Title: MAGNETI C AND ELECTROSTATI C CONFI NEMENT OF PLASMA Iugu 2bhELD REVERSED
CONFI GURATI ON [err] Abstract: A system and net ﬁo or contai ni ng
pl asma and form ng a Field Reversed Configuration (FRC) magnetic topol ogy

are desgid BRchiin Which plasma ions are contai ned magngiy&aldxsd N stabl e,
non-adi abatic orbits in the FRC. Further, the electrons are contai ned

electrostatically in a deep energy well, created by tuning an externally
appl i ed NRAGNETICARDGLEUTR OSTATIC DONTINERENT O PLASMA N adfIELPenent  of

el ectrons and magnetic confin nt, of 1on i ds anonmal ous transport and
facilitates cl assical cont%vﬂﬁﬁp %@Ngﬁllﬁ%%rons and ions. In this
configuration, ions and el ectrons nay have adequate density and tenperature

so that upon 16 ihicationsras RN Goverie@slt SRE6t hRler DynttldeNeat00bs-ce, thus
rel easing fusion energy. Mreover, the fuSion fuel plasmas_ that can be used

Wi th t hé?9-bPe¥enwardehini the Pifre ofatab ReseaghnBemne backgeupbiessaichitaed t o

Audust | 20BotEy B s b BeR R R S R e B s ran ¢
CONFI NEMefin dghfslAhdinveitidn. FI ELD REVERSED CONFI GURATI ON Thi s i nvention was
made wi th Governnment support under Contract No. NO0014- 99-1-0857, awarded

D e L CBepn ot S S o B RN 0, OSea & ums o Suphort e
certain rightmelifehifinSelRy Bl to tib BEQ oOhladhibpAySdENRE, GNpatieutirnent i on

rel ates generally to the freld of plasma physics,, and, in particular, to
gm .

met hodslmﬁhofbﬁp@ﬂmaﬁff@’rcoéﬁﬂiﬂg plesree- o legsnpecon fncgegnbis pavicw! teyegt
i of. : f bl i | i
P o B bl BBl R FpiSgtipose of enabling a nucl ear fusior

BACKGROUND OF THE INVENTION

Fusion is the procesé by which two light nuclei combine to form a heavier one.

The fasion process releases a tremendous amowunt of energy in the form of fast moving
particles. Because atomic nuclei are positively charged — due to the protons contained
15 therein — there is a repulsive electrostatic, or Coulomb, force between them. For two
nuclei to fuse, this repulsive barrier must be overcome, which occurs when two nuclei are
brought close enough together where the short-range nuclear forces become strong
enough to overcome the Counlomb force and fuse the nuclei. The energy necessary for the
nuclei to overcome the Coulomb barrier is provided by their thermal energies, which must
20 be very high. For example, the fusion rate can be appreciable if the temperature is at least
of the order of 10* eV — corresponding roughly to 100 million degrees Kelvin. The rate
of a fusion reaction is a function of the temperature, and it is characterized by a quantity
called reactivity. The reactivity of a D-T reaction, for example, has a broad peak between
30 keV and 100 keV.
25 Typical fusion reactions include:
| - D+D— He'(0.8 MeV) +n(2.5 MeV),
D+ T - af3.6 MeV) + n(14.1 MeV),
D +He’ - a(3.7 MeV) + p(14.7 MeV), and
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because the atomic numbers of deuterium and tritium are 1.

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

30 advanced fuels to fuse. Their peak reactivities occur at much higher temperatures and do
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condition is more desirable in a fusion reactor, allowing for smaller initial plasmas.

In early experiments with toroidal confinement of plasma, a containment time of
At = ¥/D, was observed, Progress in the last 40 years has increased the containment time
to Af = 1000 #%/D,. One existing fusion reactor concept is the Tokamak. The magnetic
20 field of a Tokamak 68 and a typical particle orbit 66 are illustrated in Fig. 5. For the past
30 years, fusion efforts have been focussed on the Tokamak reactor using a D-T fuel.
These efforts have culminated in the International Thermonuclear Experimental Reactor
- (ITER), illustrated in Fig. 7. Recent experiments with Tokamaks suggest that classical
transport, At = r*/D, is possible, in which case the minimum plasma dimension can be
25 reduced from meters to centimeters. These expetiments involved the injection of
energetic beams (50 to 100 keV), to heat the plasma to temperatures of 10 to 30 keV. See
W. Heidbrink & G. J. Sadler, 34 Nuclear Fusion 535 (1994). The energetic beam ions in
these expetriments were (;bserved to slow down and diffuse classically while the thermal
plasma continued to diffuse anomalously fast. The reason for this is that the energetic
30 - ‘beam ions have a large gyroradius and, as such, are insensitive to fluctuations with
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down the ion beams. Various proposals have been made to reduce this problem and

maximize the number of nuclear reactions.
20 For example, U.S, Patent No. 4,065,351 to Jassby et al. discloses a method of
‘producing counterstreaming colliding beams of deuterons and tritons in a toroidal
confinement system. In U.S, Patent No. 4,057,462 to Jassby et al.,, electromagnetic
energy is injected to counteract the effects of bulk equilibrium plasma drag on one of the
ion species. The toroidal confinement system is identified as a Tokamak, In U.S. Patent
25 No. 4,894,199 to Rostoker, beams of deuterium and tritium are injected and trapped with
- the same average velocity in a Tokamak, mirror, or field reversed configuration. There is
a low density cool background plasma for the sole purpose of irapping the beams. The
beams react because they have a high temperature, and slowing down is mainly caused by
electrons that accompany the injected jons., The electrons are heated by the ions in which

30 * case the slowing down is minimal.
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The field reversed configuration (FRC) was discovered accidentally around 1960

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

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

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

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

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




10 Patent No. 4,826,646 to Bussard, which is simlar to Linpaecher and

i nvol ves point cusps. None of these patents consider elAnghst@90atic
confinement of electrons and nmagnetic confinenment of ions. Although there
have been many research projects on electrostatic confinenent of ions,
none of them have succeeded in establishing the required electrostatic
fields when the ions have the required density for a fusion reactor.
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experinments, anonmal ous transport has been asSuned. See, e.g., Tuszewski,

begi nnivhigh@énds sesbidmohauiradpor agkfadifiat: cldskivilikbitaimeiitdE bofiVENTI ON To
address the problens faced by previous plasma contai nnent systenms, a system
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chamber substantially along a principle axis of the chamber, a current coil coupled to the
chamber and concentric with the principal axis of the chamber to create an azimuthal
electric field within the chamber, and a plasma source to inject a plasma containing
electrons and ions into the chamber.

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

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

of generating an applied magnetic field in the chamber, injecting plasma into the
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so that upon collisions they are fused together by the nuclear force, thus
rel easing fusion energy. According to a first aspect bAuphs2p0®sent

i nvention, there is provided an apparatus for containing plasm conprising
an el ongate chanber having a principal axis, a magnetic field generator
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r ot at i eifophiag pdieldeayarsed chnfieuration aragnetia fislkdhvithiy aghpgobeiofan a iC

self-field. applyin | l.ect ri C . fi | e e rotating
vel oci 19 Bt aPRBieRnns BAL RBHABL G uRRb teriood R BB RS elGe of "L he
nmagnet gfgenerafing dlﬂifpéliéﬁ thidrdtié Held i B Pharflfa Thje@itR PRt e appsd t ude of the
applied magnetic field causing field reversal, and joining field |Iines of
t he apwegredc faldrathinthe changbesppplying arsginatthal elsetrie fipkdeyithin thea conbi ned
magnet j,c_fi . i ' eV, ' N S t opol ogy.

