%s?ﬁsg\%ggéﬁo%%ﬂ&%%?%g;eﬂé%?ée%%v %Er%'eaigg%%( | s .

the apnyassiomtsdithsirmetan into attibnety 200 dredyar ision Al rSceraterd &t not

mgrét@ﬁ%@%%ﬁ@ct%ﬁ?ﬁby gt gt discloses a method of prod_ucing. .
counterstreaming colliding beams of deuterons and tritons in a toroidal

configtisi@mrayetanicter cosioputiontinbculligse hemairisiy eedliding
beanElBEURMARREHGuRNSEIN IS dninsteddowonntierastdhe effestsaf Dk

equilibrium plasma'dra% on one of the ‘ion species. The toroidal
i

ions seirRcaRY Gnkle muditesniten ds osrbpmraniodrhgiosis S
mﬁo%,a@mgﬁpmfmmﬁm&%%%%@ﬂe tetimaiedniam sewnd

trapped wit . : _
down the lon beams. Various proposals have been made fo reduce this problem and

maxinize the number of nuclear reactions.

For example, U.S. Patent No. 4,065,351 to Jassby et al. discloses s metihod of
producing counterstreaming cofliding beams of deuterons and tritons in a toroidal
confinement system. In U.S. Patent No. 4,057,462 io Jassby et al., electromagnetic
energy is injected to counteract the effects of bulk equilibrivm plasma drag on one of the
ion speeies. The toroidal confinement system is identified as a Tokamak, In'U.S. Paient
No. 4,894,199 to Rostoker, beams of deuterium and tritivm are injected and trapped with

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

& 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 jons. The alectrqns are heated by the ions in which

case the slowing down is minimal.
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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 electrons are heated by the ions in
which 30 case the slowing down is minimal. 4 In none of these devices,
however, does an equilibrium electric field play any part. Further, there is
no attempt to reduce, or even consider, anomalous transport. Other
patents consider electrgstatic confinement of ions and, jn.some cases,
maHTHE ST dPBIBEGINE: R PRSPl alfy dey Pt
FurthdbB407 1B aEappsvediRaotddScdRatnthiondc386488p0th Farnsworth,
whi gédisclose electrostatic confinement of jons ang jnertial confinement
of SIS RHE P SRS e B G SEES alEar e S RA 8.1 -
maghatietdiliterdeh6 dSotrtad ITheke éichldale SiPatantdibl 8,58#0wil111.65,
V.U. Pat .4 237 ' echer, which, discloses electrastatic
P B o e Bt R SRt i L RSP ST Buipole
conitarspenefitiotn god altstid mdntfnSm<h0dP eitehb M 0UE 826618 G B 83F do
. Which is similar.to iﬁg%eme@a!;r%dmmlvgs;,pojntl%%sapl% None of these

FAISCR & a1, 8N0 U, Fall .f')DU (%.EHI:)L,LE €l & EI'F 53 WO, et
patents consider electrostati€ confinement of electrons an magnétlc

PategbNiink B384t dtidispadthoughitheliechascelserrsintanyprissmtirbiotects on
» . s : o .
B L B S T o
?a’t@ﬂé@@iréa?éé‘léity E’@ﬁ@lﬁ; ﬁbﬁhéﬁ@@%@&%ﬁ@%ﬁéﬁﬁﬁ@?@&@ms cited
eus P REGSaHSS Adiid revars el SRRfigu Rlian.Mag Reic JoRQ A mabhasfield

reversed configuration (FRC) was discovered accidentally around 1960 at
confiRenqaiilires ediieibeichary thef mptH s PR aTEspe M EdR R g pical
conﬁ%n@ﬁ?&ﬁgﬁﬁow&%%ﬁﬁmh%@ﬂ%&&m kRY & girection, is

illustrated in Fig. 8 and Fig. 10, and patrticle orbits in a FRC are shown in
elecirogtatia fells pRynihe nesdunnfly TRe e SRt eea a7t opr dgitins
nond SMBRRANIS URRDHE L Bidhad inited:Slates and JaRan A8kl ismlogy.

comprehensive review paper on the thegry and experiments of FRC

resHEBR4TGITSPE 6PN HEEIGLE R Tias Jisiriered sorifnially soumshiSens,
at theh988) RAsWHRILEr ARREHENAIRIE theta pinch experiments, A typical FRC

topology, wherein the internal magnetic field reverses direction, is illustrated in Fig, 8 and

Fig. 10, and particle orbits in ¢ FRC are shown in Fig, 11 and Fig. 14. Regarding the
FRC, many research programs have been sopported in the United States and Japan, Thers
is a comprehensive review paper-on the theory and experiments of FRC research from
1060-1988. See M. Tuszewski, 28 Nuclear Fusion 2033, (1988). A white paper on FRC
development describes the research in 1996 and recommendations for fisture research,

See L. C. Steinhaver et al., 30 Fusion Technology 116 (1996). To this date, in FRC
expetiments the FRC has been formed with the theta pinch method. A consequence of
this formation method is that the ions and electrons each carry half the current, which
results in-a negligible electrostatic Geld in the plasma and no electrostatic confinement.
The ions and electrons in these ERCs were contained magnetically. In almost all FRC



development describes the research in 1996 and recommendations for
future research. See L. C. Steinhauer et al., 30 Fusion Technology 116
(1996). To this date, in FRC 25 experiments the FRC has been formed
with the theta pinch method. A consequence of this formation method is
that the ions and electrons each carry half the current, which. results.in a
T Tt
conégemento Eheions. anid #lpeeons7ih these FRCs were contained
magnetically. In almost all FRC 5 experiments, anomalous transport has

been assumed. See, e.g. Jugzemskly Beaping;osestign 1.5.2, at page
2072. SUMMARY OF THE INVENTION To address the problems faced

by previgus plasma containment systems, a system and apparatus for
containing ﬁﬁ’%&ﬁ%‘%ﬁ?mﬁl@m%f@gﬁﬁ BE@SAAE RIS AP BRENSRS Systems. 2

coriginethimbghriisaliyfin stableitargRonaitsane-aleglprsaren eahtained
electrostatically in an energy well. A major innovation of the present
inVRIATRH ETRAR SPRGHBGS PRSI ERCEA8 iSRG e cotrons are
elegirnsitadice icotntinametiyaf eleetrans art Magaetideanfitementief jensnt
Wh{'c‘r}et%no%s to_ay iorl %né)urg%!(?&s &r%lfﬁ%rrg an facilit tte classii:al ostat]
coftamment of both BlectFons and ions: T thisc 1%&%?%’:{%&88%5;}“
haverathequaterd elesityanthtemgeraiorerdotnain pdhoes) lisiocs thely are
fused iegeifier by lenudleat foreq, s [eleasing (usion eneray, Gas.. .
aspect of the present invention provides a method of confining a "plasma
of mnsiand dletiormmihitininiachansbencompridiyttedsteny ehdormirgaaire
field, rﬁ\é?[%%% ESEF&%H?ﬁI%g (FRGLY ?&%‘?ﬂ&fﬂg thwithina reactoghamber
about a rotating beam plasma comprising ions and electrons, magnetically
cordiaisgia pleialispotplasma ions, and electrostatically confining a

plurality oh,@Iaofoe BlSGY RS AN AIGIRAIS ATREEL PhibRIBTRAbITYERlon

provides a method comprising the steps of. causing a plasma comprising

chargatsaté strvriah glisH Pariicleants chamheidtmpasciaimbeicfoanifyaing a

magngticreloidal sell field SHFRUNAIG IR field within a reactor chamber
about a rotating beam plasma comprising ions and electrons, magnetically
confining a plurality of plasma ions, and electrostatically confining a plurality of
plasma electrons.

An alternate aspect of the present invention provides a method comprising
the steps of’ causing a plasma comprising charged electron and ion particles to
rotate within a chamber, forming a magnetic poloidal self field surrounding the
rotating plasma due to the current carried by the rotating plasma, and increasing
the rotational energy of the plasma to increase the magnitude of the self-field to a

level that causes the formation of a magnetic field within the chamber with field

reversed topology.



rotating plasma due to the current carried by the rotating plasma, and
increasing the rotational energy of the plasma to increase the magnitude
of the self-field to a level that causes the formation of a magnetic field
within the chamber with field reversed topology. 6 Magnetic confinement
is ineffective for elecfrons because they have a small gyroradius-due to
their smAFFALS CNEERFHhéy 61 SerTelihe 5 SHBTE W dhigihave &

fluetualligracthdicaudecanahedionsiransport aherefoiactbe: elesttonsialigort-

effectively confined in a deep potential well by an electrqstatjc field, which
R e e A N s, e s i i
elestrefitcthad psoafecdanfindgrae pbranistitrealb biram dhedhighitlensity which
region, near the | surface to the surface of tlge lasma. In so.doi

O e e SRR T e LIS B om ¢ d¥errons
elebroes apachithecplasimausunface andh [dave giidhrfsisiongoaductionsnull

the e little to.t ott. The stron lectrostatic field also . .
S e AR SR

tends to make all the ion
thaastiesgiaectioo ptaigedyd heVelendstatio fislachutieay aprovideiiee codlingye

m isr i their radiation losses.The,
e AT AT e o i e o eharacg focle S0tk

as DHEB ahe PBd, 2w wrs at reditroric e dotahis! sublisasBDraig D-T. In
thesRekigAJ6agHRR: ASLHRUYANS are praduced By, Seeondary eaCHORS her
but are an improvement over thé D-T reaction. Thep-B'l1 reaction, and the
likePry Srera RN EnseBs ket RV tRE P BIEIE iﬂ‘g)‘#ﬁ%? Heintedistion losses.
completety.Angther adyantagerhingadvienced fuglsis thedirartanaray

conversion of energy from the fusion reaction because the fusion
prébeits SdimcnAd thadgetcdatieRy wiidrag Bre st hasdittrigg) D-1. In

cument-fibisdaca significant iaravemsntQvas, TRkamaks Lo exaMie are an
where a thermal conversion process is used to convert the kinetic energy

of &P Enent overdhdinfons into electricity. an s uc_
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_cfue.ierle}% Vf i a ne~iciuftte_' conversion process is Ipwerthcuau 30%,
whereas the efficiency of direct energy conversion can be as high as 90%.
Other aspects and features of the present invention will become apparent
from 10 consideration of the following description taken in conjunction

~ with the accompanying drawings. BRIEF DESCRIPTION OF THE

DRAWINGS Preferred embodiments are illustrated by way of example,
and not by way of limitation, in the figures of the accompanying drawings,
in which like reference numerals 15 refer to like components. Figs. IA and

R S S R R R

fast

umahenmimpﬁmb,gnetlc field, 20 Fig. 3 shows the f x B drift. Fig. 4 shows
ien drlt Fi ti rtlcle orbit in a Tokamak.

the
A o e R R R ety Sons 8 S

ﬁommeﬁmﬂmwcﬁmmmmwamam ReattorifdeR)aritdek; ighih

how%cpne Dga‘gpey?hgsldscgs? Fg Si 9A and 9B "qua\ﬁ'm% é%actlvely,

amagnetlc and the cou |am hetic direction 1n & Fig. 10

exampb;mslﬁne ad@ﬁmaig:dwamcsymws iFiged b shows GudisretiomenbitoBisigs.

H@u

424 and 128 st vely, the ma field and the direction of
mmw f%gr’i%dlrﬁft ina Ifj?{ éggﬁ%A%ﬁ(?u I%%écsﬁow respe%ctlvely “the

: 30%@&@:@5@%@% Qfé@@nm@;’gmm@omm freceRRigh BsPRj. 14A, 14B

a”%&é&gﬂ%%&%‘f@iﬂ&&& [Pt present invention will become apparent from

considesation of the following description taken in conjunction with the accompanying

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments are ilhustrated by way of example, and not by way of

limitation, in the figures of the accompanying drawings, in which ke reference numerals

refer to like componenis.

Figs. 1A and 1B show, respectively, the Lorentz force acting on a pesitive and a

negative charge,

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

field.

Fig. 3 shows the E x B drift.

Fig, 4 shows the gradient drift.

Fig. 5 shows an adiabatic particle orbit in 2 Tokamak.

Fig. 6 shows a non-adiabatic particle orbit in 2 betatron.

Fig, 7 shows the International Thermonuclear Experimental Reactor (ITER),
Fig, 8 shows the magnetic feld of a FRC.

Figs. OA and 9B show, respectively, the diamagnetic and the counterdiamagnetic

direction in a FRC.

Fig. 10 shows the colliding bean system.
Fig. 11 shows a betatron orbit.
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Figs. 15A and 153 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 colliding beam system. Fig. 17 shows a Maxwell distribution. 10 Figs.
18A and 18B show transitions from betatron orbits to drift orbits due to

- large-angle, ion-ion collisions. Figs. 19 show A, B, C and D betatron orbits
when small-angle, electron-ion collisions are considered. Figs. 20A, 20B
and 20C show the reversal of the magnetic field in a FRC. 15 Figs. 21A,
223, 21C and 21D show the effects due to tuning of the external magnetic

field B.ina F Figs. 22A, 223, 22C and 220 show, iteration. results for a
D P8 DA, 3 55 B (B G R AP o
gradReHBd plashraC. Fig. 24 shows iteration results for ap-B" plasma. 20 Fig.
25_shows.an lary confinement chamber.. Fig..26 shows a
o o R B e Sl s T et
E x gontining phamber. Fig. 27 is a head-on view of a neutralized ion beam as

it contacts plasma_in a confining chamber. 25 Fig. 28 is a side view
scﬁ%éﬁé&%é&ﬁfﬁfﬁ%ﬁéﬁ?ﬁ%ﬁ%éﬁ%ing to a preferred embodiment

of g;siartAlpdr o duEe- il .cdShis arslde s ereRtic of a confining
chamber accarding to another preferr

or QLT 13 95 S (e PR 1S SO DO FRACBR R O on o
in the doRG@ngDb& It DESCRIPTION OF THE PREFERRED
E BO%%%&%%%@@A %@%g? reactor solves the problem of ano_malo_us
tra ons. The anomalous transport of ions is
aveigeddy ama it thosoniingimeridn detietd whigr sedidoahigudatidn (FRC)
iargép at?ﬁe%%%—%%%&ﬂ?s& {}Qf majority of the ions have large,
Figs. 19 show A, B, C and D betairon orbits when smali-angle, eleciron-ion
collisions are considered. '
Figs. 20A, 20B and 20C show the reversal of the magnetic field in a FRC.
Figs. 21A, 21B, 21C and 21D show the effects due to tuning of the external
magnetic field B, in 2 FRC.
Figs, 224, 228, 22C and 229 show iteration results for a D-T plasma.
Figs, 234, 238, 23C, and 230 show iteration results for a D-He’ plasma.
Fig. 24 shows iteration results for a p-B" plesma.
Fig. 25 shows an exemplary confinement chamber.
Fig. 26 shuws g neutralized fon beam as it is electrically polarized before entering
a confining chamber.
Fig. 27 is 8 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 2 start-up procedwre. ’
Fig. 20 is a side view schematic of & confining chamber according to another
preferred embodiment of & stari-up procedure,
Fig, 30 shows traces of B-dot probe indicating the formation of a FRC.



16

15

20

5 non-adiabatic orbits, making them insensitive to short wavelength
fluctuations that cause anomalous transport of adiabatic ions. For
electrons, the anomalous transport of energy is a oide b j' tuning the
~externally applied magnetic field to nee™ elop a strong electric field, which
“confines them electrostatically in a deep potential well. Moreover, the
fission fuel plasmas that can be used with the present confinement
process and apparatus are not 10 limited to neutronic fuels only, but also
advantageously include advanced fuels. (For a discussion of advanced

Vet Pae T By e e A G P R

Ardstéter il tacol stives thethepPerobié mahdngmatsps tiarisgoibdound
' ifi netic fi iquration, which is the
i i T S L R G b

fieldrmygmedieon@ninpinisAB hakesh it pas diptéhronavitaos ks tes Ioomierising a
non- HEBIONHY SERORAGIRRALE RS- BAckARUNg.Theo ﬁ&é%&%%&géf%ﬁagéhe

system and apgara us in detall, it will be helpful to first review a few key

0T pRSFAATPRI A5 adiRPa b ivnfe rtnAlecHR: o otanrerpr of ehsrez ds
avoid@IeNizRoren apd-RadicleOrbitsina ﬁé%%@éfd’g@ﬁ&%@@&%&a,

electric charge_q moving with velocity v" in a magnetic field B experiences

which eopdinse thep elsabpstaitelv n 2 #rr0 rofRE el Merpemer By drnipndiet. It,
plasiags Welloas Rihihe iarnuasese dipienpresRbln Bl seps s irissgiven in

the gaussianf%)éftem of unjts. The direction of the Lorentz force depends

Tmitg R REEIGR O T B IHE ARAGE R ePREs R e desdipRrediBtrtar Boh6th
discwssiactiyadadosiayeietied ) deRigcleAShDWE: ik orenia-TRE6e30:aehag on
a pasitive charge. T. ity of the particle is shown e vector 32.
Merh?%e”fn%}{é’ﬁzé’fi% #@?Eﬁlg %‘%@?ﬁ%ﬁ'ﬁ@rﬁ&‘f@%ﬁm‘fﬁ%ﬁfﬁﬁt force 30
aclibgsolution egétivecbhargé adtnilsetpiaipedidine hortntztesar-s s a
rpendicular to the velocity of a particle;.thus agnetic field is unable
=B BRI R AL A s p el
region in a FRC where the magpetic field vanishes makes it possible to have a plasma

comprising & majority of non-adiabatic ions,
Background Theorv

Before describing the system and apparatus in detail, it will be helpful to first
review a few key concepis necessary to understand the concepts contained herein.

Lorentz Force and Particle Oibits in 2 Magnetic Field

A particle with electric charge ¢ moving with velocity ¥ in a magnetic field B
experiences 2 force F, given by

= 'ﬁxg
F=q - (1}

&

The force F, is called the Lorentz force. It, as well as ail the formulas used in fhe present

discussion, is given in the gaussian system of units. The direction of the Lorentz force

‘depends on the sign of the electric charge g, The force is perpendicular to both velocity

and magnetic field. Fig. 1A shows the Lorentz force 30 acting on & 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



10

15

20

follows from Newton's second law, F = ma, that a magnetic field is unable
to accelerate a particle in the direction of its velocity. A magnetic field can
only band the orbit of a 5 particle, but the magnitude of its velocity is not
affected by a magnetic field. Fig. 2A shows the orbit of a positively
charged particle in a constant magnetic field 34. The Lorentz force 30 in
this case is constant in magnitude, and the orbit 36 of the particle forms a
circle. This circular orbit 36 is called a Larmor orbit. The radius of the
circular, orbit 36 is called a gyroradius 38. 10 Usually, the velocity of a

article has a.c onent that is parallel to the magnetic .field and
iR AR S R ke
a mypeergobbitwaebietu kacrebus: nobiodiscdicotdtiboparddisid thiedhadnetic field
line and_a translation along it. The combination of these two motions
folloys Sross Novdnw srereRsifslisfirmindli adeagarivifieidis mrehls f& feeriosssd in
apa;&imeﬁm&@iﬁdgaﬂlsﬂgg %&E&iﬁﬁ%@ﬁdﬁ&@%ﬁ&ﬂ%%@@%ﬁi&%@@@% field
ine. number  of radians trgveled per ynit time is { article's
vl I G GHREP A 1S HUOAGE B E5°3R0 G FFFBFEIS0IE - (2) MO
wheie tiishthe thassobihepaiticehndd inihdspecdeidghbshbe

~ , gyroradius at.of.a 20 charged paZ2icle.is, given hy at = vi a (3).where v,1
el B ORI P B RS o PORR B T HaSB e A R R e
the padighdtiofial dirBlex TRiDstftdmchBitcidi éntaDeifa 2 rinlecirid:figideatieciithe
the %[?é{%%gﬁggrg%&g@gicl%%acgg sbjéown in Fig. 3. In Fig. 3, the magnetic

points toward the reader. The orbit of a positively charged ion due
to tHensHingheteidiite of4 padivks haud dipgpencitdizi36 ptirdiddmibeisugretior an

s EISEYRN 2o I DISSEASE 270 SESHE P40 donaysten he o

moves inthe directio t |1 electric 46, its velocity Increases. As

- undergpeh EvasHPELRIRSHS hiten i midiie pasaudtie magnetic field line and »

tfranslation along it. The combination of these two motions creates & helix that follows the
magnetic field line 40. This is indicated in Fig. 2B.