Accor d":ﬂlrﬁ“gfI btelgéagmpgﬁlret a%p"é%{tﬂ%%ndtfﬁéﬁgpgféem}ﬂ&g%% ?gﬁéﬁa’%‘gre I's provided a
et hodincRbsih@herd@iohal vellcily bEthe phefla m&ﬂe@émedm@%ﬂﬁmﬁmhé fafeticd Within a
chanber of an apparatus built 1 n accordance with the first aspect of the

i nvent sebinfield withindhepjasmadaglevs] thyt Qusecoses s magpitederod therappliedan appl i ed

rera beekEERd I RIBS, el bR 0 BRI B AP, (0 e

and the magnetic self-field in a combined magnetic field having a field reverse

configuration (FRC) topology.

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

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




chanber causing the plasma to rotate and form a pol oi dal magnetic
self-field, and increasing the rotational velocity ofl AhguspP@&ma to

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

| evel that overcomes the magnitude of the applied magnetic field causing
field reversal, and joining field Iines of the applied magnetic field and
the magnetic self-field in a conbined nagnetic field having a field reverse

configurati F t.opol . n.a.preferred enbodi nent,.a plasm

conf i nerrent%&S%%@dﬁgmegg’\éOgc%r@fﬁéﬁésn?cowgﬂﬁ%ﬂb&?epg% generator for
appl yi pggmticaBohiiging thelichsiin obitdivitaita mapnstibftldand dbdtyosatioitiy a principle
axi s, and an anqul ar plasma | ayer that, orrpri_s&gds_ﬂci rcul aa(;i ng beam of

i ons. C(rl%ﬁglgélﬂewgoaﬁw&nergm@ girepetigheldmpebetipeddp| vy cont ai ned
Wi thi npdoRficeGRa BhREol HERGIELIAR! eld. o daibodinfflof HEnRiteE tHeaTsd BF ©
substantially contained in an electrostatic energy well. In one preferred

embodi teed scthatdlmraverage tleetran velovity istapprozingiely gers. Ia asoiherambodeggnt,

Pr ef er ghl . r ' - IF] ELS: t he ends of the
chanbel Tt et uShaThe HeblE RN ith MRl 8fhe . "7, ST0% S0 ¢ he
ends o#verdze imhaidedty.. In Thaethersyrtiodmeantyf thé methodyti insthod fdymamfieldj] ect or f or

I njectin neytralized ion am i.n the applied.magnetic field, wherein
t he be?ﬁ%é%cém gg%u%lg?@eg%gaﬁ,dn%&ﬁl&?Qgsr%a&gggqffn&}. the applied magnetic

field |n apgréefeddficdihads, abadirphima ldyeeis syahiasd #kina feldragnetic field
having a topol ogy of a field reversed configuration, 7 1 August 2005 Al so

di scl ossersdconfigiptiraamegnedo il nfheglasmadanisr eamRsIsFLParyiveliehaeeps of

magnet ioﬁé}'wll%reﬁiﬁﬁfobt&&tﬁﬂ Faﬁ_%fih@rﬁﬁ'ls'afb Rnlidlabatté, bt dedrolBeRliAd fiel d and

el ectrostatically _COI’I?(I ning the electrons in an energy well. An applied

magnet Withihiae lelgctrastatib endergnwdll. The plasod dayer s wausedtnt otste anddom @ct rost at i ¢

field._ln one dj t. of the ho leld is tuned so that the

averag@a%[}eg‘éﬁlgﬁgggf%ﬁ l‘f}%ir%ag; "f)reoéf"anug I‘é‘?@‘éz‘@%%ﬂ I n anot her enbodi nent,

the field ik prefaeel @sbddiasnts, te pasanagsy ehpeite aicasetwoadiffyrentsori n t he sane

direction as th average ion velocity. anot her enbodi ment of the

met hod?Pe?lﬁ%Oﬂ%?Iﬁt?&‘ ?@Y .‘QaYF@?WSGPQY%‘F@e@dEan i guration nmagnetic field, in

whi ch the pHASARa hén-§RMati0BHsmb Bf RIcRkgE, 18 Ee-6/HRasHs B So praventfieul ar pl asma

| ayer is contained within a field reversed configuration magnetic field.

The pl anomalqus ranspers abions ddisres be fore ip a&ig: Gewusy thamagngbe figldn subst antial Iy

all of | ONS: -.agl I ' .thin an

el ect r‘(l)ag’%glﬁ @Q'élﬁgélgg/&pméé F&%%@a@%@%@égﬁ @0@§%gée}gg?%ﬁg%qtd\§%e and forma
be insensitive to short-wavelength fluctuations that cause anomalous transport.

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

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

provides a cooling mechanism for electrons, which reduces their radiation losses.
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magnetic self-field of sufficient magnitude to cause field reversal. In
preferred enbodi nents, the plasma may conprise at | east Augwst 3005 erent i on
speci es, one or both of which may conprise advanced fuels. Having a
non- adi abatic plasm of energetic, large-orbit ions tends to prevent the
anonmal ous transport of ions. This can be done in a FRC, because the
magnetic field vanishes (i.e., is zero) over a surface within the plasma.

| ons having.a large.or |t ten 0., be in enS| 0 ort-wa Iength
f 1 uct uat | ondiy HEEEd RPURIoP fotiBF B et R R B e s

i nef f eped and EBY, s@lwltds@amd@memﬁdﬁeyadﬁwmﬂi B thegynehaahnuﬁ,- due to
their small mass-and are therefore sensitive to short-wavel en

f | uct ulRe nsHEoRsHER Predursd by sesradasY LeastioRs. b e an HRRIO¥ERGNE ovarithe Qﬁ‘lect rons are
effectively confined in a deep potential well by an electrostatic field,
which tends to prevent the anomalous transport of energy by electrons. The
el ectrons that escape confinenment nust travel-fromthe high density region
near the null surface to the surface of the plasma. In so doing, nost of
their energy is spent in ascending the energy well. Wen el ectrons reach-
the plasma surface and | eave with fusion product ions, they have little
energy left to transport. The strong electrostatic field also tends to
make all the ion drift orbits rotate in the diamagnetic direction, so that
they are contained. The electrostatic field further provides a cooling
mechani sm for el ectrons, which reduces their radiation | osses. 7a 1 August
2005 The increased containnment ability allows for the use of advanced
fuels such as D He3 andp-B 11, as well as neutronic reactants such as DD
and D-T. In the D He3 reaction, fast neutrons are produced by secondary
reactions, but are an inprovenent over the DT 7b 1 August 2005 WO

02/ 062112 PCT/ US02/ 02854 reaction. Thep-B" reaction, and the like, is

pref erabl e because it avoids the problens of fast neutrons conpletely.
Anot her advantage of the advanced fuels is the direct energy conversion of
energy fromthe fusion reaction because the fusion products are noving
charged particles, which 5 create an electrical current. This is a
significant inprovenent over Tokameks, for exanple, where a thernal
conversion process is used to convert the kinetic energy of fast
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neutrons into electricity. The efficiency of a thermal;gogy&hahpn process
is lower than 30% whereas the efficiency of direct ener y conversion can
be as high as 90% O her aspects and features of the present invention wll
become anpa from 10 consideration of the follo tion taken
in conj unctlyogﬁﬁ%/vith t he acconpanying draw ngs. BRI EF&%E%@%%JJO\I OF THE
DRAW NGS Preferred enbodi nents are illustrated by way of exanple, and not
by way of Ilimtation, in the figures of the acconpanying draw ngs, in
which like reference nunerals 15 refer to like conponents. Fi gs 1A and 1B

show, re i . 0 negative
char ge. %%ﬁ&; 1;% a%d}%@(}nh%%%%lrlﬁﬁbﬁs%g?fgﬁ%% Bo Q%r%gar"ggg Itﬁeé’}l(tﬂlilc es in a
constantfaslﬁﬁgﬁﬁhscbmp‘lettéitrd 20 Fig. 3 shows the E x | dr| ft. Fig. 4 shows

the gradient drift. Fig ows an_adi apatic particle orblt in a Tokanak.
Fig. 6 shows Aﬂ"fhéfrﬁda%ﬂt@%)f th@ aﬂ‘éﬁnﬁ?dcﬁl%ls Bythg directensrey cpRYFHM ofEpEY 7 shows t he

the gt e AHLRERANED Efs BERRGLIGHAT (EABUAE claebd Bucie e | shove
di fmagnetdat sartbckies! cogem! Ehﬁnﬁmgﬁﬂémtun;ﬂmﬁmﬂmwkaﬂal&aﬁr Fi g 10 shows

the colliding beamsystem Fig. 11 shows a betatron orbit. 1 August 2005
VO 02/ 0Ezample,drre sshonad smpersiop srocess 7 useeltojppvastbokingticneigy P@@Pfy t he

magnet i I FRC. Figs. 13A
and 138%5{11 %,S %rt‘géig%t%pl ng;he%ﬁik ﬁ%fect%‘rl C g{ﬁ%‘éﬂhﬁﬂ shgestigl‘%&e 1on of the
ExB dri f3py, a@&%th@efﬁbzemyoféﬁect&feBg}adwvéxﬁﬁ;sdaﬂ:\uasmghdwﬁ% orbits. Figs. 15A

and 15B show the Lorentz force at the ends of a FRC.
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. 1A and 1B show, respectively, the Lorentz force acting on a positive and a

negative charge.

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

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




Figs. 16A and 16B show the tuning of the electric fiel electric
potential in the colliding beamsystem Fig. 17 shompéﬂg}gsg\t/z\gﬁ
distribution. 10 Figs. 18A and 18B show transitions frombetatron orbits to
drift OWJzﬁﬁﬂﬁe to large-angle, ion-ion collisi ons.PcF[i 2;,02%594 show A, B, C
and D betatron orbits when small-angle, electron-ion <collisions are :
consi dered. . Figs. 20A, 20B and 20C show the reversal of the magnetic field
in a FRC. 15 Figs. 21A, 21B, 21C and 21D show the effects due to tuning of
the external nmagnetic field Bo in a FRC. Figs. 22A, 22B, 22C and 22D show
iteration repyl t5a%a0 198 Bholy, PlspiRiBely, the S8enedSficld 3aBthe A6ationdeha3D show
iteration results for a DDHe' plasna. Fig. 24 shows iteration results for
ap- B" pkadieat drifiinBiFRC.25 shows an exenpl ary confinenent chanber. Fig. 26

shows a neutralized i eam as i.t is.electricall | ar.i zed, before
entering a éﬁﬂgﬁiaﬁﬁ?@ﬁ eFe.SP@P&‘?IY’il?e?lg"%écﬁ%@@}%ﬁg%"é‘iﬁ%f’ﬂg‘eneutraI i zed
ion beamag j1,.co ts plasma in a confining chanber. 25 Fig. 28 is a

si de vi gﬁ‘gcd’i’@&ﬁ?rﬁ&gf a confining chanber according to a preferred

enpodi ment  Ofio@ 134 A14B AHY TACREEH WrkirifdBits, 29 IS a side view schematic of a
confini ng chaﬁber according to another preferred enbodi nent of a start-up

procedur e. FFigs. 188 aghdF8 shoveihe LowhizBordost the aideof R Cat i ng the formati on of
a FRC. 91 Au 2 WO 02/ 0621 PCT/ L 02854 .DETAI LE SCRI PTI ON
OF THE PREFE%&%%%&B%@W&&W@%&%‘%@M&%@@% elg’gﬁ‘%"lé‘e"tgﬁgpr obl em of
anomnal o%gg(ﬁﬁ@ggggag{%teggth ions and electrons. The anonal ous transport
of ions 1s avol ded by "'magnetic confinenent in a field reversed

confi gur at i ofig(FREpwE aMeuehll distiytiethat the majority of the ions have |arge,
5 npon-adi abat.i ¢ or bi king theminsensitive tq.shart-wayel ength
f1ct uat | ongFlg?'n AEA@Q{E]E%B rsg%ﬁﬁ%s’gﬂgsn%%ﬁgtﬁ%% Or'@?s tﬁ&‘fliﬁ’gtflfséiufi gons . For
el ect rofh?ge—én@?e, 2n9sRLdigodst ansport of energy is
Figs. 19 show A, B, C and D betatron orbits when smafl-angle, eleciron-ion

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




avoi ded by tuning the externally applied magnetic flelp h 2 gg op a strong
electric field, which confines themelectrostatically in®a deep potenti al
wel | . Moreover, the fusion fuel plasnas that can be used with the present

confi negenth oBipcess and apparatus are not 10 limted I;C?Eﬁ% kgnic fuels

only, but also advantageously I ncl ude advanced fuel s. or a discussion of
advanced fuels, see R Feldbacher & M Heindler, Nuclear Instrunents and
Met hods in Physics Research, A271(1988)JJ-64 (hbrth Hol | and Ansterdam.)
The solution to the problem of anonmal ous transport found herein nmakes use

of a specifippTRAFE DES@RE*’I@OW THRPREFERREW EMBODIMENgSFRC. | n

particular, the existence of region in a FRC where the magnetic field
vani shes makésidesal fpoersichdter stobiehﬂw@rcrlﬂqm efsmemalountpanspirhifyr bothednsri ty of

-adi abatic | . B d Th Bef d bi th t d
L N A e
necessaﬁxxd&&eg@@lsaﬁtgﬁﬁ&oﬁ (R C) AR e Ak Mo BRALrP b 2B iondRavkQiige! 2 For ce and

Particle Orbits in a Magnétic Field A particle with electric charge g
mdvi ng mxt-tdlabahocnbttg', meking themringensttive tof sheftdvaBelemtbﬁmteatmsstha chwgece FL gi ven

by VXB FL e. FL ed. the rentz f as well as
all g hem%%‘?ﬂrlﬂ?f‘ badsperd §F st iogr A8 sl e int i Fofwog oL BIREYS | he

gaussi agyeigd 2%&% £4e bit&naﬂmpﬁedﬁsg}ieﬁaﬁaﬁ td elofp a%ﬂsng aiée&f‘ceﬁelcﬂepends on
the sign of the electric charge force is perpendicular to both

vel oci t whichronfimesthemi ed:ectroﬂhtd:allf‘mgde&wp@exmﬁbwelhd\dnmpwithe fusios B0 acting on
"a positive c |.oci t gtartlclelssownb the vector 32.