A particle in its Larmor orbit revolves around 2 magnetic field line. The number
of radians traveled per unit time is the particle’s gyrofrequency, which is denoted by 03
and given by

24
= g—“ N {2)
mc

where m is the mass of the particle and ¢ is the speed of light. The gyroradius ¢, of 2
charged pasticie is given by

v

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

Ex B Drift and Gradient Drift

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

the presence of an electric feld 46, however, when the ion moves in the direction of the
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the force gE. It can further be seen that, according to Eq. 3, the ion's
gyroradius will increase as its velocity does. As the ion is accelerated by
the electric field 46, the magnetic field 44 bends the S ion's orbit. At a
certain point the ion reverses direction and begins to move in a direction

- opposite to the electric field 46. When this happens, the ion is
decelerated, and its gyroradius therefore decreases. The ion's gyroradius
thus increases and decreases in alternation, which gives rise to a
sideways drift of the ion orbit 48 in the direction 50 as shown in Fig. 3.
This motion is called f x j drift. Similarly, electron orbits 52 drift in _10 the

electg Al o BB ARSHRTET dMcenhrRresrrted By Wysanetraedhy
the fRRONEUCTIEI ddrasylvairaiod ip. g 4o 'BeMi9ud & {ic figld 44

points towards the reader. Thé gradiefit of the magnetic¢ field Is in the
increfige etish BB ePhéoricrease of the magnetic field's strength is” depicted by

the densgr Aot AoiSHR Mg tionre: ASEIam.Eds. w.and %&&M@WS

_that the gyroradius is inversely proportional to the strength of the
ion’proaeih efit Ry \aEH AR s T wRestirpaien ghe bagnsds meveasmdzastiginetic
oppligidli g @uRradiHg vl dRRLRaRe IRERANSE G LuGRIg i lnateases,

and vice versa. The ion's gyroradius thus decreases and increases in
gyrosithips SFEHOHARCFRe S P B I0F &Y Sidina esinmr enen b ASSHAS &tin the
altedHRGL OGN oil s elio g dewallam g e nt:tsili 20 EIRCHARQIDYES A2 drift

in the opposite direction 64. Adiabatic and Non-Adiabatic Particles Most
showrdeifia. Sorfipsisesioniatdiid parttigs. ASinilidpaticcpertichéttightdsifioiows
the dNEBAQAETIGield lines and has a small gyroradius. Fig. 5 shows a particle

orbit 66 of an adiabatic particle that follows tightly a magnetic field line 68.

Thé saBckiftrerdbresebos srdivet ol theantspgec sl TokatHuwrated in
Fig. R0Pzaciabatic particle Has alarge praradius.lhdoes potiallowihe

magnetic field lines and is usually energetic. There exist other plasmas
magpele fgichisriadhn diesting B5td B Arreres OF 1 wagnirHed s seretidrbatic
depiblashpainddle aaceebadatatian sfhe pole pieces 70 generate a

magnetic field 72. As Fig. 6 illustrates, the particle orbits 74 do not 30

fm%#@%@f}éﬁ &l that $ae eyroradius 15 inversely proportional to the

strength of the magnetic field. When an jon moves in the direction of increasing magneiic
feld its gyroradius will decrease, because the Lorentz force increases, and vice versa.
The ion’s gyroradius thus decreases and increases in alternation, which gives rise to a
sideways drift of the ion orbit 58 in ths direction 60. This motion is called gradient drift
Electron orhits 62 drifl in the opposite direction 64.

Adiabatic and Non-Adisbatic Parficles

Most plasma comprises adiabatic parficles. An adiabatic particle 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 tine 68, The magnetic field lines 68
depicted are thoss of a Tokamak.

A non-adiabatic particle has a large gyroradivs, It does not follow the magnetic

field lines and is usually energetic. There exist other plasmas that comprise non-adigbatic

particles, Fig, 6 illustrates a non-adiabatic plasma for the case of a betatron. The pole
pieces 70 generate a magnetic field 72. As Fig. 6 illustrates, the particle orbits 74 do not
follow the magnetic field lines 72. '
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12 Radiation in Plasmas A moving charged particle radiates
electromagnetic waves. The power radiated by the patrticle is proportional
to the square of the charge. The charge of an ion is Ze, where e is the
electron charge and Z is the atomic number. Therefore, for each ion there
5 will be Z free electrons that will radiate. The total power radiated by
these Z electrons is proportional to the cube of the atomic number (2).
Charged Particles in a FRC Fig. 8 shows the magnetic field of a FRC. The
system has cylindrical symmetry with respect to its axis 78. In the FRC,
there are two regions of magnetic field lines; open 10 80 and closed 82.

= SHtrate ity the two regions is called the separatrix 84. The FRC

formseavydiatigad putl Serfae-88dnahighdhewnagnatie fietd-vadlisbes. In

he central part 88 af the FRC th agnetic field does not ¢chan
by R PPRECR) 14 o P D AT AP G B AL B cloes
whechaizgkeappiecicisheintie ddiad adindctiombEh elredfoetibofielchddaniethe

..,center axis 78 rever irection in FRC, 15 which.gives rise to the
el R R e S
vropertigradtic te izt itle adthennubau@ice 94 is in the direction 96. The

ma@iﬁh‘??ﬁ&@ﬂﬂc@bsﬁ%mﬁ“u” surface is in the direction 98. If an ion moves
in the direction , the Lorentz force 30 acting on it points towards the
nuiFigu Fralsevs e Phrgristicbelilp SpPREGi Hexiiseaphiyndiniacnigtiat rule.
witfi8ipBaHGie3maving ndeadifealion 29,10 ‘oﬁ?ﬂ?g%ﬁéﬁé‘g@ﬁtﬁe@%m
Lorentz force alwa%s points toward the null surface 94. This phenomenon

80 agfl deser2o apartie Brisivedhe roaeairanis relicdsisewestimty Baow.
FRO#SnRE SARMSALINRAYE if MchlERGlomd4salatishes. n the

counterdiamal%netic. The Lorentz force in this case points away from the

centpy RSt SRRidP oA RfHRe prresindisl Aagn ant Frsese Ryl Sife csiftd a
diredlitht. Osbibdende stcaEibadhrlaw: Ihe digmagnatic.gy directiga for ions is

countﬁgdiama%{]etic for electrons, and vice versa. Fig. 10 shows a ring or

dirogioRul AP SABP B IS AL OB ST BN ThESSTS® dRariap ke Bitection

. whidQRvahigding:d 06nis fonated nromall e el irigee 8GR ONagnetic

e B O e AL R D VST 000 LSRR RN an
The magnetic field inside the null surface is in the direction 98. If an ion maoves in the
direction 100, the Loreniz force 30 acting on it points towards the null surface 94, This is
easily appreciated by applying the right-hand rule. For particles moving in the direction
102, called diamagnetic, the Lorentz force always points toward the null surface 94. This -
phenomenon gives rise to a pariicle orbit called betatron orbit, i¢ be described below.

Fig. 9B shows an ion moving in the direction 104, called counierdiamagnetic.
The Lorentz force in this case points away from the null surface 94, This phepomenon
gives ise to & type of otbit 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 annuiar layer of plasma 106 rotafing in the jong®
diamagnetic direction 102. The ring 106 is located around the pull surface 86. The

~magnetic field 108 created by the annular plasma layer 106, in combination with an
externally applied magnetic field 110, forms 2 magnetic field having the topology of a

FRC {The topology is shown in Fig 8).
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externally applied magnetic field 110, forms a magnetic field having the
topology of a 30 FRC (The topology is shown in Fig 8). 13 The ion beam
that forms the plasma layer 106 has a temperature; therefore, the
velocities of the ions form a Maxwell distribution in a frame rotating at the
~average angular velocity of the ion beam. Collisions between ions of

different velocities lead to fusion reactions. For this reason, the plasma
beam layer 106 is called a colliding beam 5 system. Fig, 11 shows the
main type of ion orbits in a colliding beam system, called a betatron orbit
112. A betatron orhit 112 can be expressed as a sine wave centered on

the Ut hear theh fomasdhp T SO tamReRRTrR Al
velooltRieol i Manighes. Maealanebhibe ottt daperpendisutagdo the

_axis 78 of the FRC, lons jn this orbit 10 112 in their di {
STV PG St PR B S BEAA S GPB ERLE o

fusitnobntisharrostillatanr kb el aciobaireriron! (joespeatel eLlsitifht teanull
tcircle 114), and a translation along the null circle 114. Fig. 12A is a graph
Vo8t the magnetic field 118 in a FRC. The field 118 is derived using a
on&gdirriessiontileenit tysie nf imodéli 4t bedigiug Sedrgtomniratisijunction
. with 15 the theory of the.invention. The horizontal axis of the graph,
patsfer o) L v it Lz Qe olfre s Bt ol il e

mull pimgnc fielddsandditgaedbs Asgheigfephotépiod, dhderhbyvesirbdield

hes. P : ' nEig. 1213 &
The %gargt?\c/ e ir%@v?ﬁ?#;% g#éanﬁ%%%% IE\f)j(v??l %égg @aggﬁgg?;ﬁr?' %5%9 })%%?}n%%ggg netic
112 frstee pofhein §ismaspdiio dirthon P S dxfmces8eiE e ddhefie Hwldn 20 outside
betalR B BICIG (S 2tn VI G RN G Ji6 18 JRSIAS R D ERIEIE ISHE2 4.

The direction of the gradient drift is given by the cross product B x VB,
nuil gkrded R sadhdragrigtirerrloia e milgireticlfield; thus, it can be appreciated

by BpPiYing:the-sahirhandapis: thalithe direstion ebihegradientgiifis in
_ the counterdiamagnetic direction, whether the ion is outside or inside the
using gpGref@ers pno e HibIYR fodsh ot SPaNesEideEinY et ERC.
the thi@iglehd 30dadarived nusing:a sRedimansnnaleuitini drimredrl, to be

discussed below in c,on%unction with, .
centimeters from the FRC axis 78. The magnetic field is in kilogauss. As the graph

depicis, the magnetic field 118 vanishes at the null circle radius 12¢.

As shown in Fig. 12B, & particle moving near the null circle will see a gradient
126 of the magnefic field pointing away from the mull surface 86, 'I"ha magnetic feld
outside the nuli circle is 122, while the magnetic field inside the noll circle is 124, The

direction of the gradient drift is given by the cross product B x VB, where VB is the
gradient of the magnetic field; thus, it can be appreciated by applying the right-hand rule
that the direction of the gradient drift is in the comnterdiamagnetic divection, whether the
ion 18 outside or inside the null circle 128,

Fig. 134 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 confunction with

the theory of the invention, The horizontal axis of the praph represents the distance in

_centimeters from the FRC axis 78, The. slectric field is in volts/om. As the graph depicts,

the elzetric field 130 vanishes close to the nuoll circle radins 120,
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the theory of the invention, The horizontal axis of the graph represents the
distance in centimeters from the FRC axis..78. The- electric field is in
volts/cm. As the graph depicts, the electric field 130 vanishes close to the
null circle radius 120. 14 As shown if Fig. 13B, the electric field for ions is
deconfining; it points away from the null surface 132,134. The magnetic
field, as before, is in the directions 122,124. It can be appreciated by
applying the right-hand rule that the direction of the E x B drift is in the
diamagnetic direction, whether the ion is outside or inside the hull surface
136, 5 Figs. 14A and 14B show another type of common orbit in a FRC,
call T 610 T3 ARG 58 CA b CRAGRREH AT Eirface,
fromAshshoiWsiifabég 314284, OThinsigest - asighavsarine Higin i fosifb.0rbits 138
rotate in the diamagnetic direction if the .9 x.9 drift dominates or_in the

It cap b emIrainiag b ferbires e gbtHewt addheidherdisesitin afake FreBodifd:

- is RIS 3RS0 Whe i HOsn A4 806 ] 4R rRtate iR the dlamaqnstic O

direction 102 from starting point 116. A drift orbit, as shown in Fig. 14C,
carf & gt B ercmheinge sormesncrby erlRelydinirtdicle.

orbil MEBSk GiEle 134 2805 AMAURBHIS AN SURIRC S ERS B I 4L AlSQolls
ver the big circle 146In the direction 102. The point 140 will trace mi

sl SRS o 138 OGS TR e TGN (HEURREEIDH of

E Bk R RIS o KR B0HBALAERG, dbig. 106, Aligh shown
moving in the diamagnetic direction 102 with a velocity 148 in a magnetic

dompiptes SEha dulvhEsdsp skeradn Bgsappiying tHB rgic-dhodiateghetiche

GirebiE D62 RIRE AR 49RAS 19spush the ion back into the region of closed field
fines. In this case, therefore, the Lorentz force 152 is confining for the

ion& R sBshamtdR Fieo reherneiarnaly #f 1 selimissianiingsaac

= rellifealioRpdtiaNVe G kI1 BB igdigldid 50 # gRndis-arerepiated
by applying the right-hand rule that the Lorentz force 152 tends to push

also pRlS SN & FEfold omdpe fimetionitl. Themeintddl wirarete shies @

pafhl@fﬁﬁfld(}% 152 _is decon_fining for the ions. 25 Maenetic and _
Eiogiosial colngment n 2 ERC Aplaoma lyer 100 (sge Fig 40) can

In Fig. 154, an ion is shown moving in the diamagnetic direction 102 with & velocity 148

i @ magnetic field 150, It can be appreciated by applying the righi-hand rule that the

Lorentz force 152 tends to push the ion back into the region of closed field lines. In this

cass, therefore, the Lorentz force 152 is confining for the jons. In Fig. 158, an ion is

shown moving in the counterdiamagnetic direction with a velocity 148 in a magnetic field

150. It can be appreciated by applying the right-hand rule that the Lorentz force 152

tends to push the ion into the region of open field lines. In this case, therefore, the

Lorentz foree 152 is decdnﬁm‘hg for the ions.

Maonetic and Electrostatic Confinement in g FRC

4 plasma layer 106 (ses Fig. 10) can be formed in 2 FRC by injecting energetic
ion beams around the null surface 86 in the diamagnetic direction 102 of jons. (A
detailed discussion of different methods of forming the FRC and plasma ring follows
below.} In the circulating plasma layer 106, most of the fons have betatron orbits 112 (see
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ion beams around the null surface 86 in the diamagnetic direction 102 of
ions. (A detailed discussion of different methods of forming the FRC and
plasma ring follows below.) In the circulating plasma layer 106, most of
the ions have betatron orbits 112 (see 15 Fig. 11), are energetic, and are
non-adiabatic; thus, they are insensitive to short- wavelength fluctuations
that cause anomalous transport. While studying a plasma layer 106 in
equilibrium conditions as described above, it was discovered that the
conservation of momentum imposes a relation between the 5 angular
velocity of ions aa and the angular velocity of electrons co, (The

Fig. § Bhi o RO BRHEn PR Y &ra RoR e T Y e e R dPThe theory of
wav&@g&wwéﬂmﬁedmoﬁm #a@gpok,_ SL , where ao = ZeBo (4) 51r

eI B B A R 1 eGP A R Ao an

was dzﬂ%dﬁ@eﬁp&d&@ﬁb@#&hﬂﬂﬁﬁfﬁ mmmmswaMSam&Melatmn. the

ppl| dma netic fie th e tron ngular velocj ndt ion
an, Eiﬁ??fi c?‘ﬁ?’iﬁjé %‘Fe“h@% étﬁ’& mined’

this féﬁﬁbf-ﬂ oD ecRusa m@ﬂmwﬂy@e &ﬁé@&f&h@ﬁdﬁhﬂdﬂﬁe@iﬂ eigtivn
beams into the FRC, the 15 angular velocity of ions aa, is determined by
the injection kinetic energy of the beam Wt, which is given by f = 1m,Y~

=2mrf;ro)r. Here, V = as(;{ g,e P is the injegtion velocity of ions, cv, is

is

the cyclotron frequehcy @f fions; aridheesis: M‘Fe*nrg&lus of tbb null surface &5.
The kinetic energy of elec ons‘i the 20 beam has been ignored because

In Eaghe glpcionMans emersemHch ﬁlﬁl@ﬂ&ﬂéﬁa@x&hﬁe@lﬁ&ﬁﬁwf@a BEpis ﬂl@lxed

tion, velocity of the b %‘é ed w,), the li netic_fiel
ey RSP RAFATHEPEN U3 G F PSR DR A RACIRIEE.
paraSBRYY R R iRGHAE: tﬁ%t@iﬁl@ﬁ@%@@fﬁﬂ&i@i@ 4. Bhcaleengly esptisevigdifieggnt
values of the electrostatic field inside

and the ion angular velocity @, If two of them are known, the third can be determined
from EHq, 4. .

Because the plasma layer 106 is formed by injecting ion beams into the FRC, the
angular velocity of ions @, is determined by the injection kinetic energy of the beam W,

which is given by

Here, ¥, = wr,, where ¥ is the injection velocity of ions, @, is the cyclotron freguency of

“ioms, and 7, Is the radius of the null surface 86. The kinetic energy of clectrons in the

beam has been ignored because the slectron mass m, is munch smaller than the ion mass
;.

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

- 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 three plots of the elestric fiéld (in volts/em) obtained for the same injection

velocity, &, = 1.35 x 107 5™, but for three different values of the applied magnetic field B '
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25 the plasma layer. This feature of the invention is illustrated in Figs. 16A
and 16B. Fig. 16A shows three plots of the electric field (in volts/cm)
obtained for the same injection velocity, aa, = 1.35 x 107 s, but for three
different values of the applied magnetic field Be: 16 Plot Applied magnetic
field (BO) electron angular velocity (ae) 154 Bo = 2.77 kG we _ 0 156 BO
=5.15 kG we =0.625 X 10' s-' 158 f BO =15.5 kG CO, =1.11 X 10's' The
values of ae in the table above were determined according to Eq. 4. One
can appreciate that we > 0 means that QO > co, in Eq. 4, so that electrons

rotate.in-their counterdiamagnetic direction. Ejg.-16B.shows the electric

potentiak (in volts) Q{ﬁﬁl&d&ﬂig@ﬁeﬁaﬁ‘(&pes ofeﬁﬁﬁgpaﬁ%a;r hadpvizental

axis, in Figs. 16A and IGB represents the 5 distance from the FRC axis

78, s %%/n In the gr (}%&Ilmeters The analytic _expressions of the
electric field and the électrlc potential are give hBeTdlv in conjunction with

the-theor-of-the-invention~These-expressions-depend cfrnnnl\l on-\we

T tTToTy 7Nt ST LA A~

The abigve results chyrtiel @k@dlained on simple thysqp@j@{qghgl!s When
the ions rotate in the diamagnetic direction, the ions are confined

magnetically by the Qe 0 force. This was shown in Fig. 9A. For
electrgétgs: rotating w%;the stgzmée direction as the Bn thle’i_ic?req‘ntz force isin

the uppuoltc eireet 611-S6 that-electronswould-not-be—-confined-—The
'I‘heqjﬁﬁ& gs e;g e%ﬁ%@g{fg%m% as a r sult EB Qf e) ositive charge is
create |s sets up an electrlc preveff{u er e%c%a%ns from

appteﬂatm@am -plasieras wmumtmm@msmmmm@aﬁamwtgcmc field,

uilibrium 5 de b servatlon mo, The
rteﬁ%?%tlr‘tat%%t emgtitlcal’{:e ‘rtgﬁéegnr% Sglveﬁe‘b SRPIRTES 31‘1 mn"“tﬁ%/utg]t
samthie06y eidbeoimention, Theiplesirostatlc ialdplays aw esBeRiialtale @

the trans both lectrons and ions. Accordingly, an important aspect
@sﬁ%ﬁﬁ T SPOHR A e A ATEHRRFSS CPEAR Hside the

| aquaba&mmfayeetwﬁcwmgﬁ&am tbisntile eteogtatiGdeld iscafwantelled

the value of the applied magnetic field Bo which can be easily adjusted.
m&é SRR Qe Y Ao RIS SR GTORRIeBBns if co, > 0. As

shaWdabove results can be explained on simple physical grounds, When the ions
rotate in the diamagnetic direction, the ions are confined magnetically by the Lorentz
force, This was shown in Fig. 2A. Por electrons, rotating in the same direction as the

‘ions, the Lorentz force is in the opposite direction, so that electrons would not be

confined. The electrons leave the plasma and, as a result, s surplus of positive charge is
created. This sets up an electric field that prevents other elecirons from leaving the
plasma. The direction and the magnitude of this electric field, in equilibrium, is
determined by the conservation of momenturn. 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 ét:rong electrostatic field
is created inside the plasma layer 106, the magnitude of tms glectrostatic field is
controlied by the value of the applied magnetic field B, which can be easily adjusted.