“The mgﬂ@?@@qﬁﬁtgwage%m dedyrgs tI°9“ e?—aie PrqgesARdiEp 3Pentz force 30
agj i ng Hﬁiﬁ@% RSRA N EAERRGChut hio 2dviHE %usl?%de%&@é@ﬁ@l& oP&T/ US02/ 02854

As expl ai ne the Lorentz force is perpend| cular to the velocity of a
particl élSClIS!hIUISOf adsanved)fuelsi seRi. Ebldbackerfn b Heindter,delanr frsirwreenitsendne di rect i on

Chat 5 Madndt e hescact Az aot i Bosh BUAGIRREE Ty 1 he ai roctton

of its vel OOTﬁe)’sohrﬁoH&&HG{)ﬂoﬁleM cﬁ"agoxﬁﬁdihs%béabf opghshdifiPmics ugfofd S5 particle,

but the magnitude of its velocity is not fected by a magnetic field.
specific magnetic field configuration, whmh is the FRC. In particular, the existence ofa
15 region in a FRC where the magnétic field vanishes makes it possible to ilave aplasma
comprising a majority of non-adiabatic ions.
Backeround Theory
Before describing the system and apparatus in detail, it will be helpful to first
review a few key concepts necessary to understand the concepts contained herein,

20 Lorentz Force and Particle Orbits in a Magnetic Field
A particle with electric charge q moving with velocity ¥ in a magnetic field B

experiences a force F, given by

= ¥xB
Fp=q

Y

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




Fig. 2A shows the orbit of a positively charged partic ' nst ant
magnetic field 34. The Lorentz force 30 in this case ?%dggﬁgpgﬁt I n

- magni tude, and the orbit 36 of the particle forms a circle. This circular
orbit 3¢.ddneakd ed a Larnor orbit. The radius of thepGifisgsihaks Orbit 36 is
called a gyroradius 38. 10 Usually, the velocity of a particle has a
conponent that is parallel to the nmagnetic field and a conponent that is
perpendicular to the field. In such a case, the particle undergoes two

si mul t aneous notions: a rotation around the magnetic field line and a
transl ation akefifaihéd, theRraefoic & fefiRndibultl o e elRityrof 4 gintcls tiesf es a hel i X
that follows the magnetic field Iine 40, This is indicated in Fig. 2B. 15
A parti @megpeticifield is spshie togkert forgedy Bielissetioned the partislegreldcityfitel d | i ne. The
number 0{9 r%c‘i)i ans travel ed per, unit tinme is the particle's gyrofrequency,
whi ch i ligasdroayNeryton's secapd gy &1 19 » thota magnetis feldss upplle to agpelediene mass of
t he parti.cls S : bfy L] 3 ' f a 20
charg edgg glihfe' lleglp gle;agj egt}oyeb E ‘tg‘g’/&‘ffgty': Av#@%c ﬁ%‘@ \?\H@ﬁi ﬂ/@ﬂ :ﬂllsésotﬂﬂ to%o nponent of

t he vel partitle, lnk tHehmagnitudd oflite velevifydnaitafected byoa inhgnetidgelét ic field. E X, 5
Drift and Gradient Drift 25 Electric fields affect the orbits of charged
‘particles, aBigskeahowsiheorgit oba pqsivelygharged parfidle ipsasioastant mERsts 44 points

t oward e ' I L | to the
ragnet | S0 47 FHEToreOoRE 3 iy e ROl 8 b GHREES MBI B0t 0 1 "2

“el ect r otheddrticleforrhdeciful e Skhivcgrealbr @bit 86 8cdallédoa Lir@btorih, Thowdivest when the
lon noves in the direction of the 11 1 August 2005 WO 02/062112

PCT/ Usofhesmguar orpit 4@ fsqalledrg gyweradivs 38t s vel ocity increases. As can be

appr eci at ed, [ [1S..; . i further be
sggn t hat , ag%:dc%jrqﬁ’l tﬁgv‘%lgm%%?géjﬁ{l%ggsl %ér@mé’%g%tféh%é ?’ﬁlgﬁev}nt? {ﬁealfa cerhgase as its
vel oci t field@as a cdfpdnest thetts pedpediedinetd diceibldyintshich £laee theipariicieel d 46, the

magnetic field 44 bends the . ) ) )
undergoes two simultaneous motions: a rotation around the magnetic field line and a

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

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

Q= s (2)
me

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

20 charged particle is givenby.
v
ar = h-j:' H (3)
where v, is the component of the velocity of the particle perpendicular to the magnetic
- field.

ExB Drift and Gradient Drift

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

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

11




5ion's orbit. At a certain point the ion reverses dir (;,Qiﬁ) begins to
nove in a direction opposite to the electric field 46?3 eﬁzfaﬁigs happens,
the ion is decelerated, and its gyroradius therefore decreases. The ion's
gyror ad-i('q?'ésozk@i i ncreases and decreases in alternatigQiysphiedy gi ves rise
to a sideways ?rift of the ion orbit 48 in the direction 50 as shown in
Fig. 3. This notion is called Ex Bdrift. Simlarly, electron orbits 52
drift in 10 the sane direction 50. A simlar drift can be caused by a
gradient of the magnetic field 44 as illustrated in Fig. 4. In Fig. 4, the
magnet i gefi;e B eftofty AL AL B UopAREiated e B0 AcElraRd by NE _TBGREL i C
field i.selin thgledﬁg’lllr%ce)‘}gii 0 fl156. Th‘(qakgigﬁlcreg1 ellg ’?Eee rra?ﬂdr?gét?%r?: fi}t{al d's strength
is dephfisde B¥  UNEndEAREbe RERHAL afordiR) © HoD3,[hSiohis @idBadiubRwiftr Om Eqs. 2 and
3, it follows that the gyroradius is inversely proportional to the
st r engt increhse dadts nelgeintdoes.fi el d. When an ion noves in the direction of
I ncreasing magnetic field its g%roradi us wll degr se becaguse the

S

Lorent z f or c&9 {hadends aeesleraind by phedlecis Geld 461he magpeltc bapdg the; hys

decr eas ,Fa(ﬂﬁ i S'eﬁtﬁﬁ | l; | [ | [ t : ‘
si%ge\'/vayg).§l ri E[ %&[t e iﬁjgir?@gar%l%(?tf{eg%&%sgﬂ?ﬁigﬁ |¢%%Hé§€1m88?ﬁ1ah®§eu%t lon s
cal | ed gpmeitetotthaklediic ficl®ds. EWaeat thisrhapyidns, ttse 162 iscetdlératied, ahdits opposi te

direction 64, Adiagbatic and _Non- Adi abatic Particles st plasma conprises
adi abat BEFopdie theredare degieage Jibaiqnes 33*591?(511&% thug m&m%md%bepra%%m he rmagnetic