_As explained, the electrostatic field is confining for elecirons 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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in Fig. 16B, the depth of the well can be increased by tuning the applied
magnetic field 17 Bo. Except for a very narrow region near the null circle,
the electrons always have a small gyroradius. Therefore, electrons
respond to short-wavelength fluctuations with an anomalously fast
diffusion rate. This diffusion, in fact, helps maintain the potential well once
the fusion reaction occurs. The fusion product ions, being of much higher
energy, 5 leave the plasma. To maintain charge quasi-neutrality, the
fusion products must pull electrons out of the plasma with them, mainly
kin he electrons from the surfac oft ~ea.asmal .ay The d
Be E e clal VLTS --cglsur?acelé% u@u‘f’rp f ﬂ%l%gg a‘%’@’? g’s%ﬁ‘fgow
gyroraiam. , Birerfont, elaartherelpetdon shitravlealen ghieplasaianwititiibe fusion
epla erwise, th ential well wo sappear.
anez%?%%??%? %LV%E) é ga>((:lv%/](19ﬁllan dis [tlhglu %% ]%l&rons %ﬂdm% veéir%?
onceiie fgetis redettraesuiro ribthidian pROuSE thes Ndanwe? ndighribgiteo mneggy. reach
; I of the
teevihEHiELRGE 9B DIRANRRNGLAGMND S B Rodi06 [yt

distribution 162 is t uously create ctron-electron

slecgpmivie ihanksey i diasghaiediinathe ﬁi@wm Haptbe sutthes efidigetic
plasBifgiensatibaye & smallgweradivs 9 hatanomaloys fiffusion permits

15 them to reach the surface fast enough to accommodate the departing-

ei%ﬁ%ﬁﬁ%%%ﬁé@%ﬁ#ﬁ%%@%%mm% wapehefiyisediriing

poteﬁ%ﬁlﬁ@@%ﬁl&‘&éhﬁfé@r'eave with very little energy. Although the electrons
can cross.the ma netlc field ra%gly due to, anomalous transport,

anbH&ahb SRoSH Rl 49 SHerderesa fSEHIE SRUES}Ss

elechi@nSRofted. @OIMwaMm&em@mtb@ patentiakwallds amiftneh.
chanlsm,ggg\fé\pctronst at is similar to evaporative cooling. For
t

and @?‘%‘é TR SPARE TIE LTSS SR ROTREAY R at of
meated;b@rﬂﬁt@ms]'d@mh eaitiigosupplied-pioile Iﬁ%ﬂﬂaﬁlﬂi@‘ ek wiltemdnd. the

di hich th li
S e R
thenewergsh Bmsiteply fot ﬁﬁi@bmmnspﬂmiﬁe@nﬁapmgmm tsodoutiicakent to
Thsgﬁgétf‘clag%%&%ge Yaporizalion, Theﬂ%%lg rgrmasllz %z\é Qa%gxgl%QYezy

required to ascend the pote tial we
littie energy. Although the electrons can cross the magnetic field rapidly, due to

anomalous transport, anomaious energy losses tend to be avoided becanse little energy is
transporied. |

Another conseguence of the potential well is & strong coeling mechanism for
electrons that is similar to evaporative cooling. For example, for water fo evaporate, it
must be supplied the latent heat of vaporization. This heat is supplied by the remaining
Hguid water and the surrounding niedium, which then thermalize rapidly to a lower
temperature 1aster than the heat transport processes can replace the energy. Similasly, for
electrons, the potential well depth is equivalent to water’s latent heat of vaporization. The
electrons supply the energy required fo ascend the potential well by the thermalization
process that re-supplies the energy of the Maxwelli tajl sc that the electrons can escape.
The thermalization process fhus results in & lower electron temperature, ag it is much
faster than any heating process. Because of the mass difference between electrons and

protons, the energy transfer time from protons is about 1800 times less than the electron
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process that re-supplies the energy of the Maxwell tail so that the
electrons can escape. The thermalization process thus results in a lower
electron temperature, as it is much faster than any heating process.
Because of the mass difference between electrons and 30 protons, the
energy transfer time from protons is about 1800 times less than the
electron I8 thermalization time. This cooling mechanism also reduces the
radiation loss of electrons. This is particularly important for advanced
fuels, where radiation losses are enhanced by fuel ions with atomic

serEhER B2:d- Fhe slagionialie leldalsgaedts ndiansnot: Themeiory

of particle orbits In ma layer 106'are betatron orbits
This wrepstigvietly sofisteriotrdviscebiligio ndiewithdstimndeines argieetrsiioen
et 201 206 1801 can Ghange a betatron orbit to a drift orbit. As describe,-

aboe, the direction of rotation of the drift orbit is de nn n a bir a '
coRfiselitRTo R vRld alve #fepialiie linestp greriieripdifofpaicls sibitsin
the FIRARINAIES: obN@ArHLRRRILAGLates in the disrmagngtisditgelion g

__gradient drift dominates, the drift 10 orbit rotates in the _ '
with SSeitrerarmsagtrtesaifecanh 1 Sthisas dmaenmbeiie abAtaadr8srbit.
As (bEARRAWSE #ansitiandionadeiatonarbite a diifathiidye to a 180
collision, which occurs at the point 172. The drift orbit continues to rotate
comjrtthiendiamiag tetic oif ectibmd Scapsbatieditx Ehdrirdo dhifatesittig, 18B
ws.anather 1801 collision n th r i, field ]
T N

orbicgtaneinibnragHettaireedi iimaéodirEbiidnsbe voriubisof Memifitterbit
Fig. Q@A%iﬁﬁ%eéﬁm?ﬁ'aﬁ L5 SORINGLAENOL (APATICIRINOYINGIR A orbit

will also have a velocity parallel to the FRC axis. The time it takes the

whighierere Bkl Bhel ndrat et FrREMIs e ogie R e dirasgets its
. _parallel motion;:is galled transit time; t the drift orbits reach.an end of
i M H5 2o HO RS Sl AP A kG, oo

- in thtomseibticheauntbEigiddSAwtae tirbatgraftonaidftienimds.iThodfifiingionly

e R the counterdiamagnetc drection

ar@hegirerhitg pharitorenbheabth obis dermniveswhebbrihisnefbrédnspothich
A pé?&%f&@ﬁ&&% 102 drift orbit will also have 2 velocity parallel o the FRC axis. The
firne it takes the particle to go from one end of the FRC 1o the othér, as a result of its
parallel motion, is calied transit time; thus, the drift orbits reach an end ofthe FRC ina
titne of the order of the transit time. As shown in connection with Fag 154, the Lorentz
force at the ends is confining only for drift orbits rotating in the diamagnetic divection.
Adfter a transif time, therefore, ions in drift orbits rotating in the counterdiamagnetic
divection are lost.

This phenomenon accounts for & loss mechanism for fons, which is expected to

have existed m all FR& éxpéﬁments, In fact, in these empe:r:ii.:cuas:ffcsy the fons carried half of
the current and the electrons carried the other half. In these condiions the electric feld

inside the plasma was negligible, and the gradient drift always dominated the B x 5§ drift
Hence, all the drift orbits produced by large~-angle collisions were tost after a transit time.
These experiments reported ion diffusion rates that were faster than those predicted by |
classical diffusion estimates.
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25 have existed in all FRC experiments. In fact, in these experiments, the
ions carried half of the current and the electrons carried the other half. In
these conditions the electric field inside the plasma was negligible, and
the gradient drift always dominated the t x j drift. Hence, all the drift orbits
‘produced by large-angle collisions were lost after a transit time. These
experiments reported ion diffusion rates that were faster than those
predicted by 30 classical diffusion estimates. 19 If there is a strong
electrostatic field, the f x j drift dominates the gradient drift, and the drift
orbits rotate in the diamagnetic directjon, This was shown above in
cokrggtidn aRneig camntatigiisiithiest vibig bdaaintes dirmiadithe,
and the-aY erefieairdhackintahaagienal tlaseddiglgdingstyithe Lorentz

force; thus, they remain 5 confined in the system. The electrostatic fields
conifetios Eaidling! Béart st Al sedtiBRePenalign FES Y e £ x B drift
refldemiatendiB.garient dnfts ThusHbs elacosiatiadieldpiiirsysiam

would avoid ion transport by eliminating this ion loss mechanism, which is
eo Pﬁﬁ% Hi8Es cone in a mirror device. 10 Another aspect of ion

difffisieaantbe: dpkceiaiecobyiapnsidesingthesiieciohsmalbang gt
electron-ion collisions on betatron orbits. Fig. 19A shows a betatron orbit

the £1% il dgmingtesvhs sredinateisiBrifis hewketresetin Said K Srestisiion
woukPHiSIeRSm Ak Esponsiriateshdit (gl 9ssShawsilie it Kignd9B,

~followed for a time that is longer by a factor of ten 176; and Fig. 19D
loss spps i AMETELICBEEIg. 19B followed for a time longer 15 by a factor of

Welitkf Sstit anihe Seendlahbe49relany of Bsiaionpihilsdags not

change due to small-angle, electron=ign collisions; however, the

smallanelh RecBpirien oliim b ROy S Wid? il in s Retrr hllits
112;3HQWPRNIDES 1k Yante kOP iatiemeuhitihlinachblich Reizaies glassical

diffusion. 20 Theory of the invention For purpose of modeling the
W%%@ﬁﬁgﬁi%%ﬁ%%oﬁﬁ?&ﬁ%ﬁ%% o RS | 87 e SR BRsa Y
2 facRytsteteni S Tdsesl Pig. S9DhonsHig,okdit bheige st solesed Fack abrvenmere
SR - TR R B R R A T R

change due to small-angle, electronion collisions; however, the amplitude of their radial

oscillations grows with time. In fact, the orbits shown in Figs. 19A to 19D faiten out with
time, which indicates classical diffusion.

Theorv of the Invention

For the purpose of modeling the invention, a one-dimensional eguilibrium model

for the colliding beam system is used, as shown in Fig. 10. The results described above

were drawn from this model. This model shows how to derive equilibritm expressions

for the particle densities, the magnestic field, the electric field, and the elaciric potential.

The equilibﬁuﬁl mode! presented herein is valid for & plasma fuel with onetype of jons

{e.g., in & D-D reaction) or multiple types of ions (e.g,, D-T, D-He?, and p-B").
Viasov-Maxwell Equationg

Bquilibrinm solutions for the particle density and the electromagnetic fieldsin a

'FRC are obtained by solving ssif-consistently the Viasov-Maxwell equations:.
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for the particle densities, the magnetic field, the electric field, and the
electric potential. 25 The equilibrium model presented herein is valid for a
plasma fuel with one type of ions (e.g., in a D-D reaction) or multiple
types of ions (e.g., D-T, D-He3, and p-B"). Vlasov-Maxwell. Equations
~Equilibrium, solutions for the particle density and the electromagnetic’
fields in a FRC are obtained by solving self-consistently
the'Vlaasov-Maxwell equations:, 20 T +(v'(r))fj + mJ &+c xB V,fj =0 (5)
vXE=_1as JJI (b~ e ai 9xB-4cej~vijdv+ (7) v'Z="+ADjsjj V (W) j 5 vB=0,
(9) wherej=e,igndi=1,2,... for electrons and each species of ions. In
equilibrium, all pt%)mq.@-qylﬁnqnés @th@}.@,ﬂ ntof time (i.e., alit = Oz
_To solve the Viaso#Maxwéll equdtions, thé folldwing assumptions and
approximations are made: (a) All the equilibrium properties are
independent of axial position+Z (i = 10 0). This corresponds to ()
considering a plasma with an infinite &x@énsion in the axial direction; thus,
the model is valid only for _;he4%entral part 88i %fga FRC. (b) The system
has cylindrical symmeﬁy&ﬂ-beﬁeeZaujé'ﬁ}dﬁbrm%properties do not depefTd
on 8 (i.e., 8/a8 = 0). (c) The Gauss law, Eq. 8,95 replaced with the
guasi-neutrality condition: ,‘71%51&1 z 40,.%%/ assuming infinite axial extept
of the FRC and cylindrical symmetfy, &ll'the equilibrium properties will *™
depend only on the radial coordinate r. For this reason, the equilibrium

- model discussed herein is calle® dtredimensional. With these &
SSUMpLions. a Imations, /- well ions reduce
whe% 75 %&\%L SE@V ﬁ%{}% %%%5@08%}%%@5% EMaell SoMRIERS £¢

physical quantities are independent of time {i.e., 8/8t = 0). To solve the Viasov-Maxwell
equations, the following assun:_zpﬁons and approxsmations ars made;

() All the equilibrium properties are independent of axial position z {i.e., 8/8z =
0). This corresponds to éonsidering a plasma with an infinite extension in the axial
direction; thus, the model 15 valid only for the central part 88 of a FRC,

{b) The system‘has eylindrical symmetry. Hence, al equilibrium properties do not
depend on B (l.e., /60 = 0)

| (¢} The Gauss law, Eq. 8, is replaced with the quasi-neutrality condition:
hse; =0,

Ry assuming infinite axial extent of the FRC and ovlindrical symmetry, all the
equilibriom pmpefties will depend only on the radial coordinate . For this reason, the
equilibrivm model discussed herein is called one-dimensional. With these assumptions

and approximations, the Viasov-Maxwell eguations rednce to:

g, — e -
VeV, +—LE-¥,f, + L[ x B|-V,f; =0 10
L R R SR o
vxB=E Yo fiar a1
s
e, =0, N (12
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m,. mjc (r)xB=4aiejjvfjdv (11) cinjej=0. (12) 21 Rimed Rotor
Distributions To solve Egs. 10 through 12, distribution functions must be
chosen that adequately describe the rotating beams of electrons and ions
in a FRC. A reasonable choice for this purpose are the so-called rigid
rotor distributions, which are Maxwellian 5 distributions in a uniformly
rotating frame of reference. Rigid rotor distributions are functions of the
constants of motion: (in z E j . nJ(O)expL- r JF (13) where m, is particle
mass, Vv is velocity, T is temperature, of(0) is density at r = 0, and av2 is a
constant, The constants of the motion are 10 EJ = j vZ +eJ (for energy)
MEIGROIGLIIBIIABIONS V4 o-f w (for canonical angular momentum), ¢
wh@t&d»dﬁqha@t&@trgsmlelsiﬁtﬁabﬁlfmﬁohs&ﬁhebﬂuxcfmaﬁﬂn The

elec ro. ic fields are E = c7 Iectrl field) a 5B, =1QIT
s e e of e e SR A R o AP
choica lﬁm‘thzabmpgsd arer‘&eﬂmﬂiﬂdmlgié egr Edtriheldas3which are Maxwellian

dis %(11‘10 g ]u.mfg}gl))? R ia%}; I%’a%’}ce 5%6%421 r}ﬁgzd rotor distributions are

funetions of the constants of motion:

f;-(i“,f}=[;::; Jznj({})exp[_%%}, (13)
/ i

where m; is particle mass, ¥ is velocity, T, is temperature, n(0) is density at r = 0, end @,

is a constani. The constants of the mdtion ars

Ziea (o ¢
ajmzv e, @ (for energy) an

e,
P o=m j{xvy - yvx)-i--;'—‘? {for canonical anguiar momeniumy),

where @ is the electrostatic potential and ¥ is the flux fonction. The electromagnstic

fields are

E

- %9 (electric fisld) and

Z

B, = 19 ¢magnetic field).
r o

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

ES
m, 11 m, '
fj{r,a)m{ / } n.(r’)exp{—--5~[§wa3.x?|2}, (14)
227, ) 27, ’ |
where
[i?—a"ifxﬂzm(vx-f—ya}j)z+(vy wij)2+v.f

1 @ m -
sz(ff)-“:n}{i)}e)gp{—--z;;[ej[@-—f‘!’]-———j&}?rzh. (15)
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20xrtz=(vz+Ywit+ (v,, -xu)f)Z +v2 and (1) n](r)=nj(o)ex . 1 [eJ~~-
J1f-..Lwr2~(15) TfcJ2 22|l That the mean velocity in Eq. 14 is a
uniformly rotating vector gives rise to the name rigid rotor. One of skiff in
the art can appreciate that the choice of rigid rotor distributions for
" describing electrons and ions in a FRC is justified because the only
solutions that satisfy Vlasov's equation (Eq. 10) are rigid rotor
distributions (e.g., Eq. 14), A proof of 5 this assertion follows: Proof W
require t'tiat the solution of v rasov's equation (Eg. 10j be in the form of a
drifted Maxwellian; fl~er~§% T)fi n11(r) e X 16% “v-uf~r~l -2T.(r) 10
QR e e A R e e
rigidedasitynsbf gkith &t theenadaii eaiy dtl aetibn shefdhosieldd hedit gitogh Eipnd 6
into the Vlasov's eguation 1Q w that (a) the temperatyres T1 (r)
for Il oA 0 o U S sttt SR eR oy
satis{ytaimgWeatomisyrafi. (1) the fgidicledisiditienn) .1 Bonust bepafofhef form
. Qf Eg. 15, stituting Eqg. 16 into Eq. 10 yields a third-order polynomial
thls%asﬁlg%%r?%%\%’?'V(r)rln NL+T,-VJ+2V(©)J -5TI2TI .y+TE (v-ul}
T.cRredj(v-ul)=0
We require that the solution of Viasov’s equation (Eg. 10) be in the form of &
drifted Maxwellian:

3

3
} 7,(r) expl:w Z;fzr} (a-ﬁ,(r)}z:;, (16)

F

f;{?”ﬁ)f—(

HZJ-
27,(r)

i.e., 2 Maxwellian with perticle density #, (r}, temperature T {r} , and mean velocity

u, () that are arbitrary functions of position. Substituting Eq. 16 into the Viasov’s
equation; (Eqg. 10) shows that (a) the temperatures T, {r) must be constants; (b) the mean
velocities #, (r) must be uniformly rotating vectors; and (¢} the particle densities », {r)
must be of toe form of Bg. 15, Substinating Eg. 16 into Bg. 10 vields a third-order
polynomial equation in ¥ : '

. p-z,) o mfea)f
wv(mj)&%ﬁ.@.m+1”;z(’fzz}wgﬁ(v.m...

BTy x B —5,)=0
. 2?: g Z}C ~ j ; .

Grouping terms of like order in ¥ yields
L)

27,

i)

...+-é‘%f-(§~v:z,-9’%%{5-@){5»?&;)...
U5 Ea (g B)i .

- L v ] ") G i U .
...+v-V{m”f)+Ef’%i“f§2(v'VTJ)_EJ_{v'Wj.uj)“-f’; <%

§ 7
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J 1 Grouping terms of like order in i> yields 20J ...+TJ
~v9aJvJ~TJJ~vu.~v5?T1~... rr +v4dnnJ+ mfz~ullzFv Vi~-11V'V1'ij-ei VE+
eJ ~v'xB~ul... 2TJTJ T1cT1 23 E"u_1 =0. J For this polynomial
equation to hold for all v, the coefficient of each power of v must vanish.
The third-order equation yields Tj (r) = constant. 5 The second-order
equation gives au, our Buz Vx & ax ax vVu,v =Evxvyvz aux auy au ry al
ay aY au,.auy 8;V, az Oz az =v -+v 7 au-', +vz a auZ +vxw~yy + x~...
Xx(@aU}lau,au+vv+-+V z=+-a. xzaxazY ay 19Z} For this to hold
for all v, we must satisfy =

. For this polynomial equation fo hold for all v, the coefficient of each power of ¥ must
vanish.
The third-crder equation yields 7, {r} = constant.

The second-order equation gives

(6“.1: au? 5?13 ) V:
& & x
- - Su H, Ou, |V
v VRJ v =(vxvyvz} a}j "T)")" s ¢
. oy oy
Ou, o, By, |V
\ Oz z 2 A

Ou O Ou, Bu
2 2Ry L2 ’ =
=y ;-i"‘:fy v az +v,., M@x + .

%u%_iau_zm@ d &y Ot ~[§ffz. _a_“;a)m %.;% =0
& &y & & & o oz oy @z ’
which is solved generaily by
7,(7)=(8, <7 )+, an

In cylindrical coordinates, take #,, =0 and &, = Z, which corresponds to injection
perpendicular to 2 magoetic field in the Z direction. Then, #;F)=w jré .

The zero order equation indicates that the eleciric field must be in the radial
direction, i.e., = EF.

The first-order equation is now given by

5. Vlinn =T va 5 )t B ok Bl =
v-‘\?(innj} Tj(y Vi, z»:j) T}y E+c£}(vx8) i, =0. (18}

The second term 1n Hg. 18 can be rewritien with
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10 aux = au y = ascz =0 and +aux au +aux aux + au, ax by az k ax ay) - C
ax az) L ay az ) which is solved generally by Ej (r)= (D' X r)+ii'j (17) In
cylindrical coordinates, take uaj = 0 and rvJ = w,2, which corresponds to

_ injection perpendicular to a magnetic field in the z direction. Then, ii (F) =
coi r9 .15 The zero order equation indicates that the electric field must be
in the radial direction, i.e., E = E,P . The first-order equation is now given
by vOnn,)- ' (vwu.u i-evE+ €' (vXE)u.=0. (18) TJ 1 TJ cTJ J The second
term in Eqg. 18 can be rewritten with. 24 au, aua au, (u>jar ar 0 coj 0 0 Vii
-rlauBlauz U9 = OOWr—rvzrrr (19} raar60 our Duoa~zU.0000
Oz a< The foufttPterm ifrEq. B8.can“be rewritten with (xi).u'i
=v(Bxui)=v'((vX2)ariuff= P (ri@) 1jx(CUi usj)jar ((} (Q 5 Using Egs.
19 ang 20 theifirdtbordefizq. 18bedbmes a(3nh )_, E#4giw, a %)
(1) 0. arf 'Fl i 'r@Pj ar Bfe Spladoh ofjths equatlon | et (r)-e
jr~e(r)~ (21} n t(ﬂtnl(OLTl TﬁETJ % 0 G

gz oz

The fourth term in Bg, 18 can be rewritten with

-

{i?xé)*iéj =§-(§xﬁj)= §~((Vx§)xﬁj}zi»{(%—g;{m&)f\)x(——mjré}-l
J

- ¢ .
=v-a}j—;(rA5)r (20)
Using Egs. 19 and 20, the first-order Be. 18 becomes
8 ", e em.
—tin e ® ........:";.E .{.........J‘........-{.,...... =0,
a!_( nj) Tj fr 2} £ CZ:, ar(r‘,'{g(?}
The solution of this equation is
meirt e, By e,w rd(r)
wnfo St LS _&%y ) 71
)=, O 20022 e

where Z, = -d®/dr and 1,0} is given by

e .
", (0) - exp{—- S . €, (r{,) . €0, Ay {rg}] . 2

2’1} T}. c’fj

Here, my, is the peak density at 7.

Solution of Viasov-Maxwell Bouations

Now that it has been proved that it is appropriate to describe jons and electrons by
rigid rotor distributions, the Viasov's equation (Eq 10} is replaced by its first-order

momends, 1.e.,
ot =ne B+ g |1 P 23)
~N.m @ =R 2B =T —=
Fr f et 4 o P ¥
which are conservation of momentum equations. The system of equations to obtain

equilibrivm sohutions reduces fo:
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where Er = -det /dr and nj(0) is given by r ( mlw i et~(ra~ eJ irO~e[ro~
10 ni (0) = nio expl- + + (22) 2Ti Ti CTi Here, nno is the peak density at
ro. 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 15 moments,
l.e., rt. dii. -nimirwwd =niejE,+-' B~ -Ti-' (23) [ C dr which are conservation
of momentum equations. The system of equations to obtain equilibrium
solutions reduces to: 25 2 r rcvi 1 dni -n,mirwj _nlei Er+ ¢ B Tidr
J'sa=12...(24) alOT55=4rr4nFn e.(\;vdﬁZS arrOrorc J(r)-c, i () nisi =
0. (26) Solution for Plasm,witi ¥8§ lon 5 Consider first the ca

of one type%ﬁbrr?%ru'ﬂfffsef ig\ged.cTrh% %;%tﬂe cha/g@f*éreg%iven by e, :&%)
-e,Ze. Solving Eqg. 24 for E, with the electron equation yields m 2 rwe T,
dne E, =rwr (27) _Qichﬁf_diggﬁ&eéi@r}atyﬂd m the ion equation yi $
i dlogn, = Z,e (COawIBZ T, Bdlogne’f,.re2 %&%@v? 28) rdrcTTr d?}}(g

T+ T
Snse, 20, (6)
J

Solufion for Plasma with One Tyne of Ion

Consider first the case of one type of ion fully stripped. The electric charges are

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

m_, @ T, dn,

E?‘ :—.‘w?&;g o —— x

, ©7)

and eliminating E, from the fon equation vields

1 dlogn, _Ze (@, ~o,) B _Z.T, 1dlogn, . n . mZ,o} {28).

rodr ¢ T L or dr T T
Differentiating Bq. 28 with respect to r and substituting Bq. 25 for dB, /4dr vields
~—% = %nger(a)f ~@,} and Zn =n,,
with 7, = 7', = constant, and @, @,, constants, obizining
1d ldlogn, _ 4mZe (o, wwe-)z _ZL,14 1dlogn, 29)
rdre  dr Z, * T, rdrr dr
The new variable £ is infroduced:
2z Z
Eg. 29 can be expressed in ferms of the new variable &:
d*logn, _ 4mZe'n o~} 27T, 4" logn, ' 1)

¢ T, I, 4%
Using the quasi-neuirality condition,

d*logn, &7logn,
a*¢ d*

n, = 21, ,

yields
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10 Differentiating Eq. 28 with respect to r and substituting Eq. 25 for d82
(dryields dB_ 4st -n,er(w,-w2) and Z,n; =n., dr-c with T, = 7 = constant,
and tv" co, constants, obtaining i d | dlogn, 4rzn6Z,e2 (w, -w~}2'Z, T, 1d |
dlogne (29) rdrr dr T c2 T rdrr dr The new variable ~ is introduced: r2 1d

©1do1d215=2r7 rdrrdrrod 2e (30) Eq. 29 can be expressed in terms of

the new variable 4: d2logn; _ 4zn2Z,e2rp (w, -0j2 Z, T d2logne d2~ T c2 -
T d2" (31) Using the quasi-neutrality condition, d2logne _ d2logn 1%
=2,n,d2~d2, 20 yields 26 d2lognrQrd n,rrae 2n d2V +Z,T6) c2 nr (Te
+T) nro -$IGr n,s (32) 'p 4~Z; e2 (rv, -rve}2 Z; 0 2 411n.epe2 (CO -
Wé)@gHiere is deflneﬁ‘T (Te+, rAr=242 L2rG (33) 4 nene 10%6;03 X, ©2)

2 2 f
d°¢ {r, +ZT} ¢ 1 P
T, 4L
dnZle’ (@, -w,f e Z,-} ¢
4’ (@, ~o,F
Here is defined
LR
rAr EZ\/Ei = =, (33)
dmnge’ | e, -, o

where the meaning of Ar will become apparent soon. If Ny=n/n,, where n,, is the peak
density at r = r,, Eq. 32 becomes
d*logN, [~ )2
iy - N, 34
7 L : (34
Using another new variable,

o2 giads TN
,5—2&5, vields Ty = 2N,

the solution to which is

_ 1

_ cosh? (,1; - ;50) ’

where g, = %{ro) because of the physical requirement that Nfry) = 1.

N, =

Finally, the ion density is given by

no= o Pio )
cosh? 2( z J[ I 3
b7 2J e

The significance of r is that it iz the location of peak density. Note that #,(0) =n, {ﬁrﬂ }

(35)

- With the ion density known, B, can be calculated using Eq. 11, and E, can be calculated

using Eq. 27.
The electric and magnetic potentials are

©=~["E () and
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where the meaning of Ar will become apparent soon. If N,= n/n,0, where
n,, is the peak 5 density atr =r, Eq. 32 becomes d2d2gN -_-8f -r)2 N,.
(34) Using another new variable, 2 % =2 r0 9yields d Ny, __2N" Ard f
the solution to which is 10 N;. =1 cosh2 where yo = x(r0) because of the
physical requirement that ATAr) =1. Finally, the ion density is given by n, =
ne-nl(35) I(zrrz cosh2 2j(~"Il 2~cos _ )\ 2(r.Ar The significance
of ris that it is the location of peak density. Note that n,(0) = n, (2r). 15
With the ion density known, Bz can be calculated using Eq. 11, and E, can
be calculated us;:% Eqg. 27. The electric and magnetic potentials are 0
=-9r,-{'r rE,(r)dg, '{;‘ZZag@ﬁerr | gr'BAr) Qi Tuh€@4ux function) (36)
Taking r = Jr, to berttie’radius at the wall (a choice that will become

T ev"?«%”wh?”bth&e%ét%ﬁé?% t&é‘ﬁg_ﬁ @&%ﬁ%&'ﬁ% Rrﬁi%%t'%%%%ééﬁzd%{"ﬁ%‘?e

shiowingthat at r =r the poten 2816 1.6, A conducting wall at ground),

expiRS AR AR SIDL S 5 diRnThIEE AN HefiTel, oI & - = V2, the

potentiéi- is Zero, i.¢., 8 conducting wall at ground), the line density is

.0y 4
N, =ZN, z; WW = Dan v, Ar tavh o
r=i) - A?’
¥
cosh?®| ——&
Py )
L E2mm R A (because 7, >> Ar) (37)

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

The magnetic field is

B.(r) mgz(e)mff [ :&r‘neer’(mi ~a,). (38)

The current due {o the jon and electron beams is

= Nee{a)f .....a}e}

in .
CL=[ e =t Jo =neerie, - o). (39
Using Bq. 39, the magnetic field can be written as
22 22
B =B =250, -2tk = g 2 il T )
¢ ¢ rdr 4 ¥ite

In Eg, 40,

B(0) =B, +2%1, and
C

B, (2r, )=-B, - %’-"-fg .

If the piasma current I vanishes, the magnetic field is constant, as expected.
These relations ave iHustrated in Figs. 20A through 20C, Fig. 204 shows the

external magnetic field B, 180. Fig. 20B shows the magnetic field dus to the ring of



roN=7..N.n-'e-r'r Jr=G 2 11 coshzl -r ~r rLv, 270zearOAr (because r
>> br) (37) Thus, Ar represents an "effective thickness." In other words,
for the purpose of line density, the plasma can be thought of as
 concentrated at the null circle in a ring of thickness Ar with constant
density neo. 10 The magnetic field is 4ac rsr B,(r)=B,(0)--f, dr'neerl(w;-we)
(38) cr:-0 The current due to the ion and electron beams is fre N e(w.
-60 IB =~ edr=e 2rie .~B =neY(wi -we). (39) 0 Using Eq. 39, the
magnetic field can be written as 15 B,(r)=B (0)-2?r Je-2E1le rz-ro
=-BP-2gl?tanhrz-ro (140) tanh C C r6r C r.Ar In Eq. 40, B, (0) = -BP + 2ac
T, e Ao RIS AP S I 6 RS il
revaR@analinfig)this.censipnh auRneciag.aR Fhaseseiatons are illustrated
in Eigs. 20A through 20C. Fig. 20A shows the external magnetic field BP
180 iR ryesHEC the magnetic field due to the ring of 28 current 182,

the magnetic field av&nﬂg ama’grj_itr of (2rlc)Jg. Fig jz'pg:rg ws field
reversal4 84 du@jd the-cverhpping-otths; @{fg)é tic-fields|184,182(41)
¢B, oAty Ry
using the following definition for 4

iz I, Nee(w;-mc) 27 nhrelo, -a,)

¢ B, - ¢B, e B,
1
L, pILATGIZY ] ony elw-o,)
¢ 4mn et o~a, B
( T
Brin, T, +n,T 1|2
=[ s } =J5. (42)
[t}

‘With an expression for the magnetic field, the eleciric potential and the magnetic
fiux can be calculated. From Eg. 27,

E, :_fﬁigz _£M+ﬁr@§ __ 4 (43)

¢ e ar e dr
Integrating both sides of Bq. 28 with respect to » and using the definitions of
electric potential and fiux fimction,
@ = L and W={ B (#ydr, (44
which vields

22
cp:ff_qr.{.?.ammmﬁiﬂ_ (45)
e e nf0; e 2

Now, the magnefic flux can be calenlated directly from the expression of the

magnetic field (Eqg. 41):
(=t 2 '
\ML}B{H{%W }"dr’...

rydr
_B 2 B 2k
= DJE;‘OM log] coshmw,—io cosh-= ||...
2 2 mbr Ar -
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The magnetic field is B'(r) =-B0 r1+27clg tank rz -rO 1=-BO LL1+atanh(r2
-:1)], (41) Il eBe rnar roar 5 using the following definition for J3: 27c 19
Nee(ai,. -me} 27t rOdre(r~; -we) CBO -cBOCneO B0 ... 2n2 2
Te+(T1Z,) enen e(w,-coe)... C'v 1LLL 47rece2 CO1 0)e BO }} [s(nt+n,,T,

e )]z_Bz J =~.(42) 0 With an expression for the magnetic field, the

electric potential and the magnetic 10 flux can be calculated. From Eq.
27, Ero)B -T d hzne +mrwW2 d (43) C e dr e dr Integrating both sides of
Eq. 28 with respect to r and using the definitions of electric potential and
flux function, (D _-- rErdr* and T rBz(r)r'dr', (44) r-O r -O 15 which yields
(D -(llea+Te nne(r)- ErzaA@gr‘(2 z@é(gg e/Now, the magnetic flux 16
can be calculated diféctly frm thé exgres fon L of the magnetic field (E& )

41): z z_'l-'~r-B L1+jtanh fta ro8r 2
Substituting Eq, 46 into Eq. 45 yieids

Q:%Be-\/ﬁrﬁm‘h n (7} +?~‘=’~1n B (7) ”&Berz “ﬁrzw: |
c

47
e 7
Using the definition of £,
/ H
Le g Brodr =2 Bmn T w2 Crr2k e
¢ ¢ 1‘/4.927@8062 (@ ~@,)
=4 (neO'Te '*‘”mzqe)‘ (48)
w, —, (N
Finally, using Eq. 48, the expressions for the electric potential and the flux function
become
) )
. \};(}”} — Er)r + 4 naﬁ'r[:r +ni02‘ kl He(r)’ aﬁd {4?)
2 wo-a, 7€ 7, (0}
2.2
o) = w, (B, +an) L () @, B i‘. _mre, (50)
&, — @, F € el n A0 ¢ 27 e e

Relationship Beiween @ and @

An expression for the electron angular velocity @, can also be derived from Egs.
24 through 26. It is assumed that ions have an average energy Yam{ro,), which is
determined by the method of formation of the FRC. Therefore, @, is determined by the
FRC formation method; and @, can be detenmined by Eq. 24 by combining the equations

for elecirons and ions to eliminate the slectric field:

-—{nemrwg‘ +n;m;m}f} ( @, B, ~T, mwf. aj" . (31)
¥
Eq. 25 can then be used to eliminate {@, - @,) to obtain
d{ B "
[ﬁ_emra)f +rz,mfrarf] = [§;+ j 7 T] (52)
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20 ...=-B r -BO ar6r log(cosh'i_lo cosh 2 2 0 el rOh) 4 ~~ ... 29 B~r2YpBP
ne(r~ 2 +B6 4 logneEO0Il p} (46) Substituting Eq. 46 into Eq. 45 yields = aie
Bo ro+F'r(r)r log ne (r) Te hz ne (r) ore B,1.2 _m r2we (47) c 4 ne(O) e
ne(1l) c 2 e 2 Using the definition of A, 5 0" Bo jroLtr =r 8n(neQTe +vi,, T
) 2tT +T /2}2 ¢ C ¢ 4= Oe2 (wr -00 = 4 W. (neoT, +nroT) (48) wt -we n,oe
Finally, using Eqg. 48, the expressions for the electric potential and the flux
function become Bre ¢ neoTt+n10T. ne(r) I'(r) - '61 + ~ )In and (49) /r2
ar,-we n,,e ne(0) 10 4D(r)=r we (neoTt+nloTP'}T 1hlne(r)_we Borg
-mr2w, (50) w; -we neoe a ne(O?}/:Z" ec Relatlonshlp Between w. and co

Ba. pcaxprausmrTe o addedn a &wa#\ﬁéva&ng Wécanlafse dsesiisifed
fro 4 throu Itis as that ions have an average energy

Wyﬁ’?%‘ B B Rl ﬁﬁe & G B IRARSHIGE HheVERC.
Therefore, CO, is determined by the %5 FRC formation method; and co,

can be determ[ﬁ.@@@eyﬂqe?@tﬂ L B éaudiibns for electronss3)
and ions to eliminate the electric field: - niYw 2 neer(ei -we/B)Bs -7 dne

Using By, 33 freeh#yigkdsren alpbtigh Brlew,c dr dr

w? +§;"3._f,_;j Q,fw, ~a,), (54)

s’
y

ZeB,
me

where (3 =

Some lmiting cases derived from Eq. 54 are:

I.o,=0 and mem—e—Bi;
me

26,0 and @, =Q,; and

|5

Zm @,
el << ol ad @, z20)l-— |
m, £

In the first case, the current is carried entirely by elecirons moving in their
diamagnetic direction (@, < 0). The electrons are confined magneiically, and the ifons are
confined electrostatically by

T dn, sOforrzp
E, mobet ° 55
" Zem, dr  20forrsy, ©9)

In the second case, the corrent is carried entirely by ions moving in their
diamagnetic direction (@, > 0}, If @, is specified from the ion energy Ym(ra),
determined in the formation process, then @, = { and £3, = @, identifies the value of B,
the externally applied magnetic field. The ions are magnetically confined, and elecirons
are electrostatically confined by

g o Lodn 20frrzg

. 56
T em, & SOforrsy 6)
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Eq. 25 can then be used to eliminate (co, - we) to obtain 2 [nemrwe
+n,m,rw, +7nlT . (52) z z dr(8zr 30 Eq. 52 can be integrated fromr =0 to
ra =4 2r0 . Assuming rO/Ar >> 1, the density is very small at both
boundaries and By = -B0O (1 ~ . Carrying out the integration shows

"~ ne9mwe +n,0m,a }rOAr =B2 [Sar(ne0Te +n,OT, . (53) E Using Eq. 33 for
Ar yields an equation for co,: 5 w?+Lt71 ()2= ulf).-file" (54) M where n,
ZeBO m,C Some limiting cases derived from Eq. 54 are: 1.w,=0 and
we=-eB0'me 2, we =0 and w, =520; and} 10 3. Zmco << w? and c, =-
co, 1 - a{ Ml In the first case, the current is carried entirely by electrons

mavitig itrthesise atribgitetic difte ciberitars mo): FHRkeskeamtsns are confined

..m efically, and the iops are fined electrostatically. T.dn,
dlamf&%%?ﬁ?gflég%rﬁ aélrg £@F8ﬁeﬁﬁ%ﬁ%ﬁ“)‘g{5 %10 Jéoqéé%b%%%lagéée% & current is
distimtitmd iy slyrtapadiieowevwinbeinti einrdidmidmeticidirection (w. > 0). If to,
is specified from the ion energy }{\r?m,(r(o)', determined in the formation
process, then to, = Ggaﬂﬁz?ﬁﬁm dgertfi¢sithaevalue of BO,, the (57)
externally applied magnetic field™The ions are magnetically confined, and

5 electrons N, =[* 22, =2mhm, . (58)
Here, r, =~/2r, and rAr @, —o, )" according to Bg. 33. The electron angular
velocity @, can be increased by taning the applied magnestic field B,. This does not
change either I, or the maximum magnetic field produced by the plasma current, which is
By+/B =(2r/ ), However, it does change Ar and, significantly, the potential &, The
10 maximum value of & is increased, as is the eleciric field that confines the electrons,
Tuning the Magnetic Field
in Figs. 21 A-D, the quantities /n,, 186, B, /(Be J;?} 188, @/®, 190, and ¥/¥,
192 are plotted against /i, 194 for various vaiues of B, The values of potential and flux
are normalized to @, = 20(7, + T))/e and ¥, = (e40)®,. A deuterium plasma is assumed
15 with the following data: 7, = ry = 10 om™, 1, = 40 om; Yemrw) =300 keV; and 7, =
T,= 100 keV. For each of the cases illustrated in Fig. 21, @, =1.35%10" ¢, and m, is

determined from Bq. 54 for various values of B,

Plot applied magnetic field (By) electron angular velocity (@)
154 By=2.T1KG @, =0

156 B,=5.15kG @, =0.625 % 10" ¢

158 B, =155kG @, =111 % 10"

The case of @, = -, and B = 1,385 kG involves magnetic confinement of both
electrons a_nd ions. The potential reduces to D/D, = mre)[80(T, + TJ1, which is
20 negligible compared to the case @, = 0. The width of the density disiribution Ar is
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are electrostatically confined by 20 E __Te dne >Oforr>-r0 56) en, dr O for
r -<r0 ( 31 In the third case, we > 0 and C20 > co,. Electrons move in their
counter diamagnetic direction and reduce the current density. From Eq.
33, the width of the distribution n,(t) is increased; however, the total
currentlunit length is 18 = j dr =" e(w, -we}, where (57) E-30N (z 5N, =
J: 2°zrdrn = 2scroArn,. (58) r-0 Here, rB = Jr, and roAr a (w, - 0),)'
according to Eq. 33. The electron angular velocity co, can be increased
by tuning the applied magnetic field Be. This does not change either 18 or
the maximum magnetic field produced by the plasma current, which is BO

reduyteft By== (20t o2, Mo\Wevesritidogsaghetingicldr B sighifieanty fthe), =

0 potential (D. The 10 maximum value of CD is increased, as is the electric

" field that confines the electrons. Tuning the Magnetic Field In Figs. 21

A-R the gyans] i&éaQJ Egﬁiﬁr /%BD(%% u)188, C/CD 190, and'FIWQ 192

are plotted ag 9 ues of BO. The values of

potBritiahelmesiar barariofierilie detei¢Dhem2a0(TrupHshg) tecdtipdTPpes(2f0) C,

: i i . ith. [ : 3= W710'5

o e P e e, S Pl

BY. oFhmequiieim gavesiny (Rosig4 Srovgh26)38nkyl oet Bl weid, ddeapimined

clecliO 458 rod ik iahSHRINES-0f BRLBiohanplied magnetc:fig|d(Bo)
electron angular velocity (4) 154 B0=2.77kG we’=0 156 B0=5.15k0

abovg dudlse Ib pamaiionsor BosImEHY fRe-yrey s Farhes basesh weaetlyy, and

in teBRs ok FERckipTHOES MAGBRIIEHO RH PRGN AR Ras been developed

that begins with an approximate solution.