1) AP OPREL  aRSe ol o S tgtdebe orDLL 06 o

an adi abatic ‘parti y a magnetic I ne 68. The

magnet i g, fnGh g, 8NeHis G qui b e eMotrén dBA5BE A A
non- adi aog‘{nﬁjé% a?t?@lsg&ﬁgéég ar%e%%@%r%ﬁ?@gi It ?ir(])es not followthe
nEgnet i the simetlitectiom8& and is usually energetic. There exist other plasnmas

that conprise pqop-adjabatic rticles, Flg. 6 1l trates a naqn-adi abatic

pl asma for tﬁémif‘g’ég“%f’a“}eﬁ@?%&gﬁﬁgmﬁ?@t %ma%eg%ééa% H%F“aﬁgéna magnet i c

field 72 . b deHScT B pdit toRafds i Badef. it foret 30 fol | ow

t he mgﬁ%ﬁhﬁlgﬁdﬁ}lﬁi nd;fg AR B August 2005 WO 027062112 PCT/ US02/ 02854

Radi at i aaghatic Beddsmsherdirptiomp. (Herigechspalithe mhgnetiafleld's esengthdst r omagneti c

~waves. The power radi ated y, the particle is proportional to the square of
Hre.

the chafgpict & Aeiseremepntl dptgin he Tigur
15 From Eqs. 2 and 3, it follows that the gyroradius is inversely proportional to the

strength of the magnetic field. When an ion moves in the direction of increasing magnetic
field its gyroradius will decrease, because the Lorentz force increases, and vice versa.
The ion’s gyroradius thus decreases and increases in alternation, which givesrise to a
sideways.drift of the ion orbit 58 in the direction 60. This motion is called gradient drifi.
20 Electron orbits 62 drift in the opposite direction 64.
Adiabatic and Non-Adiabatic Particles

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

25 depicted are those of a Tokamak.

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

30 follow the magnetic field lines 72.
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where e is the electron charge and Z is the atom ¢ nunpr..sfhepefore, 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
atom ¢ wyBee1{Z) . Charged Particles in a FRC Fig. 8 mliays2ids magnetic
field of a FRC. The system has cylindrical symetry wth respect to its
axis 78. In the FRC, there are two regions of magnetic field lines: open
10 80 and cl osed 82. The surface dividing the two regions is called the
separatrix 84. The FRC fornms a cylindrical null surface 86 in which the
magneti c fi ekghidMRi;sPRSmag N the central part 88 of the FRC the nagnetic
field does not change appreciably in the axial direction. At the ends 90,
t he magneti cAfmaing pivaclg radigins cleetremagneticvavse Bbd power eidiatedt i on.” The

magnet i i eld al.ona the er axi s./8.revekrses direction in the FRC, 15
TRan By e et if RS portEa Fhe LBl bkt RS Gl bR B 0 TR
(FRC) . lihefeieds thS Mlectidiechame Bed 7 & the bflicQiukivef] eThefefdrbFordabh ioflidr@ce 94 is in

the direction 96. The nmagnetic field inside the null surface is in the

di¥ ect i will beZ fiee clgeirdns hahiwilloedinte. Thetotad pewerradisted giotheseZecledtioanisz f or ce 30
acting on it. paints towards,the null rface 94. This is easily
appreCi'BEogﬂﬁ‘Bgﬁéop%’f’fﬁﬂ??\s& eatﬁ“l?léﬁlt@h%rg‘gij'rul e. For particles noving in the
direction 20CHfdsd raatldi@dh §FREAGNEtiCc, the Lorentz force always points
toward the null surface 94. This phenonenon gives rise to a particle orbit

cal | ed bet at¥ign® shows the magnpiec fifldefrd FRGE e wviem has gylinddeal Bswmetsh i on novi ng

in the directi .104 al.l ed t er di amagneti ¢.  The. ntz force in this
case poiwrlntilgf_’sge\‘ig?}) I%Sr%@h&ﬁﬁﬁﬁ%g&;feﬂ%%ﬁgﬁﬁ Og_%%gljr%ﬁ}o es.golp%s rise to a
type of sobki dlosed B eUhesuihtd divighpkHe twh ediéhsGESUEd e defanhoves, TIR di amagnetic
25 direction for ions is counterdlanagnetlc for electrons, and vice versa.

" Fig. 10FBRdornsa aylindyical nullrsmfhesr36|imyrbich die mpagastirfiddganidestlntles i n t he i ons’

di amagnet.i c. di rect.i.o . The ri 06 _i.s, |l ocat ed.arou the null surface
6. The oA ot FRITRE G esiual B 56 pon S o oM 8 e 106, T
conbi nagjrfiod AhthdBndsO6] 1BE Habhetic FiRRldogsk gfgeiaﬁiz%ﬂle&iiel, forms a _
magnetic field havi ng_the topology of a 3 (The topology is shown in
Fi g 8). dirgtionATapmesnedoteld ongthe gena exisF@TevgsoodicetionintheFRen beam t hat

BT on i P B et e BT RO bR ROk, e average.

In Fig. 9A, the magnetic field outside of the null surface 94 is in the direction 96.

The magnetic field inside the null surface is in the direction 98. If an ion moves in the
direction 100, the Lorentz force 30 acting on it points towards the null surface 94. This is
easily appreciated by applying the right-hand rule. For particles moving in the direction
20 - 102, called diamagnetic, the Lorentz force always points toward the null surface 94. This
phenomenon gives rise to a particle orbit called betatron orbit, to be described below.
Fig. 9B shows an ion moving in the direction 104, called counterdiamagnetic.
The Lorentz force in this case points away from the null surface 94. This phenomenon
gives rise to a type of orbit called a drift orbit, to be described below. The diamagnetic
25 direction for ions is counterdiamagnetic for electrons, and vice versa.
Fig. 10 shows a ring or annular layer of plasma 106 rotating in the ions’
diamagnetic direction 102. The ring 106 is located around the null surface 86. The
‘magnetic field 108 created by the annular plasma layer 106, in combination with an
externally applied magnetic field 110, forms a magnetic field having the topology of a
30 FRC (The topology is shown in Fig 8).
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angul ar velocity of the ion beam Collisions between i hi ferent
“velocities lead to fusion reactions. For this reason, Pgﬁgﬁ%eg@m beam
| ayer 106 is called a colliding beam 5 system Fig. 11 shows the nain type

of ion Qfhbeni @ colliding beamsystem called a [rhalspapsarbit 112. A
betatron orbit 112 can be expressed as a sine wave centered on the null

circle 114. As expl ai ned above, the magnetic field on the null circle 114
vani shes. The plane of the. orbit 112 is perpendicular to the axis 78 of
the FRC. lons in this orbit 10 112 nove in their diamgnetic direction 102

froma startiigoRelat wddBrmsillc biind Ry 100 B EAe:BRY IrefiftBe, 0 MOLI ONS: an

oscillation 1n the ra ecti1on {perpen ufar to the "null circle
114), arédoditid¢srodttzliadsiform aMamyeli Bistributidn iaiarfalee rathting dFitlg.avérdge i s a graph of

the magnetic field 118 in a FRC The field 11{8gii derjved . using a

one- di mB#SHa NePCiSithe 19k beaw- nprilsionsbstvsen ipng e gs‘é‘iﬁm’ov«?"’&%c? Wa‘i@nj unction
wth 1 r . I ' | B I q he graph
represen ESOQ? ﬁ&gﬁ%&s ?‘éﬁé"es %%o%%ﬁl%%n@&eg&@ 8?719{6'?11?%%%&5@? gﬁ%g.mﬁrhe magneti c
figl d igystem.ki |l ogauss. As the graph depicts, the magnetic field 118

vani shes at the null circle radjus 120, As_shown in Fig'qaf{é?’ a particle
movi ng near YiBellfhpws iemeaintyip pf i08 abits ing eodiiding beamosyster, dragnetic field