The ions are assumed to have the same values of temperature and mean velocity 7,
= ray. lon-ion collisions drive the distributions toward this state, and the momentum
transfer time for the ion-fon collisions is shorter than for ion-electron collisions by a
factor of an order of 1000. By using an approximation, the problem with two types of

ions can be reduced to a single ion problem: The momentum conservation equations for

ions are
~mmray = HTE[E, $ 22 ] =1 P on : (39)
¢ dr
Gl =1, ze[E, + 553&3,]-1; any. (60)
¢ dr
In the present case, I}, = 7, and @, = w,. Adding these two ejuations resulls in
~nm ot = n,.<z)e[E, + 555&3,} -7 %”—f, (61)
¢ 7

where =y + 1 0= @ = @y Ti= Ty = Tyg iy (g ) Sty + ngg; a0 m{Z) = 1y + 2.
The approximation is to assume that (m,-} and (Z } are constants obtained by

replacing z,{r) and 1,{r) by &,; and n,,, the mazimum values of the respective funciions.

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

type, except that (Z) seplaces Z and (m,.) replaces »y,. The values of n, and n, can be
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electrons and ions. The potential reduces to (D/CDO = m{rw,)2/[80(T, +
T)], which is 20 negligible compared to the case w, = 0. The width of the
density distribution Ar is 32 reduced by a factor of 2, and the maximum
magnetic field Bo J6 is the same as for w, = a. Solution for Plasmas of
Multiple Tunes of lons This analysis can be carried out to include plasmas

comprising multiple types of 5 ions. Fusion fuels of interest involve two
different kinds of ions, eg., D-T, D-He3, and li- B". The equilibrium
equations (Egs. 24 through 26) apply, except that j = e, 1, 2 denotes

electrons and two types of ions where Z1= 1 in each case and Z,2 = Z=1,

obtained fromihet abovesfdets + Phe eauatidps fdt hebtrameeaianttétiatypesi of ions

havﬂctggnotg sc%\}/gq ﬁa}xactly in terms of elementary functions. Accordingly, an
iterafive method Has been developed 10 that begins with an approximate

sohitiotheeeréoielatiorassLim ebkindidyathaisg the sqahiiessof temperature

and mean velocity V = rtaf. Ior)j-ion collisions drive the disjributions toward
this stafe°8AY thg, mm&@fe&i&%ﬁhﬂéﬁf@icg&sions iS62)

shorter thédi for ion-electrof collidions By a déctor of af order of 1000. By

using an approximation, tge propblem with two types of 15 igns can be
reduced ﬁaﬁﬁﬂﬂgi%m %ﬁﬁ@méﬁé@ﬁ:&egdﬁ@i%on equatiqgs)

for ions arefs n rtyrto, = nie@Er + B{1D1BPJI 4, a'1Z afl (59) LLL c Ltdr

her 7m2rara2 =n2Ze[Er +r 2 BSI-TZ dn2 . (60) c dr In the present case, T,

2 and oa, = 612. Adding these two equations results in 20 -nl(nil ?

=111678[Er +rc 1 B,{:2 fir (§1) sWVhere ni _qpt n2> i wl = a4; fisgTi=TY n,

(rzl\%,T Shlm, + A2/m2: and n1€z“j ATy + e e aﬂﬁroxirﬁa'tr’o‘"“l‘g“to

assume that (m1) ar)% (2) are constants obtained by replacingn,(r) and

n2ThedishBerativg paoethbtaings iy avhsitites tbé thpreapaictivhduplBdhs,
and
the single ion .
values of 7,(r), n,(7), and B(r).
Caleulations have been carried out for the data shown in Table 1, below,
Numerical results for fosion fuels are shown in Figs. 22 A-D through 24 A-D wherein the
quantities n,/ny, 206, ©/D, 208, and PAY, 210 are plotted against r/, 204. Figs. 22 A-D

shows the first approximation (solid lines) and the final results (dotied lines) of the

 Hteretions for D-T for the normalized density of D 196, the normalized density of T 198,

the normalized electric potential 200, and the normalized flux 202, Figs. 23 A-D show
the same iterations for D-He? for the normalized density of D 212, the normalized deﬁsity
of He® 214, the normalized efectric 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
normatized 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 I: Numerical data for eguilibrinm calculations for different fesion fuels

5 s iomofAiSREeBIGH: S 0 B AMEARIDSRAR R SolkRR for

Quantity Units D-T D-He’ p-BY

T om™ 104 0% 10¥
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25 type, except that (Z) replaces Z and (m;) replaces in,. The values of n,
and n2 can be 33 obtained from nl1 + n2 =nl and n, +Zn2 = ne = (Z)n,, It
can be appreciated that n, and n2 have the same functional form. Now
the correct solution can be obtained by iterating the equations: dlog
~ Ni_mr0 2¢ (a)t-rve)Br(e)-TedlogN.+m:(wrro)2 and (62) d~.12Bo T,. d~
"2n (co, -cvjB,(S) ZT d logNe _piro) d,..Y,0zu,-T.BT d T
where All (r) N2=n2(r) r2 52 =0 and n2 = nia n20 2%G nilc 2 7n2C The
first iteration can be obtained by substituting the approximate values of

T,5dlog

B.(L).an

N2

NL (i) in the right hand sides of Eqs. .62 and.63 and integrating {

Guaplain the corrggligd 10 valuesmfrnl(r), |

n2(r), pagtdBal(r).

Calculptighs

have been carried out for the data shown in Table 1, belgw. Numerical
,{esults for fusiop, fuels aLe S n.mfigs; 22 pugh| 24 dP erein
the quantltles nl/ntp 20 rt%, 5%8 and P/ 210 are plotte' afgalnst

Mr—204-

I density.g]

v, Pofential
iterations
density (¢

mal results (do?f%d line

—Igb 22 F\ D b%IUWb the Illbl dap

) of e Hiterat

d dann‘\/

IUXIIIIdlIUII (bUT[

ons 6L %or the norifdfized

of T.198 the ndrmalized electriq

—ITI be) d.llu LI Ic™

200, apg the n{rmeﬂﬁed fleix 2C
for D-Hg for the normalized de
f He' 214, the lhormalized elect

2. Bgs1 Z31&K-D s

ric potential 216,

hsity of D 212, the normalized

how, 7Hze:3@fme

and the

normalizé
Enqq%malize

2d flu

normalizé

2 8. Figs. 24
>d density ofp 220, thé 20 normalized
2d electric pote tial 224 and the

FAP=Y ot ran
LIUII I\J IIIU\JL Iu"P

show

the sa iterafig
ensity of

r~| forN T lnalle
o4 imrair-4

B" 22
b normalized fluk 226.

D

ns for (%1 for th
, the

acac fha ‘FIV‘C"‘

AT

i'magproxi ation ks¥lose to the fiddl result.| Table #7Numerical datador
2 &quilibrium calculations for different fusion fuels Quantity units D-T
D-11e3 p-B"
o= =a, radfs 135 x 107 1.65 x 107 1.91 x 107
7 om 40 40 40
B, kG 5.88 8.25 15.3
(z) None ] 3/ 167
(my m, 52 512 2.67
a (Z,)eB, rad/s 235 %107 4,95 3 1¢7 9,55 % 107
o (m,.}c
C rad/s 0.575 x 107 1.1 % 107 1.52 %107
@, =, S‘I et
QO
T, . keV 96 170 82
7, keV 100 217 235
rebsr v 114 203 313
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nealon2' 1015 1015 1015 34 Quantity Units D-T B-lie3 p-B11 n;o cma
0.5x1015 113xI015 0.5xI0'S n20 can' 0.5x1015 1/3x1015 1014 v1 = v2
cm 0.54 x 109 0.661 x 109 0.764 x 10' sec f 1 2 keV 300 450 300 2 mini

N ORE—2 28,

m v2 keV 450 675 3300 a 2 u, =ual=ay rad/s 1 1.35 x 107 1.65 x 107
1.91 x 10" focm 40 40 40 Bo kG 5.88 8.25 15.3 CZr) None 1 3/2 1.67
(in) MP 5/2 512 2.67 (Z,)eBo rad/s 2.35 x 10' 4.95 x 10' 9.55 x 10, O

{mr}c rad/s 0.575 x 107 1.1 x 10' 1.52 x 10" Te keV 96 170 82 T,- keV
100 217 235 roar cm2 114 203 313 35 Quantity units D-T n-He' p-B"

CQuilfeiityates a preféritsd embodimdhiof a ¢
to.the present invention. The containment system 300 comprises a

g@amber wail 3Qg,that 5 definegherein g confinjgg champer 31Qg 3
referably} the chamber 810 is cylindricallin :

Structure of the Containment Systen
Fig. 25 illustrates & preferred embodiment of a containment system 300 according

to the present invention. The containment system 300 comprises a chamber wall 305 that
defines therein a confining chamber 310. Preferably, the chamber 310 is cylindrical in
shape, with principle axis 315 along the center of the chamber 310. For application of
this containment system 300 o 2 fusion reactor, it is necessary to oreate a vacuum or near
vacuum inside the chamber 310, Concentric with the principle axis 315 is a betatron flux
coil 320, lpcated within the chamber 310. The befatron flux coil 320 comprises an
electrical cufr@nt carrying medium adapted to direct current around a long coil, as shown,
which preferably comprises parallel winding multiple separate coils, and most perferably
peralle] windings of about four separate coiis, to form a long coil. Persons skilled in the
art will appreciate that current through the betatron coil 320 will result in 2 magnetic field
inside the betatron coil 320, substantially in the direction of the principle axis 315.
Around the outside of the chamber wall 305 is an outer coil 325. The outer coil
325 produce a rejatively constant magnetic field having fiux substantially parallel with
principie axis 315. This magnetic field is azimuthally symmetrical. The approximation
that the magnetic field due to the outer coil 325 is constant and parallel to axis 315 is
most valid away from the ends of the chamber 310, At each end of the chamber 310isa
mirror coil 330, The mizvor coils 330 are adapted to produce an increased magnetic field
inside the chamber 310 at each end, thus bending the magnetic field lines inward at each
end. (SeeFigs. 8 and 10.) As explained, this bending inward of the field lines helps to
contain the plagma 335 in a containment region within the chamber 310 generally

betwsen the miurror 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, incloding increasing
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shape, with principle axis 315 along the center of the chamber 310. For
application of this containment system 300 to a fusion reactor, it is
necessary to create a vacuum or new vacuum inside the chamber 310.
Concentric with the principle axis 315 is a betatron flux coil 320, located
~within the chamber 310. The betatron flux coil 320 comprises an 10
electrical current carrying medium adapted to direct current around a long
coil, as shown, which preferably comprises parallel winding multiple
separate coils, and most perferably parallel windings of about four
separate coils, to form a long cojl. Persons skilled in the art will
the %&?@&f@%ﬁa&%ﬁwwaﬁa#ﬁ%&%wﬁ G HPEgRIe RO
coiliI3UNeticdivishilpsitetheleiain eal 320usubsiesnially in the direction of
the principle axis 315. 15 Around_the oytside, of the chamber wall 305 is
o RGP B T0S L AR SR TR o VR G0
the ¢shaghe tieafi clth Hawiag:d) tbe g uhstaatiallis parallehbeith] Qrircipie axia3nb.
This tic field is azimuthally symmetrical..The approximation that
charg wRl AT FRFAES e BRI B SRR BTl to axis

%
agnetic fnie the n

adv@tdzisumophvalic: eviilapIfohithmsidads ofthbechathbit Rt0sAteaci:end of

. __the.chamber 310 is gmirr r cail 330..The mirror coils 33Q.are adapted
SR e S I e

and gl ctherstierydiony 1 toragretiggisity i Sesiimiyatbeabesiol AdaSEefigs.
the %%@%ﬂa%ﬁ%}%éﬁﬂ%&eﬁe %&%@%MM%E@%?}%&&% ejps to

ontain the plasma 335 in a containment regio chamber 310

sucbgeem@aw Hséstypsdhit weim%moeldils Sapidyepiadiarside afiby cﬁmﬁ}mﬁ{%hds
305 WRLRLEA BRCARRINGA> SOHDMSRL SYSISMISR nT D IULERs. Geils, 330

can be adapted to produce an increased magnetic field at the ends by a
annjay ity BEYFOTHIHS RACIPRTtiRarirktsiey s Ersa s B tesumber
appbat I BIBOSH A RIREPE LOHG ARAINEEE AR NG NG LUTF QM Re

mirror coils 330, or overlapping the mirror coils 330 with the outer coil
Plasmpdean ar dUHen S II I AHEPRI BT BENERISEr el SO M YFRmIGDS

impiesagpatBe: QUise Hhe KRmRebah-A00 RovigVenidheusay be inside

the chamber 310. In cases where the 5 chamber wall 305 is constructed

el n GRS SR 8 FFL ddhsadin Shambera) BESRAHREEE s to place
coudRergelindd heaidRdnsideiRecchaphemualti0fbeonuspdhiatime that it

e oL e magnste 19 diluse Hrougn e vl 305 AV PE, oy

low magnetic permeability, such as plexiglass, another device for containing the magnetic
flux would be necessary. In such a case, 2 series of closed-loop, flat metal rings could be
provided. These rings, known in the art as fux delimiters, would be provided within the
outer coils 325 but ontside the circulating plasma beam 335. Further, these flux
delimiters could be passive or active, wherein the active fux 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 fiux

delimiters. o

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 magpetic
field due to the outer coil 325, As such, the ions in the plasma beam 335 are magnetically

contained in large betatron orbits about the flux lines fom the outer coil 325, which are
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and thus cause the system 300 to react sluggishly. Similarly, the chamber
310 maybe of the shape of a hollow cylinder, the chamber wall 305
forming a long, annular ring. In 10 such a case, the betatron flux coil 320
~ could be implemented outside of the chamber wall 305 in the center of

_ that annular ring. Preferably, the inner wall forming the center. of the
annular ring may comprise a non-conducting material such as glass. As
will become apparent, the chamber 310 must be of sufficient size and
shape to allow the circulating plasma beam or layer 335 to rotate around

axis 31 iven radjus. 15 The chamber wall 305 m y be
pe ] R R A v e £ T B AR e P
for dddgoisancases th élehﬁmlaang\;ﬂﬂsﬁﬁﬁvsﬂu a3bintiucRsnbaulErnusre nts in
r I sto the Xs from esc the .chamber
pref%q %%n%ibﬁrig% %g I]teﬁ%f er évagffg/verejf:o 58 mEP%eggfa aaﬁ?gfenal
the Wamu@d@womm@m @emmaﬁh%s&ﬁvdmml@mghsﬂuag@%ﬂmme for
0 acas
B e R e VLR S

to iierbion hermelatt Gesfllig a&)itmm tovod|o B dirovide dfitlithatelren onhs@r
of HEURRZ QSIS the circulating plasma beam 335. Further, these flux

JLAELIRAL PFEEEORIEG 13

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

wolHPREHIIeE AT anox Besebackermadinienre soncey d4idpTimiing ahe
clou8 RN BSHLE gﬂi@%‘?ﬂé& hoonite: #9. thechamberAdapligmatvely,

the outer coils 325 themselves could serve as flux delimiters. As
Dackersagnlerh RRECe Mg plae s oknes 355 soeptidwnerish aswe
of tHRRHAENBE: 3 10AY: e GeaiFinad MAtiR-the.ANaPREI IR DY thad s erlzforce

caused by the magnetjc field due to the outer coil 325. As such, the ions
DT 7D ARPoaa I Piehey ARRREXIRS RSB meT R MR F RSB BSHatron
regmrhﬂﬁlammﬂ;ﬂmq{}nes from the outer coil 325, which are 37 parallel to
the principle axis 315. One or more beam injection ports 340 are also
provided for adding plasma ions to the circulating plasma beam 335 in
FornthéooledthhBR3B10. In a preferred embodiment, the injector ports 340 are
adapted to inject an ion beam at about the same radial position from the

prifrefyrariousl psedinet asgveciroul afify prisakyseaiebi3aSds portained

- fielaUefer@ QA ANE RRUERCE)SHIRGRIDG RIS IRLRAEIAR ARARRpted

external coils surrounding a neutral gas back-filled chamber. Once this has occurred, the
gas is ionized and the bias magnetic field is frozen in the plasma. Next, the current in the
external coils is rapidly reversed and the oppositely oriented magneiic field lines connect
with the previously frozen lides to form the closed topology of the FRC {see Fig, 8. This
formation process is largely empirical and there exists almost no means of controlling the
formation of the FRC. The method has poor reproducibility and no tuning capability as a
result. ' A
In contrast, the FRC formation methods of the present invention allow for ample

control and provide a much more transparent and reproducible process. In fact, the FRC

. formed by the methods of the present invention can be ftuned 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 eleotric field and potential well in the manner described in
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to inject ion beams 350 (See Fig. 28) tangent to and in the direction of the
betatron orbit of the contained plaasma beam 335. Also provided are one
or more background plasma sources 34.5 for, injecting a cloud of
non-energetic plasma into the chamber 310. In a preferred embodiment,

- the 10 background plasma sources 345 are adapted to direct plasma 335
toward the axial center of the chamber 310. It has been found that
directing the plasma this way helps to better contain the plasma 335 and
leads to a higher density of plasma 335 in the containment region within

the chamber 310..15 Formation of the FRC, Conventjonal procedures used
oo e TR B T O O BT B ESETEr SEne
to réacthisevenventicnalamiiiphenar pidsdnageaticahid|ciisappiitd b ideral
[ ounding a neutr s back-filled chamber..Once, this has
das%%%?ﬁ%rggﬁﬁ%ﬁgogsﬁl??&sﬁze‘g%%ral?ﬁeé %?a%gc ﬁﬁlné hetic ﬁ% Fén%}%’(%gﬁain the
conpplent Aeaichlend it hverg uobositanvibid R Gasx tornaliandstis shpighiyréssteddd and

chaﬁl:‘?eﬁﬂ&?%&@ya%&e agnetic field lines connect with the previously
frozen Inies to form’the closed topology of the FRC (see Fig. 8). This

fordtioprpret asthieitaFFdhfampive sl ainsiitteeaienibisngiprosteieam éans of
1 GRaveling the farmatien alie RRE The metiad.as poot iepiodugliiy
e

and no tuning capability as a result. 25 1n contrast, th ormation
apw&ﬁm@%@gwﬁ@@mmfm@@eﬁmamede a
circifdiel gﬂ@ﬁ?f& YansRasent SRIQEUEINGRL %ﬁﬁcé&oﬁ%&%&%@t&n&ﬂy

formed by the methods of the present invention can be tuned and its
app @gzéggi

g hdus thdbe srpeRiel éaRBEid e manisiect byhe
magho iRl ohthe Magasticifisld apnlistl iR uiRifieleniis. 325.

Formation of the FRC bﬁ methods of the present inventions also 30

Plasp iR R Y SPERSEBIY drigte tofeeinBsie Ry sirerss a aarlisd fididisadhenner
magdeschifleckin:3s daRitabagiMeraauer Hhe presen- metheds of8 Bec

. asil%egtended_to accelerate the FRC to reactor level parameters and
SPYIEH B ARTET fubigufr@td "and advantageously enables the classical

cofisemeiriadibdichsd Fvehsramore oaamieshpiguessandesamployed in a
o R SR B G Y, A TS
re. The magnetic field at the center of the ring normal to the ring is B, = 2zl/{cr,).
Assume that the ting current [, = N e(3,/2r) is carried by N, ions that have an angular
velocity £2,. For a single ion circulating at radivs r = V,/Q,, (3, = eBy/m is the cyclotron
frequency for an external magoetic field B,. Assume 7, is the average velocity of the
beam ions. Field reversal is defined as |

P szeQO

, 228, (64)
Tyt
which implies that N, >2 r/e;, and
e¥,
I z=-5 (65)
7 ne,

where o= ¢"/ m¢* = 1.57 x 107 cm and the ion beam energy is +m,7;’. T the one-
dimensional model, the magnetic field from the plasma current is B, = (2wic)i,, where i, is

current per unit of length. The fieid reversal requirement is 7, > eVy/nry; = 0.225 kAiem,
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5 characteristics for reactor systems. In the present methods, FRC
formation relates to the circulating plasma beam 335. IG can DO
appraCima ed that the circulating plasma bum 535, because it d3 a
current, creates a poloidal magnetic field, as would an electrical current in
~ a circular wire. Inside the circulating plasma beam 335, the magnetic
self-field that it induces opposes the externally 10 applied magnetic field
due to the outer coil 325. Outside the plasma beam 335, the magnetic
self-field is in the same direction as the applied magnetic field. When the
plasma ion current is sufficiently large, the self-field overcomes the

whepgbiie6%bfd sahd & midheic Fiela mavel sethipsiadiamogsirediBiing plasma

beam 335, thereby forming the FR pology as shown in Figs. 8 and 10.
VTSR ﬁ’f@?ﬁ@ﬁ’i@%‘iﬁfﬂ%ﬁ? ?e@é’ @{%Aﬁ B(Jé%é-,‘iﬁﬁ‘ﬁé’e%’?ﬁr’r?ﬁ)ai%ﬁﬁ pe
this M%oﬁi‘&@x%%%@%%ﬁé%&%ﬁ&ﬁ@ £AFIR4RY%A dRh Ak RMIUS rb

_.and minor radius a << r0. The magnetic field at the center of the ring
withigFrhét to the ring is Bp = 24/(cra). Assume that the ring current Ip =_

re(@aldrekissared i Redeasthabhayean angular velocity Q6. For a

single ion circulating at radius rr = V6iciO, to = eBdmc is the cyclotron 20

fre s ek el iRariRey RBIoitiR B cadiyment s mdWerage

descyBlAGRG O HRrhie diaNSe bigiiney stsal et RchaRBD ThiYBRShatt
m%%& (64) rb c which implies that N. >2 rb/a" and | IP>eb (65) era, 25
comings low Snergy bpams of plasma Jenssith, betar O 4 EHeFEAIERE IS B H TR

fux V&30, _the one- dime.nsional m.od_el, the magnetic field from the plagma
AN T0 il SURpABE sl e T el
-. background plasma in the chamber 310 using the background plasma sources 345, Cuter
 coil 325 produces a magnetic field inside the chamber 310, which magnetizes the
background plasma. At short intervals, low energy ion beams are injected info the
chamber 310 through the injector ports 340 substantially transverse to the externally
applied magnetic field within the chamber 310. As explained above, the lon beams are
trapped within the chamber 310 in large betairon orbits by this magnetic field. Theion
beams may be generated by an ion accelerator, such as an accelerator comprising an ion
diode and & Marx generator. (sec R.B. Miller, Ax introduction fo the Physics of Intense
Charged Particle Beams, (1982)). As one of sicill in the art can appreciate, the externally
applied magnetic field will exert a Lorentz force on the injected ion beam as soomn as it
enters the chamber 310; however, it is desired that the beam not deflect, and thus not enter
2 betatron orbit, until the ion beam reaches the circulafing plasma beam 335. To solve
this problem, the ion beams are neuiralized with electrons and dirscted through a
substantially copstant unidirsctional 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 {he 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 31, the
resultant electric field balances the magnetic force on the beam particies, allowing the ion
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where BO=69.3 G and z m1Va =100 eV. For a model with periodic rings
and B. is . averaged over the axial coordinate (B,) = (2rc/ c)(IP Is) (s is
the ring spacing), if s=r., this model would have the same average
~ magnetic field as the one dimensional model with i, - IJs. 5 Combined

Beam/Betatron Formation Technique A preferred method of forming a
FRC within the confinement system 300 described above is herein
termed the combined beam/betatron technique. This approach combines -
low energy beams of plasma ions with betatron acceleration using the
betatran flux coil 320. he first step in this method is tg,inject a

e NS A U B SO RGO O T I harmber

confadid disipigsthesdackgrouiaepl apmasofisoehodbsria ey naed Adhbgproduces
a ma ic field inside t c@am 310 ich magnetizes the .

S e R R R M O R T

noldntetiie WhenthevaatOthednoietbednjedtp ppoitsd46: Saistantiaty

. nsver th rnally 15 ied magnetic field within.the ehamber

i T St R B S A G,

Fig.2%0 in large betatron orbits by this magnetic field. The ion beams may be
gengrated by.an.ign. accalerator, such as an aceeleralor comprising an ion
diode and : I\a/lzlai?xugcéiﬁiearator. (§beél RBQ Miller, An’%tro&uct%%l}tgo tﬁe‘gﬂ 2

a CUPpRfsRIGF intenseves s fedrPiaidd mBmain sl Bde) Towaines dhsKMGN the

wpdSLFARRRISCAlS 4N @5y ARtk 20 applisdmagneticleldmilesprt 2

Lorentz force on the injected ion beam as soon as it enters the chamber

beawy 35 {busdneseanius He sinenimisahibysagnchio sdlbfidé thahtienlisnpbenter a
335 RelalfoORvRLR At ibe iQn-heamy ﬁﬁ%ﬁﬁ&g@ﬂwﬂa@&@é%@@w

335. To solve this problem, the ion beams are neutralized with electrons

field i gadirbeiienonrdinghile aindla ity Sealnms beairdé revracm aigic field

rise RRIVRCENIRENG e sharmbat 3hGeAspéRillksiratod iRfmidinde yilen the ion
. beam 350 is directed through an appropriate magnetic field, the positively
distanon Ridkp i%%ﬁ%sﬁ@@%%%&e@e&mar@ﬁwi@n beam

increfad tHaupag wiRS A0 RIRT SRl RelaszatTTkee 10:the BeaansesC field.

. This magnetic field may be produced hy, e,g., a permanent magnet or by
o B BT P PR AR T S P BB GERT
applisirodpeed fd, iewaedinémentah dothen SkQuthecit 325, Alternatively, a
second outer coii may be used to provide the additional applied magnetic field that is

required to maintain the radius of the plasma beam’s orbit a¢ it is acoslerated.

To increase the vejocity of the circulating plasma beam 335 in its orbit, the
betatron flux coil 320 is provided. Referring to Fig. 28, it can be appreciated that
increasing a current through the betatron flux coil 320, by Ampere’s Law, induces an

azimuthal electric field, E, inside the chamber 310. The positively charged ions in the

- ;ﬁésma beam 335 are accelerated by this induced electric field, ieading to field reversal as

described above. When 1on beams are added to the circulating plasma beam 335, as
deseribed 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 & range of about 75 eV to 125 V.
To reach fusion relevant conditions, the circulating plasma beam 335 is preferably
zccelerated to.about 200 keV and preferably to @ range of about 100 keV to 3.3 MeV.

41



10

i5

20

30 resultant electric field balances the magnetic force on the beam
particles, allowing the ion 40 beam to drift undeflected. Fig. 27 shows a
head-on view of the ion beam 350 as it contacts the plasma 335. As
depicted, electrons from the plasma 335 travel along magnetic field lines
into or out of the beam 350, which thereby drains the beam's electric
polarization. When the beam is no longer electrically polarized, the beam
joins the 5 circulating plasma beam 335 in a betatron orbit around the
principle axis 315, as shown in Fig. 25. When the plasma bean n 335
tra i tron_orhj ving. ion mprise; a current, which in
e S e
accelopsbiigyl sitklinpeTectiyanfoe cakdicrt dbegssanyiite didraase e, vélbcity of

E1R1as03] eam 330 I | | Qj Elﬂﬁ m etic
haigelf-field:%ﬁa%%ﬁe p asma%%ggewgﬁ%ié?ﬁﬁ%ﬂ%%agnem ?g;-field
radiys pffGe ssougivathe efféctiai?6Rthe magnetic field at radial distances
from the axis 315 within_the plasma be 35 reverses, giving rise to a
FRC. (See Figs. 8 and fb): be-a igged that, to maintain the ¢s6)
radial distance of the ciféuldtingplaSma&héam 335 in the betatron orbit, it
Whejé necessary to 15 increase the applied magnetic field from the outer coll
325 as the plasma beam 335 increases in velocity. A control system is
thus provided for méintaipin@Pan appropriate lappiied magnetic field,
dictated by the currgnt’ threugh Th@lptﬁernggiiﬁg%}"ﬁltematively, a secSfid
outer coil may be used to provide the additional applied magnetic field that
and | iy &g masn ‘i’ﬁ&?ﬁtain the radius of the plasma beam'’s orbit as it is
accelerated. 20 To increaseqhe velocity of the circulating plasma beam
335 in its orbit, the beta\ﬁﬁ{gﬂé’xz&}#%ni tovided. Referring to Fig. 68)
Whegscan 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 positive, arggd ionsyhjthe plasma beam 335
are accelerated by tﬁﬁgimuée%i}dlﬁifd@}%ing to field reversal &9}
25 described above. When ion-Beams are aftded to the circulating plasma

Fmrp%gr@ﬁ%%bﬂgwg&%ribed above, the plasma beam 335 depolarizes the ion
bedms,

ms, For field reversal, the circulating plasma beam 335 is preferably
accelerated to a (B, ) aR
——e ] —fe (70)

& &’ ‘
and {B )= -2B, + B, assuming that the initial values of B, and B, are both B, Eqg. 67

can be expressed as

Y e &(B,) ‘

e 22 71
ot 2w & )
Afier integration from the initial to final states where +m¥] =W, and tmV” =W, the
final values of the magnetic fields are:
B, =B, ‘/E =219 kG (72}
",

and
Bp =B i—+ I | s | .-—1{}?1{(} (73}
: ’ 7y I ¥ i Wy . | ‘
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rotational energy of about 100 eV, and preferably in a range of about 75
eV to 125 eV. To reach fusion relevant conditions, the circulating plasma
beam 335 is preferably 30 accelerated to, about 200 keV and preferably to
a range of about 100 keV to 3.3MeV. 41 In developing the necessary
expressions for the betatron acceleration, the acceleration of single
particles is first considered. The gyroradius of ions r = V/S11 will . change
because V increases and the applied magnetic field must change to
maintain the radius of the plasma beam's orbit, ro = VISZC arlaVv Vasa

5 at.a A wh reaVo aB 67)
A 28%9 T?Zat’ an fg%’ |§ ?&g mag (—fﬂtlczrflu%(hl %Ett% g es ?%%%E
of HWhenexzdzq B BEsyrord 441¢60d FrormE hGHmic follows, tinéﬁhbaiua@ﬁe; af-2
ionﬁ%x g@éie%[ gﬂﬂgm%gmggd assumlng that the initial values of B.

oth

B. are can be expressed as aV e ro a{Bz) (71)
Y Zﬁe@@@ﬂmmeé ﬁéﬁbaﬁ%nw% taivabts fnetestatesiaBeasmp? = W.

prolﬂ&ﬁi 9?11\6% Eal@ld e dpalaies stihemagnsticdeidsare, B n%%asma

beam assummg tha rmgs have spread out along the field Hnes and the z-dependence can
be neglected. The equilibrium is & self-consistent solution of the Viasov-Maxwell
equations that can be summarized as follows:

{(a) The density distribution is

i (74)

n= p2 o)’
cosh?) ——2-
rohr

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

the density maximmum; and Az is the width of the disiribution; and
(b) The magnetic feld is

zﬂ 2z L2
B, =B, ot ganh(” dl } ¢75)
¢ A

where B_is the extemal fieid produced by the outer coil 325, Initially, B,= B,. This
solution satisfies the boundary conditions fhat » = r_ and r= #, are conductors (B, = 0)
and equipotentials with potential @ =0. The boundary conditions are satisfied if
)=t w122, r,= 10 em and 7= 20 em, so it follows that 7, = 26.5 om. L, isthe
plasma current per unit length.

The average velocities of the beam particles are ¥, = row, and ¥, = @, which are
related by the equilibrivm condition:

@, = w:( ng‘»] , {76}

¢
where £, = eB /(). Initially, it is assomed B, = By, ,= ), and @, = 0. (In the initial

equilibrium there is an electric ficld such that the Ex B and the VBx B drifis cancel.
Other equilibria are possible according to the choice of B,) The equilibrium equations
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20 and I1 BF =Bo[ FWWIVO- 1lza) F-FWKO -i)]=10.7kG, (73) 42
assuming B, = 69.3 0, WIWO0 = 1000, and rdra = 2. This calculation applies
to a collection of ions, provided that they are all located at nearly the
same radius r, and the number of ions is insufficient to alter the magnetic
fields. The modifications of the basic betatron equations to accommodate
the present 5 problem will be based on a one-dimensional equilibrium to
describe the multi-ring plasma beam, assuming the rings have spread out
along the field lines and the z-dependence can be neglected. The

equilibrium is g self Consistentt solution od the vlasgv-MViaxwell

o BRI R et B OB AT M Rer i Bution

remifinbQongtaz} (746 coabhid( bof 196 ch-apphesdonhese ReleRe@ag but
protons (assuming quasi neutrality); ro is the position of the density

the Fdeneiian Srervaniadditonabienas ke HistAbyAohWARE (b) The magnetic
fieldis z B, =-B, - 2ziP tanhrr - 1,02 1 (75) ¢.r.Ar 15 where B, is the
external field produced @g pqtéﬁgooﬂg_ﬁ%itially, B, =Bo. This (773
solution satisfies the boundary conglitiOrs that y = ra and r = ry are
conductors (BO_ = 0) and equipotentials with potential (D = 0. The
boundary conditions are satisfied if ro = (ra +rb )/ 2, ra = 10 cm and ro= 20
cm, so it follows that r, = 26.5 m 1p is fhe pl sina current per unit length.
20 The average veloc#ies ﬁB;G %eam}l(da{[iggsjare V =row, and V. = (78}

Q

&)
row,, which are o

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

B -BY
N andr(_ = ] :-é»Lij;, (79
from which
rz —‘5"2 2”27,2
L, =4t £ and
Poptarr
Y c
(B,)=B,+—=L.I . (80)

The betatron condition of Eq. 70 is thus modified so that
R,
g ge R R s 8
Bt & mi oo &1
and Eg. 67 becomes:

¥, _endB e OB e L, 8,

LA ) — Z e e s . 82
B moc & 2Zme® o m dm B &2)
After integrating,
o 2T (7
AR, =~2R | 1+2 e ) (2] 83
0{ o \/’Wu &)

For W, =100 eV and W= 100 keV, AB, = -7.40 kG . Integration of Bgs. 81 and 82
determines the value of the magnetic field produced by the field coil:

B, =5, %—mz‘wm )

4
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related by the equilibrium condition: // 1} w,=a; i_at I> (76) J where ar =
eBJ(mrc). Initially, it is assumed B, = BO, w, = 521, and w, = 0. On the
initial equilibrium there is an electric field such that the E x B and the VB x
~ B drifts cancel. 25 Other equilibria are possible according to the choice of
B,.) The equilibrium equations 43 are assumed to be valid if co, and B,
are slowly varying fimctions of time, but r = Tr,JSL, remains constant. The
condition for this is the same as Eq. 66. Eq. 67 is also similar, but the flux
function T has an additional terns, i.e., 'F = zero (B~) where (B:)=Bz+ 11P
YZ-pz (77) C\Y6 +Ya 5 and [J2[(J2] PO (78) The magnetic energy per
unit length due to the beam currentis z 2nrdr(B~ _ -B 3 = LFIP (79) from
which 10 LP =rb -ra 207@ +§r§;zCzr( =1=B=+ Lplp. (80) The
betatron conditiBp of &lﬁys #%#tld$z - 2 r3Bc -PC{&Fp
at b2 at (81) and Eq. 67 mes: 8B,ea~=el.alp 15atMtc

at Zrlenat Blkgiriabod e integs .%rl&} ami Bp=34.5kG. The magnefic

2

-energy in the flux coil would be %‘im‘ﬁl =172 ¥J. The plasma corrent is initially 0.225
bia

kA/om corresponding to & magnetic field of 140 G, which increases to 10 kA/em and a
magnetic field of 6.26 kG, In the above calcvlations, the drag due fo Coulomb collisions
has been neglected. In the injection/irapping phase, it was equivalent to (.38 volts/em. It
decreases as the electron temperature increases during acceleration. The inductive drag,
which is inciuded, is 4.7 voltsfom, assuming acceleration to 200 keV in 100 ps.

The betatron flux coil 320 also balances the drag from collisions and induectance.

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

7
av, __1__+_1_ e L 3 (86)
& Cla. t,| my2m, B

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

temperatures, J, is the beam ion current, and
L=0. 0125%{11{8‘” ) 7} 0.714H
a

is the ring inductance. Also, rp = 20 cm and ¢ =4 om.

The Coulomb drag is determined by

3 2 (mr T}’
H =185 ¢80
w = km)ne “InA #see
2.‘/ T
. = 54,8 g
U e A ®7)

To compensate the drag, the betatron flux coil 320 must provide an electric field of 1.9
volis/em {0.38 volis/om for the Coulomb drag and 1.56 volis/cm for the inductive drag).
The magnetic field in the betatron flux coil 320 must increase by 78 Gauss/ps to
accomplish this, in which case ¥, will be constant. The rise time of the current to 4.5 kA
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2 A_=-2BDLIl}zb rlw-I1. (83) For W =100 eV and W= 100 keV, All. =
-7.49 kG . Integration of Egs. 81 and 82 determines the value of the
magnetic field produced by the field coil: 20 Ba = B = 2.19 kG (84)
FFWWO 44 and Br = Bxo -1 ~4 fdBz " z JM4 = 25 kG. (85) ra))lalf the
final'energy is 200 keV, B4 = 3.13 kG and BF = 34.5 kG. The magnetic 2
“energy in the flux coil would be BF 741=172 Sir U . The plasma current is
initially 0.225 5 kA/cm corresponding to a magnetic field of 140 G, which
increases to 10 kA/em and a magnetic field of 6.26 kG. In the above
calculations, the drag due to Coulomb collisions has been neglected. In

is 1us.isndReiohorasaitg Brd e Hilliasss WA érido Bisarasniefvideaersy

rmﬂmr@&g@g%ﬂ@q@%qmwperature increases during acceleration. The
inductive drag, WhICh Is included, is 4.7 volts/cm, assuming acceleration

to 200 keV in 100 s&¢ ££Q The betatran, flux leﬁggn?lso balances the dr )

from collisions and imuctance. The frictional and inductive dragcan b
described by the equation: aro --Va(1 + 1 1 e L alo (86) at Ltbe tb,JJI mb
2nra at where (Tim) < Vb < (TJm). Here, Vb is the beam velocity, T, and
T,, Beltza Senpatien IspniaBsperatures, db is the beam ion current, and 1s

L=0.Q04R5 7R BN mITQ A igHidels Br-ALISINESINGARIHEIANER BRI C.

=20cmand a =4 cm. The Coufomb i drag is determined by 3"~7m Tyl
herein termed the betatron formation technigue. This technigue is based on driving the =
betatron induced current directly to accelerate a circulating plasma beam 335 using the
betatron flux coil 320. A preferred embodiment of this techniqﬁe uses the confinement
system 300 depicted in Fig. 25, except that the injection of low energy ion beams is not
necessary.

As indicated, the main component in the betatron formation technigue is the
betatron flux coil 320 mounted in the center and along the axis of the chamber 310. Dus
to ifs separate parallel windings construction, the coil 320 exhibits very low inductance
and, when coupled to an adeguate power source, has & low LC time constant, which
enables rapid ramp up of the current in the fiux coil 320.

Preferably, formation of the FRC commences by energizing the external field coils
325, 330. This provides an axial guide field as well as radial magnetic field components
near the ends to axially confine the plasma injected into the chamber 310. Onée sufficient
magnetic field is established, the background plasma sources 345 are energized from their
own power supplies. Plasma emanating from the puns streams slong thé axis! guide field
and spreads slightly due to ifs temperature. As the piasma reaches the mid-plane of the
charnber 310, a continuous, axially extending, annular laver of cold, sioévly moving
plasma is established.

At this point the betatron flux coil 320 is energized. The rapidly rising current in
the coil 320 causes a fast changing axial fiux in the coil’s interior. By virtue of inductive
effects this rapid increase in axial flux causes the generation of an azimmthal electric field

E {see Fig. 29), which permeates the space around the flux coil. By Maxwell’s equations,

this electric field is directly proportional to the change in sirength of the magnetic flux
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tb 4VirLm}ne'Int~=295esec Y 2VW tb = 4,uae4 InA'=54.8,usee (87) 20
To compensate the drag, the betatron flux coil 320 must provide an
electric field of 1.9 volts/cm (0.38 volts/cm for the Coulomb drag and 1.56
volts/cm for the inductive drag). The magnetic field in the betatron flux coil
320 must increase by 78 Gauss/s to accomplish this, in which case Vb
will be constant. The rise time of the current to 4.5 KA 45 is 18 s, so that
the magnetic field BF will increase by 1.4 kG. The magnetic field energy
required in the betatron flux coil 320 is z x rzrFl = 394 Joules (1=115cm) .