poi ntin : t | BT {RGE ] ' ' out si de the
nul | ci rgect e |Osﬂfngg% ‘l\b/\ﬁ?t?ﬁe‘ﬁnt%glﬂr{agneplggxqr%g%dﬁ?%glﬁye&?&%%ﬁ% (fr&g?rcl e is 124.
The di r ggll tiedle DIf4. tARexplaedd shtive dhé inbgrietic fiéld o tHayhullkircle Db eanppheduct B x VB

where VB is the gradient of the magnetic field; us, (it can be

“app Ei eci %@ﬂ?}iﬁﬁféﬁlﬁmfw hi? isperpendipnlariicihe axy F%Of@gggtcp hensdg ﬁhésd’t;blbn ﬁf the
< o L1 blsin fibin b iU AR AT Sbein bEGEL6” Bn ETET (12 TN 18

el ect ri pethird il R tivd nvtibiTan dfdiakbeindthd A0ial diredten pehendicilar to the
one-di mensi onal equilibriumnodel, to be discussed bel ow in conjunction

with t nell eirdotid).end o trenslatioa slons the il sirele l 1% ont al axis of the graph

represents the djstance,i ent | f, ks L8, .4qThe electric
[rRavem vhE ag’@’*‘t"ﬁﬁ”@’?*‘%ﬁ%ﬁ Icszltsé%”%%{?é%g?éﬁc%d%g&fqeg?’e 130 vani shes
cl ose t gsihhg oidlimesdidral Squila@iutismdd) to Bdidcusied belowah) OmjunéidDRHR 62112
PCT/ US02/ 02854 As shown If Fig. 13B, the electric field for ions is

dbtonf i therthgory of theinwensioandye harizoniak iis of thel sraphrenyessnts #e distance ithe magneti c
field, %gnﬁ%% e(r)sr_ ffom ithse Pll{b %mhéa 7?9 | fh%%ggﬁé}?c efifis g}?ﬁilogauss. As the graph
depicts, the magnetic field 118 vanishes at the null circle radius 120,
As shown in Fig. 12B, a particle moving near the null circle will see a gradient
126 of the magnetic field pointing away from the null surface 86. The magnetic field
20 . outside the null circle is 122, while the magnetic-field inside the null circle is 124. The

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

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

_ centimeters from the FRC axis.78. The electric field is in volts/om. As the graph depicts,
the electric field 130 vanishes close to the null circle radius 120.
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It can be appreciated by applying the right-hand rule irection of
the Ex Bdrift 1is in the diamgnetic direction, V\hett]g‘?%%%gg(l)gn i's

outside or inside the null surface 136. 5 Figs. 14A and 14B show anot her
type of weapmpierbit in a FRC, called a drift orbit pkdfgodsgis orbits 138
can be outside of the null surface, as shown in Fig. 14A, or inside it, as
shown in Fig. 14B. Drift orbits 138 rotate in the diamagnetic direction if -
the E x Bdrift domnates or in the counterdi amagnetic direction if the
gradient drift dom nates. The drift orbits 138 shown in Figs. 14A and 14B

rotate in thes GRORG! i, skfucilerd AR idR% dobiEnfenh bhifig ol Nt 116 A

drift orbit, as showndn Fig. 14C, can be thoug Il circle

r ol | i ng fimuethe nall swfaat 132¢13¢. Themegnetic ficldeas bEfoee, $ainlilie ditectivhe 124 P24spi ns ar ound
its axis in the sense 144. It also rolls over the big ciircle 146 in the

di r ect i dhcan(®. apiiieciaied by applyios thi ighttrand enle thattba dizection pfthéd Esi Bridrifir to 138. 15

Figs. 15A and..15B show the directjon of the Lorentz force at _the ends of a
FRC. 1 A P cisrapnotdlresion, SHERGEE R ARG PE A C TSGR A3 1 eot i on 102
- wish a vel ocpfpy lhﬁaand'l@B%JW%ﬁIekﬁrtpfﬁg%cﬂmﬁéporbith&ﬂ(b,%ﬂeﬂ%ﬁﬁ' ated by

appl ying the right-hand rule that Lorentz force 152 tends to push the
i on baclrhiik38. Dt erkit 138 ced beduwsidabftheedudl duifaeesas shoiwn ilig. 14Aser, t herefore,

Shown gkl FPHOHE TeBientif drrihrdiied ol n 69 ity FeoBRGERy 148 [ n o
that t ne® LBt dorpgetsriEHe paualBhasshs ieite FOIF st o8E T egion of open
field | idp@fates."The Uk 6:83€138 RSN LITNSs. 140@nd 14 RRAZinfilY Gifindkadid S deconfining

for the ions. 25 Magnetic and El ectrostatic Confinenment in a FRC A plasm

| Wer 10Begiond0l-frgm sta@jnggwint BES.f ormed in a FRC by injecting energetic ion
beans around,t nul | surface. 86,in the. di amagnetic..direction 102 of ions.

(A et at | ARt e e TaFier e HERRRATOER BRI TR and pl aoma
reng f0|a|r6m§velyhﬁ%géﬂ’ci}clé.”1“ﬁe|%ﬁlaﬁ'c{rélla'|1412 sk bR IR axiddAhie el 143D Of the ions
have betatron orbits 112 (see 15 1 August 2005 WO 02/062112 PCT/ US02/ 02854
Fi g. 11}plsosnlls owersheybigicirele ddlindhedireotioralil2a e peint 140wvdll tededy spaceai nsensi ti ve
to short ve eﬁgf# fluctuations that cause anonmal ous. transport. Wile

st udyi n§?® S'ﬁ"‘Lg ayer 106 in equilibriumconditions as described above,

i {5 Figs. 15A and 15B show the direction of the Lorentz force at the ends of a FRC.
In Fig. 15A, an ion is shown moving in the diamagnetic direction 102 with a velocity 148
in a magnetic field 150. It can be appreciated by applying the right-hand rule that the
Lorentz force 152 tends to push the ion back into the region of closed field lines. In this
case, therefore, the Lorentz force 152 is confining for the ions. In Fig. 15B, an ion is

20 shown moving in the counterdiamagnetic direction with a velocity 148 in a magnetic field
150. Tt can be appreciated by applying the right-hand rule that the Lorentz force 152
tends to push the ion into the region of open field lines. In this case, therefore, the

Lorentz force 152 is deconﬁning for the ions.