. .{88) 5 Betatron Formation Technigue Another. preferred method of
o et S R SR A e s e M
feldsetatron formation technique. This technique is based on driving the
be I I ire to accelerate a circulating plasma beam
o e S R A e
and gegsenipprrdmenaties fondindrshncelesyest émBolidepitte chimlE gl@maexcept

layed) A HRI SCUARMOLINGEUGISN RLDSAER Bl Y fechanrAR ndicated,

the main component in the betatron formation nlque?s the - betatron

- accefgptienil Bromiel e fmmedernits Bradeaion§sepaxisdy daetchamber 310.

sleclS IRUE3ERAAIRPatalislwindings.constucHAn, the coil 320 exhibits
veri/ low inductance 15 and, when coupled to an adequate power source,
=LY~

elet e ine CoiBtaftciimientodiiad Bstiaslacraeds'd poetiemice tieent in
electtafs i i6al 3 2BpiRiRiaratidanmation atdhe: FRG: sRMmences by

energizing the external field coils 3325, 330. This provides an axial guide

VeloRRf, SETTRR SRR AP LGHEC RERE B SISHEPRE near the ends to axially
confinettdeiplasmadniesteg iinina.chambanati. focssufficignt
magnetic field. The creation of the actual FRC topology sets in when the self magnetic
field created by the current in the plasma layer becomes comparable to the applied
magnetic field from the external field coils 325, 330. At this point magnetic reconnection
occurs and the open figld lines of the initial externally produced magnetic field begin to
close and form the FRC flux surfaces (see Figs. § and 10).
The base FRC established by this method exhibits modest magnetic field and
particle energies that are typically not at reactor relevant operating parameters. However,
the inductive electric acceleration field will persist, as long as the current in the betatron

fiux coil 320 continues to increass af  rapid rate. The effect of this process is that the

-epergy and total magnetic feld strength of the FRC continues to grow. The extent of this

process is, thus, primarily limited by the flux coil power supply, as contimued deltvery of
current requires 2 massive energy storage bank, However, it is, in principal,
straightforward to accelerate the system io 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 sbove, the

plasma beamn 335 depolarizes the ion beams.
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20 magnetic field is established, the background plasma sources 345 are
energized from their own power supplies. Plasma emanating from the
guns streams along the axial guide field and spreads slightly due to its
temperature. As the plasma reaches the mid-plane of the chamber 310, a
- continuous, axially extending, annular layer of cold, slowly moving plasma
is established. 25 At this point the betatron flux coil 320 is energized. The
rapidly rising current in the coil 320 causes a fast changing axial flux in
the coil's interior. By virtue of inductive effects this rapid increase in axial

B fl%é g;ﬁg%@éﬂ%&gg& I9%953n azimythal electric field E (see Fig. 29),

- which permeates EM aces a e flux coil. By Maxwell's equations,
thisfenegmrentiéloFivpigstty gré poridratie nerefizaddadn stremggneadtthe

coniBRGRHIE Sk 48.Inside Mae-colil, i.e.: a faster betatron coil current ramp-up

will lead to a stronger electric field: The inductively created electric field

coUptas PonseEng Agé drpafg werewaeeiabiennaeteted s the following
parRQRdarometive force, which accelerates the particles in the annular

plasma 5 layer, Electrons, by virtue of their smaller mass, are the first

S ats ersndees datich it e grePormed by this

progessds cmusansinyatly.due to electrons. Ho v'e'a, au dent acceleration

i K

time to ound hundreds of m ro-s onds) will eventually also lead to ion

LureATERBIERATGI PRI, B 90HE electric field accelerates the electrons
ang/jienskifeapprsiie ditesiiong vone aihaih wpasiasrenr vihekdersoipa] 10

velogities, current is carried about equally by ions and elecfrons. As noted
AU SREEh e S AT ETEER A2 GO SRS 10 5 Ve =

magsistiedigichfBbescreaton of the actual FRC topology sets in when the
self magnetic fi reated e current in the plasma r.become
S A S LA A PRSI SR (e XAl SR Sb s,
3306 rAtthis poind ofdgheticSesonriagtionilsntbetssrandilbe open field
lings_of the initial externally produced etic field hegin to_close and
o B e A e P P 855
estebtistrad dpstitiofabthotD s xinibj tsrribdespaigratiteiefthaht V.

The beam was generated in a deflagration type plasma gun. The plasma beam

source was neuftial Hydrogen gas, which was injected through the back of the gun throﬁgh

2 special puff vaive. Different geometrical designs of the electrode assembly were
utilized in a0 overall oylindrical arrangement. The charging voltage was typically
adjusted between 5 and 7.5 kV, Peak breakdown currents in the guns exceeded 250,000
A, During part of the experimental runs, additional pre-ionized plasma was provided by
means of an array of small peripheral cable guns feeding into the central gun electrode
assembly before, during or after neutval gas injection. This provided for extended pulse
lengths of above 25 us.

The emerging low energy neutralized beam was cooled by means of streaming
through a drifi tube of non-condncting material before entering the main vacuum

chamber. The beam plasma was also pre-magnetized while sireaming through this tube

| by means of permanent magnets,

The beam self-polarized while iraveling 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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particle energies that are typically not at reactor relevant operating
parameters. However, the inductive electric acceleration field will persist,
as long as the Current in the betatron 20 flux coil 320 continues to
increase at a rapid rate. The effect of this process is that the --energy and
total magnetic field strength of the FRC continues to grow. The extent of
this process is, thus, primarily limited by the flux coil power supply, as
continued delivery of current requires a massive energy storage bank.
However, it is, in principal, straightforward to accelerate the system to

ﬁekf?@ﬁ;@55%%%9%%%&@@5&%&?&%&@#@%@{&Uiet'ﬂ,gﬁpk%%lﬂ%é
oha 0

beam 335 is preferably accelerated to a rotati ener about

as cpayacigsreteYaBipisharsive of mematiy §edd mishopisieNsctibo. reach fusion
releyantaRAions-the &%&&ﬂ@%@éﬂ%m%%@ﬁé IBAUGIRIAON::

accelerated to about 200 keV and preferably to a range of abouv100 keV

locafipr end pasproiorsd 4 vl backeaound slnseacrovddert by atinasleirebidoeam
PR ABLRR LD eM:AHRY 0 iNRSA RISARARS M ARG JR PRIAHAGR MR, o

beams. 47 Experiments - Beam Truing and FRC Formation Experiment 1:

canse SRR Lehee iSRG AL 206 Bllareinsie Rvaielibe orbis,
esseBORIANREINE wRSERLo Ieale 2B kR B-ReamianadaliunAd AaRiIag

were successfully demonstrated at the following 5 parameter levels:
T s R R Ph%%?ﬁ%%@%&?ﬁ?ﬁfﬁ?ﬁ@ﬁéﬁéw&d
circzE@t&%QlﬁpE@i kﬂ@gfiﬂg. %@Mﬁﬁéﬂﬁ%ﬁéﬁﬁ%ﬁ@%’%@f %)9&6?)@ M@gg |

ineti¢ energy of streamin am plasma was measured to be about 1

of 2 fygn. fé‘?ﬁﬁ%%&%‘ﬁ’éﬁ&ﬂ@c %&?ﬁ GESTRE onel and pensivieiehe order
caused 16 b pariciguisbdengtiiofabaut? Bsthddearumagneticliglehproduced

.in.the trapping volume was around 100 Gauss, with a ramp-up period of
e T PR PR T 7 R PRy BERURE Dt
the ipfasmau{$bbstantiatijtd orugenigas)dithed kasagterize dribuppexmean
inco ST SEEPRULAGEED A0S ISRRSIRIYE of less than 10 eV,

Experiment 2: FRC formation utilizing the combined beam/betatron formation
fechnigue.

FRC formation was successfully demonstrated utilizing the combined
beam/betatron formation technigue. The combined beam/betatron formation technigne
was performed experimentally in a chamber | m in dlameter and 1.5 m in length using an
externally applied magnetic field of up to 500 G, & magnetic field from the betatron flux
coil 320 of up fo 5 kG, and a vacuum of 1.2 % 107 torr. In the experiment, the
background plasma had 2 density of 10° om™ and-the ion beam was a neutralized |
Hydrogen beam having a density of 1.2 x 10 enr™®, & velocity of 2 x 107 cm/s, and a pulse
iength of around 20 ps {at half height). Field reversal was observed.

Experiment 3: FRC formation utilizing the betatron formation technigue.

FRC formation utilizing the betatron formation technigue was snccessfully
demonstrated at the following parameter levels:

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

e Bstatvon coil radius of 10 om.

49



10

15

20

25

30

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

~ arrangement. The charging voltage was typically 20 adjusted between 5
and 7.5 kV. Peak breakdown currents in the guns exceeded 250,000 A.
During part of the experimental runs, additional pre-ionized plasma was
provided by means of an array of small peripheral cable guns feeding into
the esr%%aﬁlf%l%r% a(eﬂleﬁgztr e mg?ssembly before., during or after neutral gas
injection. This prowge for extended pulse lengths of above 25 gs. 25

T hiemertsing! imageserjapothalidéd bhe smumasiociedvay meah&bof

S”%%HQQ]%&‘Q%&%B-%%%QHJE’%S’& ”95‘&&2?%&8%‘9 J1aiera) helore elering

the main vacuum - chamber. THe beam plasma was also pr -magne?lzed

whitsls estpaisfeptaaisyh this tube by means of permanent magnets. The

o R

0 chamber, causing the genera ea
offdesificofirbgrictlt’ a8 fistaficrcenorurrobissnti®y Yirlle of this
meghanism itivas possihieilo propagalebeams.ps.charagierized.above
through a region of magnetic field without deflection. Upon further
peFEPEAGHLIMS FpeeeHY Mierolsé Heam reached the desired orbit location
angrRRegURiRIRdRIRYS A iRekarayRd Piﬁéﬁg?oaﬁe%&ﬂa@yya%w of

e

cable 5 guns and other surface flashover sources. The proximity of
sets of pRRTiH CRINCHBY HeTNRS Raisaish B inslirgbe shibey Fstarization
colidialeh ang JoHowas etaRREiGIs e iitsnassenliBlidrappinatbeReam.

Faraday.cup and B-dot prgbe measurements confirmed the trapping of the

werqpzipially FRaSPAn Fhedndisinliatuon aR AT RalES S s eHstSive This

arrar(REIERCRTRIVEE 85:AHbik 4D @tk SRR RB T AecbeahRIaB sy asial lawed
Ior& its orbit for close to % 10 of a turn. The measurements indicated
m“?ﬁ‘%\ft’ %%ﬁ?i &4 frictional and inductive losses caused the beam particles to
lod$ens eifidibsinene i yhiotaike thdbanrbiniarcbit oms therdesgiredsanbit and
hit.the betatron cqil surface at around the 3%.turn mark. To, prevent this,
o e e B Ay B e BT 51
rise orbitingrbéaheibtric field curling around the betatron coil. Quick ramp-up and

high current in the betatron flux coil produced a strong electric field, which accelerated

the anmular plasma layer and thereby induced a sizeable curvent. Sufficiently strong

© . plasma current produced a magnetic selfufield that altered the externally supphied Seid

and caused the creafion of the field reversed configuration. Detailed measurements with -
B-dot loops identified the extent, strength and duration of the FRC.

- An example of typical dafa is shown by the traces of B-dot probe signals in Fig,
30. The data curve A represenis the absolute strength of the axial component of the'

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

- chamber and at a radial position of 15 em. The data curve B represents the absolute

strength of the axial component of the magnetic field at the chamber axial mid-plane and
at & radial posttion of 30 cm. The curve A data set, therefore, indicates magnetic field
strength mside 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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inductively driving the particles by means of the betatron coil. 15
Experiment 2: FRCformation utilizing the combined beam/betatron
formation technigue. FRC formation was successfully demonstrated
utilizing the combined beam/betatron formation technique. The combined
beam/betatron formation technique 20 was performed experimentally in a
chamber 1 in in diameter and 1.5 m in length using an externally applied
magnetic field of up to 500 G, a magnetic field from the betatron flux coil
320 of up to 5 kG, and a vacuum of 1.2 x 10'5 tort. In the experiment, the
background plasma had a densit 013 cni s.and, the ion beam was a
s LB P RO 14 HGFTS SreR S oSS
betwasloayniof Paxdl O aawehikit-ayed $el2 Senpihinfal el dos2 Qopiswatdalf
._hejght) .Field reversal was, observed. Experiment 3: ERC formation
o o R e R TP O
Ongsepreskontfeririatimateichiig betatas sul dessilibeddemanitthtdoehpitama

' Ll P-Mac chamber di jons; about. l.1m
e D A R e SR
Eimitshyy el iensaay 2t beiviend ebsrrakritagetic fisldlibragertiod mdhe
ta Pﬁ%%&ﬁ%pﬂe%%%%%ﬁﬂm W2 FampHR-RAKad of. 150

and a minor ratio o 1. (Sodrce: Outér coils and betatron coils). 5 e

2ccelpti LSRG AclsTes iEsI@ antially Hydrogen gas) was characterized

by evaRtndeasi,ef ARoui .6 KiBsticie PREr sl te; oflessHhan 10
- —— - —S'-the InC UICLLWC of w6 cULW ULUUVU Was

V.
SRy ST B IR £ S 6 PR e R st kb Bederally

can WéASAN0A0E 3RS0 BRe RpaIisvenisBraresriedpy Heshiniesting.f:
backgrou,nd plasma layer by two 10 sets of coaxial cable guns mounted

strenath, GRS PR B fREmie R Aot g clessige! confinement of high-energy

fuel beams.

Experiment 4: FRC formation utilizing the betatron formation technique.

Ap attempt to form an FRC utilizing the betatron formation technigue has been
performed experimentally in & chamber I m in diameter and 1.5 min length using an
externally applied magnetic field of up to 500 G, a magaetic field from the betatron flux
coil 320 of up to 5 kG, and 2 vacuum of 5 x 10 tore, In the experiment, the background
plasma comprised substantially Hydrogen with of a density of 10 e and a lifetime of
about 40 ps. Field reversal was observed,

Pusion .

Significantly, these two technigues for forming a FRC inside of a containment
system 300 described above, or the like, can result in plasmas having properties.snitable
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 is crucial for fusion applications and classical confinement of high-energy fael
beams. In the confinement system 360, therefore, it becomes possible to trap and confine
high-energy plasma beams for sufficient periods of time to cause a fusion reaction
therewith. )

To accommodate fusion, the FRC formed by these methods is preferably

51



10

15

20

25

30

collection of 8 guns was mounted on one of the two mirror coil
assemblies. The guns were azimuthally spaced in an equidistant fashion
and offset relative to the other set. This arrangement allowed for the guns
to be fired simultaneously and thereby created an annular plasma layer.
15 Upon establishment of this layer, the betatron flux coil was energized.
Rising current in the betatron coil windings caused an increase in flux
inside the coil, which gave rise to an azimuthal electric field curling
around the betatron coil. Quick ramp-up and high current in the betatron

s R e e e M RO E FREREIRA trong
bet:POPieseatu BEndigrdcveseraendgnedipiself diefidilantalié phesitu
lied fi d . i fiel
con R e B o e R R e
feel autboittastceprif wredeatr htloncof teduFRE: idhedseamp bio biipivhbtdatialls
) ) i Fiq. .30, A
RN A N6 4186 6381 s k0! A HARAIRIA 101 ADROS HAIR PN

represents the absolute streng e axial comp
andigf£gerat chsngteniahe fhsien relviaslatite (TG estiotr ofithis tiue dhetafitete) of the
reqP SHERRR A RAmREs abd Al a T adial DOSIAN Ol 5,6 Hhe,gata curve B

represents the abgolu%e’ stréﬂa??] of‘'the axial component of the magnetic

undrgngsAieig-cha B RRIc Ba farBemt Hmg phthafid Srica bsrisuezem. The
than QW MEAviiRIETSRL 1SRRI Rf AT sidiGales Mase ind GldaligRgthsingide,of the

fuel plasma layer (between betatron coil and plasma) while the 30 curve B
outPghta set depicts the magnetic field strength outside of the fuel plasma

laygrsidiifel datatsieatihindicaienibaldhy iRAerdeaamnelicinigkayerses

orientation_(is negative) between about 23 and 47 ps, while_the outer
and ﬁé‘F@%ﬁ?}%“éS%ﬁﬁig T 8 BRI 01 TR SPGB ERtnt PO e G reversal

timasilisndedddyibiduanigep afigpisessisn MaRRRiEoRROihaAnee-REaK B rent

is reached in the. betatron coil, the induced current in the fuel plasma 5
A B AR LR 120 R Lyl O ARl
lifetimegd ittetdeR@dsréniitecdny:thtabne (4230 tal beistefadbiy ihe

| rmggép%éﬁ%tk&s EQOtQ&,i_njection and trapping experiments, the system

can be upgraded to provide longer FRC lifetime MM4 acceleration to
reastenege Riocirngsmparettars . in a range of about 30 to 100 keV and preferably in

arange of abont BG to 100 keV

Coherent energy of the fuel beams (injected ion beams and circulating plasma
beam): in a range of about 100 keV to 3.3 MeV and preferably in a range of about 300
keV-io 3.3 MeV. ' '

Total magnetic feld: in a range of about 47.5 to 120 kG and prefersbly in a range
of about 95 to 120 kG (with the externally applied field in & rapge 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 bwn time and preferably in a
range of about 10 to 100 seconds,

Fuel ion density: in a range of ebout 10™ to less than 10" cm® and preferably in a
range of about 10™ to 10% em™,

Total Fusion Power: preferably in a range of about 50 to 450 KW/er {power per
cmn of chamber length) ‘
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Overall, this technique not only produces a compact FRC, but it is also
robust and 10 straightforward to implement. Most importantly, the base
FRC created by this method can be easily accelerated to any desired
level of rotational energy and magnetic field strength. This is crucial for
fusion applications and classical confinement of high-energy fuel beams.
Experiment 4: FRC formation utilizing the betatron formation technique. 15
An attempt to form an FRC utilizing the betatron formation technique has
been performed experimentally in a chamber | m in diameter and 1.5 in in
length using an externally appljed magnetic field of up to 500 G, a
ma ﬁ&?%%ﬂdﬁ%m#\?‘ﬁﬁﬁﬁgﬁfﬁﬁt%%%%%%? 5%?&%’5?@“3% a vacuum
accédératet 103 level pitbshaxpanititnk! terbaskgobidnpl as@eoC ey KedksV
ntially Hydr with of a densit 0. cnf lifetime of 20
o 3, Y ﬁ? ﬁ%@oﬁéfg?{gaebg}f Sné [a Vl\*laéage {ble Q’om% I%{} eVFto g?gﬁ#ﬁ% rP e? og

ang a
a 4 rev observed. Fusion an Iy,?f}{nese two

magethrficidesdatiqmefinebly ERCainsideabia £owtairkéntnd ystemSBaibly
.. described a , Ar-the-li an result.in plasmas having properties.
in aran eﬁ%%%oupﬁy & s f@ K?{b%ser.]leve Bl 1% g}r emp{%r?%ﬁ"l acﬁgl/%%ﬁigﬁgé%

Sul or ¢ausing nuclear tusion there
intofthe 84 bydthemredrie food s Plssewrbirecdeceiehateid tecainprdebirsitovefof

el and magnetic field strengthy Jhisis Giusialgrusion
medURLRD LGRSO A0K MaCNS el shenoti.Shis in gicialdard

applications assical confinement of high-energy fuél beams. In the

corfiperadnt by steshoscenmsiaforelipirs doreespresstbic nessitip tameuce
the SRRHRS BIENSQRRIEYAIANRG PERIISIAr sHIlGIen I DRYOLZ Rl M9 ,cause

a fusion reaction therewith. 30 To accommodate fusion, the FRC formed
losspy, tHissdepioftibieSnsrpreraiali(romiesat eruvalion 780 S BT ob AReE v BRasT
of aketalimpaheagtoy and magnetic field strength by betatron acceleration.