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

below.) In the circulating plasma layer 106, most of the ions have betatron orbits 112 (see
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was di scovered that the conservation of nomentum inpOSEa,gydi9h@y i on between
the 5 angular velocity of ions w, and the angul ar velocity of electrons we.
(The derivation of this relation is given below in conjunction with the

theory @b blg@iinvention.) The relation is we = w, WiehRistREBs - (4) L no
JmcInEq. 4, Zis the ion atomc nunber, m is the ion nmass, e is the

el ectron charge, B. is the 10 magnitude of the applied nmagnetic field, and
c is the speed of light. There are three free paranmeters in this relation:
t he applied magnetic field Bo, the electron angular velocity co, and the

i on angg.afyV. i [ 1 i, KRR e ¢ Lhird can be
determgﬁgdﬁ)*fa?%)%é eﬁc’?ﬂ g?&ﬂ%ﬁ%&’%ﬁ%gﬂﬁggﬁayer%&?@ ornmed by injecting
i on beawsvelangth flubmatrdi€that bemse ddormmahgstransparel oci ty of ions co, is determ ned
by the injection kjinetic¢ energy. of the beam W, which js_given by

We2m V2=2m ibil Yifgey @smﬁay_eré\%-la,eq\}m g gondition,as deseribed fayeatbl ocity of

| ONS, s dishol 1S GHEhOLILyAHoR QR ibOS o rditntuleS b adi us of the

Inetic energy o ctrons int 0 beam has been
| gnor edalyamaiderity/deiopk erdudahe ARERr V@oditg offlettrons el | @he HBBatiddef i.on mass .
For a fixed injection velocity of the beam (fixed w, ), the applied magnetic
field Bhisrelationje givembelow in eonjrmctiinf wigh the theoryl of e inventien. hthe whtiab nabl e.  As
wi |l be,_shown, tuning the external magnetic field Bo also gives rise to
di fferefit values of the electrostatic field inside 25 the pl asma | ayer.
This feature of the inventiongis |hlustrated 'g) Figs. 16A and 16B. Fig.
16A shows three plots of 4 ke le&qji,whérbqbp: volts/cen) obtain@y for the
sane injection velocity, co, {= $£,35 x 10' s'mc¢but for three different
val ues of _the_ applied magnetic field Bo: 16 1 Auygust 2005 W) 02/062112
PCTI SOy Rsip 8541 Bieden gl wh%gh@tt{wcwp ey @ (g éigqﬁé’etcﬁ%ae, EnBibar vel ocity

(1¢e) %églﬁgde: ofthe aﬁ;ph% fﬂa&eﬁc ﬁel&,Sagd B3 e gﬁ:éié&;of"@? PiterdatOttiee free
parameters in this relation: the applied magnetic field By, the electron angular velocity @,
and the ion angular velocity @, If two of them are known, the third can be determined
from Eq. 4.

Because the plasma layer 106 is formed by injecting ion beams into the FRC, the

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

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

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

veldbity, @, =1.35x 10" §*, but for three different values of the applicd magnetic field By:
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:

158 Bo 15.5 kGwe = 1.11 x 10" s' The values of co, inaugestabste above
were determ ned according to Eq. 4. One can appreciate that co, > 0 neans
that 20 >w, in Egq. 4, so that electrons rotate in their

count er NQimgnez i c direction. Fig. 16B shows the el ecrarmsopossenti al (in
volts) for the sanme set of values of Bo and we. The horizontal axis, in
Figs. 16A and 16B, represents the 5 distance fromthe FRC axis 78, shown in
the graph in centinmeters. The analytic expressions of the electric field
and the_ electric potential are given belowin conjunction wth the theory

of thelinventi These |expr.essi on stirongly on_we._ The above
resultg can beﬂg&pl ai ned %&‘hg%ﬁ&éﬁﬁﬁﬁg@ﬁ‘g"gl gr%??%&g?n%l?é?{elf’ﬁg’qa@ns rotate
in the|diamagnetic diredtion,. the ions are c i i t he
Lorentz 10 foyse. This |yasspows in Fig. 9A | For.electrons, rotatijng in
the safe direction as tHe'ions, the Lorentz flofice is in the opposi tie
di r ect iren—se—that—eleetro wotH-d—het—be—e6 } : | eave
the plasma andlséas a regB, 588 pl us of posfijivesphaigelis creatjed. This
sets up an electric fielld that prevents other| el ectrons fromleaving the

pl asma [~ Thedrrectionandthe nmagni tude—of—tHis—etectr+ec—f+etd;—n
equi liBrium 815 deterd,mdd-J¢Et he conser vatdenl.of xmoEnt um The |rel evant
mat hemgti cal details arg given belowin conjjunction with the theorly of the
invention.” The electrostatic freld plrays an essential role on the transport

of Dot higk hdsany, At tzhRUBoyAREO B M 0o h SR ANDagERECT Of T S

invention is that "a strong electrostatic i's created inside the

pl asma  bpptediatd B8 o hemeRgnhd 0je &fin Bhids sehacddcrsisablat iheld i s 20

control l ed by the val ue of the afﬁgl ied magnetic field Bo which can be

easi | y &enipsdiarmagnegic dixgstion. fég, 16Bisbows the eleetsic potewtial (invallts) fordlnf i ni ng f or
electrons if cp,.> 0._As,sho in Fig..16B, the depth of the Il can be
i ncr eas SHPGG ‘?ti)}'ﬁ}“ﬁ@oﬁ%émgﬂ’pl Oﬁ‘ﬁ%%ltai’“é=lfliFéﬂsdP6Aﬂ“dll 6%@8%"?3“2‘0%% WO

024 0621 §2:RET dﬂ?ﬁﬁlﬁ@a@ﬁfs 8B ccant r; : egi on near the null
circle, the efl{rectrons a m?a?%orﬁégﬂ%%@Il?&n\g%e%gggﬁégﬁﬂ#g%r efore, electrons
r es pond expessions ¢i-healettbnfdlh add the tleaitic poientisd irb ghven below imbomjisiciiod ast
diffusion rate. This diffusion, in fact, helps maintain the potential well
once théﬂth@izﬁ%WW@%@m@mtmcﬁ'hﬁeemressmsdmncg$mglatonic@ns, bei ng of nmuch

hi gher ener | eave th | asma.. To. mai ntain char uasizneutrality, the
f usi on pr odg?:{l%esa%%esrtwgtﬁ Ic?uebegefxglzaneg ) r’?e Slfﬂgoﬁ‘flg%ﬁgﬂ%aﬁﬁlqnﬁem mai nly
taki ng tdige Bl BEdiEMAGCHE OMRCtibE (B3 10hPHE coifinbd¥@agnetically by the Lorentz

10 force. This was shown in Fig. 9A. For electrons, rotating in the same direction as the

$ O

n
T

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

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

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

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

As explained, the electrostatic field is confining for electrons if @, > 0. As shown
in Fig. 16B, the depth of the well can be increased by tuning the applied magnetic field
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plasma | ayer. The density of electrons at the surface ofAdghe 200asma is very
|l ow, and the electrons that |eave the plasma with the fusion products nust
be repl aced; otherwi se, the potential well would disappear. 10 Fig. 17
shows awWméaellit an di stribution 162 of el ectrons. Onl pcwesoyomser geti c
electrons fromthe tail 160 of the Maxwel| distribution can reach the
surface of the plasma and |l eave with fusion ions. The tail 160 of the
distribution 162 is thus continuously created by electron-electron
collisions in the region of high density near the null surface. The
ener'get if; Bkesptfoomsergmadrdw tegiod nearsheinill gneleptha diettsons abwdybhivearnmail| ous

di ffusion perm 15 themto reach the surfac ast .enouygh to accommopdat e
t he dep&?”fo%’é)“f ﬂ’@?’f& r?at“%&%@ls I@BW&{.]"O S%T%WEY‘FL?@@{ Hetuaf syt | ose their
ener 0y AGERChAOrbRRRIGHe! Fhis WhlsioRNH LN Waldh i energy.
Al t hough the esiﬁg%trons can crosss tSIé) ’magne’fhl @Smag%éﬂrﬂ{gﬁ)ioﬁwﬁwgge to
“anonal owsce thafusivortactiamaenvalso ke fision gyodhasessbdimud niveh hégheneaegtgd because