Fusion, however, tends to require a particular set of physical conditions

for Ty TR ISP AR TRy readd AlsRe it ameeids TG EIR st PR Do
sinci@e fugbabrbakiaioa pegihiaaneigy BalneerdhBifieliRas-HePBe damt in

this_state substantially 5 unchanged for prolonged periods of time, This is
L s L AR e L A

- It alfusidrimélevanbaiaie oireabidin afdhiseNialaldhaiciOenagnetic field is

consistent with the beam rotation energy. It is partially created by the plasma beam (self-
field} and in turn provides the support and force to keep the plasma beam on: the desired
orbit.
Fusion Producets

The fuston products are born predominantly near the null surface from whers they
emerge by diffusion towards the separatrix 84 {see Fig. 8}, This is due to collisions with
electrons (as collisions with ions do not change the center of mass and therefore do not
cause fhem io change field lines). Becaunse of their high kinetic energy (product ions
have much higher energy then the fuel ions), the fusion products can readily cross the
separatrix 84, Once they are bevond the separatrix 84, they can leave along fhe open
field lines 80 provided that they experience scattering from ion-ion collisions. Although
this collisional process does notlead to diffusion, it can change the dirsction of the ion
velocity vector such that it points parzaliel to the magnetic field, These open field lines 80
connect 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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requires sizeabi~. anpiii of energy, whteU can on' c1CTCCfi'v recovered
-41P most of t.he fuel undergoes fusion. As a consequence, the
confinement time of the fuel has to be longer than its bum time. This
‘leads to a positive energy balance and consequently net energy 10
output. A significant advantage of the present invention is that the
confinement system and plasma described herein are capable of long
confinement times, i.e., confinement times that exceed fuel bum times. A
typical state for fusion is, thus, characterized by the following physical

disﬁ?&%?ii%&%Q&%&%@Vﬁ%ﬁ?ﬂﬁﬁ%@%@%ﬁﬁ%ﬁﬁ%}h@

Average ion temperature: in a range of about 30 to 230 keV and

stropgataFaiily fisids femmdeBridnbiscarret: {5 LRl avaadtodesith

prod@MBRI AL B ERRAIRE-ARALE SO0l RRikav: sRckpiRfarabivii.a range
of about'80 to 100 keV Coherent ener%of the fuel beams (injected ion

valig 05 AREUE A GRIR ARRAHT SIS0 DERY it DRI EHSAHIREV to

3. 3MieVyane Rseior apb/ris aita pReiRh pROHIBAG ibniD sdedeeV. Total
mag,ng{i)lc?: field: in g range of a&?ut 47.5 to 120 kG_and preferabléin a

TaBdites &4 itfetn & SGAATRP A TR R ITEG H e of
mta.a@oml @15[ 4@81;5 s sani@d mﬂiar@lntyxin..%bawh ?Im| 2 tsgrémﬁtlgﬁa; ?5 y
Classical Confine t time: greater than the.fue time and preferably
e S G PA B oL LR BHATEL BT RN TP o
totalodnengly todd o dessithafhid(di 4 amaneanpeettiatljiibadc svatgeoiabout

1014 to 1011.cm. Total Fusian.Power: preferably | range ,of about 50 to
magjh et os e v diRl B O RS T BN SBge ARG

~ orbiting fusioagstdiefitfidstretedrabore, theiRGsspiefarib icamdieratiedio a

L T
adiabgteh avesiedioff the motion described by % M{VW}EIB. The product ions orbiting
around their respective field lines have a magnetic moment and such an adiabatic
invariant associated with their motion. Since B decrsases by a factor of about 10
(indicated by the spreading of the field lines), it follows that Vyep Wilk likewise decrease by
about 3.2. Thus, by the time the product ions arrive af the uniform field region their
rotational energy would be less than 5% of their toial energy; in other words almost 2l the
energy is in the longitudinal component,

While the invention is susceptible to various modifications and alfernative forms,
2 specific example thereof has been shown in the drawings and is herein described in
detail. It should be understood, however, that the mvention is not to be limited to the
particular form disclosed, but to the conirary, the invention is to cover all modifications,

equivalents, and alternatives falling within the spirit and scope of the appended claims.
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magnetic field strength preferably in a range of about 45 to 120 kG, and
more preferably 5 in a range of about 90 to 115 kG. At these levels, high
energy ion beams can be injected into the FRC and trapped to form a
plasma beam layer wherein the plasma beam ions are magnetically
corned and the plasma beam electrons are electrostatically confined.
Preferably, the electron temperature is kept as low as practically possible
t riegh{ﬁg the amount of bremsstrahlung radiation, which can, otherwise,
I diative energy 10 losses. The electrostatic energy well of the
present invention provides an effective means of accomplishing this. The

ian tempe ref ly kept at a leyel that proyides for efficient
i e G R R B B AR B L amber
Higmaietinergieps e fuel ion beams is essential to provide classical

s R e T e

chambgs phaw Adeigbnehersy DlespatrMpEringdans/and plasirenbeam (self-
figldyRegcaniLER TIToMg eSileRUPRPHIANHLGEHR [ kgep the plasma beam

on the desired orbit. Fusion Products 20 The fusion products are bore

PR aes INeanfinineLa sliratly phRiaRmE & pROBerge by diffusion
towardsThe srigasattx dditsaerimtied obhisis o SeliHPBsMRg a magnetic

field teltzlctronsig)as %%I%ons with ions do not change the center of mass and
1810 1oL ERfEAFRS {tse them to change field lines). Because of their high

khetic erresgyefprativtttns bavasucbrhjghisngnesatdpast thpduabi@isbeams

into t té]?efgc iorn cl%raor%%s can readily cross the 25 separatrix 84. Once they are
hDeyon the 'separadtrix 84, they can leave along the open field lines 80

p%_ovided ?nleamtt’thycéﬂf)eimmé frtitezrougripoisingriiierstaglisigensidttioygh
clecrdlisONSIAARICARSRA0RS DALIeRd o diffusion, it can change the

irection of the ion velocity vector such that it points parallel to the
ragneticelacthiadse ojsem fetdhineis S0e ctemediitnnirB @ fapGloguoktiefeld
compiS4e mgmgsé.lgﬁorm applied field provided outside the 30 FRC topology.
Product ions emerge on different field lines, which they follow with a 53

drRigBinDiPoPeRs!iBto advarkssrupias e Wilindhe reatteg diemoher and

beamintdNetating beam plasma,

generating a poloidal magnetic seif-field about the rotating beam plasma, and

increasing the rotating beam plasma’s rotational velocity to increase the
magnetic self-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 coils 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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strong magnetic fields found outside the separatrix 84 (typically around

100 kG), the product ions have an associated distribution of gyro-radii

that varies from a minimum value of about 1 cm to a maximum of around

3 cm for the most energetic product ions. 5 Initially the product ions have

longitudinal as well as rotational energy characterized by %i M(vP")z and

Y2 M(vP"P)z. vP P is the azimuthal velocity associated with rotation

around a field line as the orbital cter. Since the field lines spread out after

IEaving tHESEHIGAR AR ERCWOSERIBy endeaiati GHar dhe 5 tendsasns further
compaigssansasbiefhe total energy remains constant. This is a consequence
of the adiabatic invariance of the 10 magnetic moment of the product ions.
Iﬂg%ﬁéﬂﬁg\ﬁ'ﬁaiw{h it that charged particles orbiting in a magnetic field

hénzgrénm dgn eotnadineenbassesinie diedinteitariotiton |adkbe case of

particles moving aleng a slo c%an ing m i fieﬁﬁthere all%) Xist

a%éa%f%t%gtlcoirr#a%ii%%gf gwr%o on oaé%?ﬁ)ge%ﬁg A (Wé],tﬁa © ﬁ%nsoeams o
bend {heductieasmsrivtingetatoemdribigsr respective field lines have a magnetic

men ' [ invariant. jat ' ' iQn....i:
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magngie field srivaynitreifoinsnaintein el Ikelinsehesreplosy aibopraietermined

radial E3S, by the time the product ions arrive at the uniform field region their
rotational energ{ would be less than 5% of their total energy; in other

wdkds alfmEsteithe cbsety BimearsivHEtEnRa doripasieatEoromileaheam
plasmiTLa BRI IR VeRAIMDIR 1006 iIpidssRedfiGatalmantRIE FRAYEH QB atfon flux

. specific example thereof has been shown in the drawings and is herein
coil wag%

BRI BREANIHANG G BRTHERAL RIS R IRI ettt S havRPRDN is

npt.to beHintiechtaitbeciparticolautaen cisgiorasy My Bdhencpsdany the current
iﬂ nt} n is to.cover ?II modlifications, equivalents, and alternatives falling
throucfiih i

SR P AR SO B PaRRITARRE 0@ HRRE relexant

rotatiomadthodrgf/confining a plasma of ions and electrons within a chamber

prisj e f; formi ield reversed configuration (FRC) ..
R e R e R e
energy.nprisinesions thelfdécaoddrapping the beams in betatron orbits within the

FRC.

13.  The method of claim 4 wherein the step of generating an electrostatic field
includes applying an applied magnetic field at a magnitude that corresponds o an
electrostatic field that is confining to a plurality of beam plasma electrons.

14.  The 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 azimuthal electric field within the chamber causing the plasma to
rotate and form a poloidal magnetic self-field, and

increasing the rotational velecity of the plasma {o increase the magnitude of the

magnetic self-field within the plasma to a level that overcomes the magnitude of the
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magnetically confining a plurality of plasma ions, and electrostatically

confining a plurality of plasma electrons. 2. The method of claim | further

comprising the step of applying a magnetic field to the reactor chamber.

3. The method of claim 2 further comprising the step of injecting ion

beams into the reactor chamber. 4. The method of claim | further

comprising the step of generating an electrostatic field within the reactor

. _chamber..5..The method.of ¢laim 2 wherein the step of forming a FRC

ol i T B e S SHBRS P dRIRG B BLAmETRb megnetc il

. %J d.plasma within the reactor chamber and forming a rotating
havmgggﬁm p ag%qg,loggé/herating a poloidal magnetic self-field about the rotating
m

PR HSIEAR7 HIRDAUIA RO Heota s olonalng e

ve (')city to Increase the magnetic se niuae

ARRIISFmadBBHiC IR SHRAIRLIAR CRLRIG, nter

n’]agmrotating beaf%splasma%nr%rlmatlo%%%F%ﬁgréaﬁ@a#%ﬁoﬁ%é%%}% 3

predet@hehicdd theisienef applying a magnetic field includes energizing a
plurality of field coils extending about the chamber. 7. The method of claim

31@(herqfﬁéhﬁé%g%i'a%i?ﬁe%ﬁ“ﬁﬁéﬁgiﬁl@ébﬁﬂfiéﬂ}ﬁgﬁ?ﬂ@@%éﬁigﬁ'ﬁe!d includes

applied magnetic field. 55 8. The method of claim erein the step of

the stdpjecing.tbigiindpamedHihe csPMRAREHESHIgRE L neutralizing the ion
beams, draining the neutralized ion beams' electric polarization, and

exerting adorethtzdfofegaive! ® thenmeghetieidials e thepsulialzasiianhe rate
beams to bend the ion beams into betatron orbits. 9. The method of claim

of chafgiethéreompsisitiortheistér dltuctigchecapiiiatk hegoslihieltsma beam fo
magnitude to maintain the rotating beam plasma at a predetermined
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.

19.  The method of claim 18 wherein the step of injecting the ion beams further
comprises the steps of

neuiraiizing the ion beams,

draining the siectric polarization from the neutralized ion beams, and

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

20. A method comprising the steps of:

causing a plasma comprising charged electron and ion particies to rotate within a

chamber,
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radial size. 10. The method of claim 5 wherein the step of increasing the
rotating beam plasma'’s rotational velocity includes the step of running
current through a betatron flux coil within the chamber inducing an
azimuthal electric field within the chamber. 11. The method of claim 10
further comprising the step increasing the current through the flux coil to
accelerate the rotating beam plasma to a fusion relevant rotational

12. Th th furth h f
e, RS C Ul 5 BLE TR SHE SO R o A AR L o the
etatron ort% S WI n the, FRC. 13. The method of claim 4 Whereln the

curren arri(%dge%eraetlrnﬁg e e‘@ﬁ%’s?a? c%eld includes applying an applied

thg%éeéiﬁéfﬂg %t% Pgﬁt% Er&l &orrﬁgg%d? t?ngineaeslg ?ﬁn@?ﬁ%ﬂ ﬁﬁ% of the

cofifining to a plurali Bf beam plasma electrons, 1
self-fi eﬁ féaé”b%é’lv ﬁﬁ?%ﬁ%%éttﬂ@ ?&fr%ﬂ %%%%%Bq‘ éqg W@'ﬂﬁq ﬁgﬁwber with
he steps of: Injecting plasma into t e appl agnetic field wit

fieid re%?é%%pﬂﬂl?@ﬁ}”g an azimuthal electric field within the chamber causing
the plasma to “rotate and form a poloidal magnetic self-field, and
increasing the rotational velocity of the plasma to increase the magnitude
of the magnetic self-field within the plasma to a level that overcomes the
magnityge eidiieoderanarrd o Reneicisigeargineliakbreversaliagd magnetic
formation of a combined magnetic field having an FRC topology. 15. The

guide flarihachahalgieldciusthe fienmprsinginie #lercphinsegasing the
magnitude of the applied magnetic field to maintain the rotating beam
plasma at a predetermined radial size. 16. The method of claim 14
wherein step of applying the electric field includes the step of energizing a
Betatrontermetilodithiic!te cHanrtiereit Thd keemethodrefshainheor- fitatieral
comprising the step of increasing the rate

energy of the piasma includes increasing the rotational energy of the plasma to increase

the magnitude of the self-field to a level that overcomes the magnitude of the guide field

causing field reversal.
23.  The method of one of claims 20—22 wherein the step of causing the
plasma to rotate within the chamber includes applying ponderomotive forces from an

azimuthal electric field to the charged particles.

24.  The method of claim 23 wherein the step of applying pondermotive forces

includes creating an azimuthal electric field within the chamber.
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of change of the current through the flux coil to accelerate the rotating
plasma beam to 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 FRG and trapping the beams in betatron orbits within the
FRC. 19. The method of claim 18 wherein the step of injecting the ion
beams further comprises the steps of neutralizing the ion beams, draining

the electric polarization, from.the neutralized ion beams,.and exerti )
s et s T R S S RS RP 3 Bt 2 A T etectric

. end the ion beams.intq,betatron orbits. 2Q, A method L
el e e A A BT St b b sy =

o i iC ate within a chamber, 57 forming a magnetic
Princi A o

surrounding the rotating plasma due to the current
carried by the rotating plasma, and increasing the rotational energy of the
plasma to increase the magnitude of the self-field to a level that causes

the. formationahadnanstic fieldMiltin dherRambab Wity @?'Qca%vggéﬁqg the

topology. 21. The method of claim 20 further comprising the step o

rotating'SRkRtadagRRlie Y ideiRidavihayiply edendingfisld lingsnitindRer the

chamber. 22. The method of claim 21 wherein the step of increasing the

currentolationgieoetpying thetplasniainetades increasing the rotational energy
of the plasma to increase the magnitude of the self-field to a level that

overcomes the magnitude of the guide field causing field reversal. 23.
The method of one of claims 20-22 wherein the step of causing the
RIAsmaiteer atatbovitibic e ciamiberindiel eseapplyirgs fing dreogiiy @eld
forces from an azimuthal electric field to the charged particles.

includes energizing a plurality of field coils and mirror coils extending about the

chamber.

28.  The method of claim 22 further comprising the step of increasing the
magnitude of the guide field to maintain the rotating piasma at a predetermined radial

size.

28.  The method of claim 20 further comprising the step of accelerating the

rotating plasma to fusion level rotational energy.
30.  The methed of claim 29 further comprising the steps of injecting ion

beams of fusion level energy into the magnetic field with field reversal within the

chamber and trapping the beams in betatron orbits within the chamber.
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24. The method of claim 23 wherein the step of applying pondermotive
forces includes creating an azimuthal electric field within the chamber. 58
25. The method of claim 24 wherein the step of creating a azimuthal
electric field includes increasing current running through a betatron flux
coil concentric with a principle axis of the chamber. 26. The method of
claim 25 further comprising the step of accelerating the rotating plasma to

fysion leyel rotational ener é) increasing the rate of change of the
Lront AT OO S AR R BRI T e RGP
erein the step of creating the guide field includes energizing a plurality
electr%%?ﬁtéfdv%%hgv E.Fﬁg f%ﬁr%ﬁr%rgr%éxtending about the chamber. 28. The
method of claim 22 further comprising the step of increasing the
magnitude of the guide field to maintain the rotating plasma at a

psgdeterpinad radial; size, 29, %L%év%%mngﬁé R@?efiéveeg%?r g@%ﬁéﬁm

the step of accelerating the rotating plas slo rotati

confinfFREHS RhHREBRAEAE el h%%;ﬂgth@e%w@%i&‘%%@ﬁg%%m field

injecting ion beams of fusion level energy into the magnetic

electrd@AEAWENANNG SBAIANY ARGV AP hedieaRpdY betatron orbits
within the chamber. 59 31. The method of claim 30 further comprising the

step of creating an electrostatic well within the chamber. 32. The method

of claim 31 further comprising the steps of magnetically confining ions

\gighin theanagtieiic dedtkha\Bpdiieie revaipaditrpelegyeprd forming fusion

electrostatically confining electrons within the electrostatic well. 33. The
oroduchathed of claim 32 further comprising the step of forming fusion product

ions. 34. The method of claim 33 further comprising the step of exiting the

fusion

34.  The method of claim 33 further comprising the step of exiting the fusion

product ions from the magnetic field with field reversed topology in an annuiar beam.

35.  The method of ciaim 20 wherein the rotational energy of the plasma is

increased to a range of about 75 eV o 125 eV.

36.  The method of one of claims 26-—29 wherein the rotational energy of the

plasma is increased to a range of about 100 keV to 3.3 MeV.

37.  The method of claim 30 further comprising the steps of neutralizing the ion

beams with a plurality of elecirons and electrically polarizing the neutralized ion beams.

38.  The method of claim 37 further comprising the steps of:
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product ions from the magnetic field with field reversed topology in an
annular beam. 35. The method of claim 20 wherein the rotational energy
of the plasma is increased to a range of about 75 eV to 125 eV. 36. The
method of one of claims 26-29 wherein the rotational energy of the
plasma is increased to a range of about 100 keV to 3.3 MeV. 37. The
method of claim 30 further comprising the steps of neutralizing the ion

b ' lurali I ] d icall larizi
S B R e e L S R e
magn%ﬁ%fg}lﬁ% %@fﬂ@g&g%@?'gﬁéed and neutralized ion beams un-deflected

rough the magnetic field with field reversal, and depolarizing the ion
Q%E%r%gfr{p% methad of claim 38 wherein the step of depolarizing the
ion beams Tincludes the steps of contacting the ion beam with the plasma
within the magnetic field with field reversal and draining the electric
polarization from the ion beams. 40. The method of claim 30 wherein the

step of injgcHaehtie dpribeams iRelde sHBisEnethedeRReAR e ion beams
orthogonal to a principal axis of the chamber and at a radial position from

includéaeneinRiple cPas miEHRG IRePIS M GOIRAING G idiRia It agn atisq el field
with field reversal. 41. The method of claim 30 wherein the step of

with fisldppingghieabeamsisheiudessiexaitng i tinsrotz foraaiipioksnmaagnetic
field with field reversal on the ion beam to bend the ion beam into a
betatron orbit. 61 42. The method of claim 31 wherein the step of forming
an electrostatic well includes the steps of applying a magnetic field at a
predeterhsmedthmapoito@encowhehe g ihdestigidyf injecting tbe lnedpesinso
the magnetic field with field reversal at a predetermined velocity, and
includepitdesting the édtechesmsionbrunagirtg a primpijebaxionidbporidimper gred at a

radiai position from the principle axis where the plasma is contained within the magnetic

field with field reversal.
41.  The method of claim 30 wherein the step of trapping the beams includes

exerting a Lorentz force due to the magnetic field with field reversal on the ion beam to

bend the ion beam into a betatron orbit,
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magnitude of the applied magnetic field. 43. The method of claim 42
further comprising the step of adjusting the magnitude of the electrostatic
field by adjusting the magnitude of the applied magnetic field. 44. The
method of claim 42 further comprising the step of tuning the applied
magnetic field to control the magnitude of the electric potential energy
well. 45. The method of claims 43 or 44, further comprising the step of

gnetically confining a.plurality. of plasma jons within the magnetic field
O el e A R e M ST AP B e RGeS el
: C jeally confining a plurality of plasma electrons within the
mclud%ﬁé@;ﬁ%@%ﬁld. 47. The method of claim 44, wherein the step of tuning

RRls FRIElS A91LSuEs A0 DB mEALASIHIRC qice i
geReiiNGIselectingiatic fieldhoslueas mwg é%ﬁ?ﬁue ffl,g Qﬂg@ Bhined

in ‘a diagmagnetic direction within the magnetic fie reversa
velocighgreating an excess positive charge due to electrons leaving the
plasma. 49. The method of claim 48, wherein the step of creating an

VRGNS NG| shpsatsinchde s ia%égﬁﬁ@@%ﬁegpéﬁam

electrons. 50. The method of claim 45, wherein the step of magnetically

magniteifiofpepippiea ignrg gligdrsdsubstantially classically containing the
ions. 51. The method of claim 46, wherein the step of electrostatically

confining plasma electrons includes substantially classically containing
the electrons. 52. The method of claim 50, wherein the step of classically
chtainTrigeteibos dhclaegd2dotdisingptheriensyvilidisiéhet eofintmg ntie
structure for a period of time greater than a burn time of the plasma. 53.
magnittide pidttmdietictstate0dld the adprainsiing inagteiudé aiftitiogpgbéddmsagnetic
within the magnetic field with field reversal in large radius betatron orbits
field. wherein the orbit radius exceeds the wavelengths of anomalous transport
causing fluctuations.

44.  The method of claim 42 further comprising the step of tuning the applied

magnetic field to contfrol the magnitude of the electric potential energy well.

45.  The method of claims 43 or 44, further comprising the step of magneticaily

confining a plurality of plasma ions within the magnetic field with field reversal.

46.  The method of claim 45, further comprising the step of electrostatically

confining a plurality of plasma electrons within the electrostatic field.

47.  The method of claim 44, wherein the step of tuning an applied magnetic

field includes adjusting the magnitude of the electrostatic field.
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63 54. The method of claim 33, further comprising the step of transferring
energy from the electric potential energy well to the fusion product ions.
64

48.  The method of claim 42, wherein the step of generating the electrostatic
field includes the steps of rotating the plasma in a diagmagnetic direction within the
magnetic field with field reversal and creating an excess positive charge due to

electrons leaving the piasma.

49.  The method of claim 48, wherein the step of creating an excess positive

charge inciudes exerting Lorentz forces on the plasma electrons.

50.  The method of claim 45, wherein the step of magneticaily confining

plasma ions includes substantially classically containing the ions.

81, The method of claim 46, wherein the step of electrostatically confining

plasma electrons includes substantiaily classically containing the electrons.

S2.  The method of claim 50, wherein the step of classically containing the ions
includes containing the ions within the confinement structure for a period of time greater

than a burn time of the plasma.
53. The method of claim 50, further comprising the step of orbiting the ions

within the magnetic field with field reversal in large radius betatron orbits wherein the

orbit radius exceeds the wavelengths of ancmaious {ranspert causing fluctuations,
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54.  The method of claim 33, further comprising the step of transferring energy

from the electric potential energy well to the fusion product ions.
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