liftle ener |s transported. 20 Another consequenge of the potential well
i sg a st Wﬁ%é’iﬁsﬁnﬁg&?@@ gogprasty @H‘i%ﬁ?%mﬁprpéu%q mstavl t o evaporative
000! 1 NG clebbns SPIMhSpladufl wittPdhgh, hnGMARA! B Siectidns gﬂg@&% RERssRRRS €d the

| at ent heat of vaporization. This suppli1e remaining liquid
wat er apbisieh&ysi (The demtity of efectionsmt tdsucfacd dfein flivarariaiergbow,and they to a | owner

tenperature faster than the heat transport processes can replace the
energy. e%f"ﬁ‘?qszlﬁttf?fw p plogma g%"é‘l‘%?nﬂrﬂ&cﬁd{“é‘ﬁ?‘? weplageds ptherapserthe s equi val ent
to Watei)bt%ntlia?%ﬂtwohﬁaéisag eayaporization. The electrons supply the energy

required to ascend the tential well by the thermalization process that
r &0 suppl i es Figeleshowsy Mexwelian Matibetion 162idf elsctrdnhaOnlyheryedneetions can

escape. ., The therpmali Il on process,. thus results in | ower el ectron

t enper afl§FEons fom bggFaﬁlzl%hE’ﬂﬂw F"Sﬁ ﬁ{SH’é’Ht‘%'ifmﬁ%aﬁﬁ thes ?%@@%P?aﬁ@éause of the
mass di LfEleeneH i errgoti ; t ﬁ‘%ﬁﬂ transfer tine
from pr otor?s isﬂg%%%ﬁj%%oo ti ng??igggdlgﬁgﬁ&{ﬁhlggzﬁ%ﬁcﬁgn %yl August 2005
WO 02/ 0ézated bpeldéidpeddcban bellisivmsedn thelregiorn ofdigh density nEai the aulbsurface. mechani sm

al so reduces the radiat]j. | oss of electrons. This is particularly
i mpor t affe FIsFEets slarizony stpl,ggqvg,asm@ggropagmsaspi apQsaalens diffusiogpruitsed by  f uel

| NS Wi iHanth QElcR tHRWHRSYe f%?e%oggﬂ Q%c@dn%ﬁ&da%@&ép‘égﬂl%%%ﬂoﬂr&ﬂw?i}ﬁ?.Ct s ion

transport. The mpjority of ticle orbits In pl'asma l'ayer 106 are

bet at r odheerdzrgetic dle@ronk fosg helrmgérgy ecbiding thepoteritiabwveli and leave hithiverys
littie energy. Although the electrons can cross the magnetic field rapidly, due to

anomalous transport, anomalous energy losses tend to be avoided because little energy is
transported. 7

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

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

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

30 protons, the energy transfer time from protons is about 1800 times less than the electron
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with scattering angles between 90 and 180, can change aAbguabpom orbit to a
drift orbit. As described above, the direction of rotation of the drift
orbit is determined by a conpetition between the E x B drift and the

gr adi enwadrieéx12 |f the E x B drift dom nates, the drediusozdmsss rotates in
the diamagnetic direction. If the gradient drift dom nates, the drift 10
orbit rotates in the counterdi amagnetic direction. This is shown in Figs.
18A and 18B. Fig. 18A shows a transition froma betatron orbit to a drift
orbit due to a 180 collision, which occurs at the point 172. The drift
orbit cHisepalizationtyng. okhit eoofing mechanismslsg medures thexadiation loss dfslsottens. the t x B

dri k domgha - L, . r 180 coll.ision, but, in.,this case the
el ect rors’i;'h[él]sta)lE E%‘F@%ﬂg’ @%@E‘g}%@ﬁgﬁiﬁe‘glﬁ’aﬁ%ﬁa&a 'ni ]PSS(%?ﬁe ﬁgﬂag%eﬁ hYhe drift
orbit 1fel uswithh@h@sninibel & count er di anagnetic direction. The direction of

rotation of the drift orbit deternm nes whether it is confined or not. A
particl e moviflgciosiatinfild aleg affactsiipn trangposto Thewsjarity oEpagisle grbitsinal | el to the

FRC axi g, ' i t es t.h rticle to go.fr one .end of the FRC to
s o hﬁ'#e,PT%@aéavF‘reTfs\O&l’afe %%“Ps"fblﬁéﬁ% Fafe fagld gAiviqus, YAty Gollisons i ¢ 11 e:

thus, thethdedtblingdmpies Setiveardneand 88, @h chii@e kBétatrdh GbR® 4 drifFor8f. t he order of
the transit tine. shown in connection with Fig. 15A, the Lorentz force

at the Aadescrikedabaye, fieriredionyf fatation of the dofiiprtitis detemminedpyian t he di amagneti c
direction. After a transii time, therefore, ions_in drift orbits rotating

in the egurftiipwbewesniee Ex B drifand thesradicat dride t1f thehf x Bpdrfhdnminges, account s f or

a | oss ' | Lch s expected t.o 25 ve exist in all FRC
experi n{eﬁﬁtcta gﬂ%kbﬁmfo gac{s,‘ﬁﬁﬁ%%aﬁgn%&ggggﬁoﬁ'e ggﬁ%g@gﬁ@@g}ﬂ%p,&ﬁeﬁﬂqf of the
Ly 1 ent obitdothideinghesduhRABark@hblicHrebi®. Thikes sHadhlin Figs. tshese 18@Nndi tions the
electric field inside the plasma was negligible, and the gradient drift

al ways BignlHashews eiiwangition fBord aibptairon gsbit toes, drift orbit idue trd ¥80° enllions pr oduced by
| - I, S | . a t i t. tJ . Th ' t
oport oief o e Wl 154 cutethin el Pt OB i FomagbBiRG: 1 Ba by 30

| I Cay ' ' [ . t, 2005 VD 211
b UsoBr RS Rs CR L B Bombaied RO pOV o BF O S« 5 a1

domi nat ishis base Siccicaottatil fidid is wedld thd the prdéibdtidriardoirifatdsO TR @rift Brolthe
di amagnetic direction. This was shown above in connection with Fig. 18A

ViRen t hiwgroitesiin Sheceunierdiamageatig direftionhe FRC, they are reflected back into
the region ofn e 88k of ksthefbn o R Hritortif Setdr bRl Whethd i cottildF or A078Y " EMRI N
A particle moving in a drift orbit will also have a'velocity paralle] to the FRC axis. The
time it takes the particle to go from one end of the FRC to the other, as a result of its
parallel motion, is called transit time; thus, the drift orbits reach an end of the FRCina
20 “ time of the order of the transit time. As shown in connection with F1g 'iSA, the Lorentz
force at the ends is confining only for drifi orbits rotating in the diamagnetic direction.
Afier a transit time, therefore, ions in drift orbits Totating in the counterdiamagnetic
direction are lost.
This phenomenon accounis for a loss mechanism for ions, which is expected to
25 have existed-i;l ali FRC exféﬁments. In fact, in these experiments, the ions carried half of
the current and the electrons carried the other half. In these conditions the electric field

inside the plasma was negligible, and the gradient drift always dominated the Ex B drift.
Hence, all the drift orbits produced by large-angle collisions were lost after a transit time.
These experiments reported ion diffusion rates that were faster than those predicted by
30 classical diffusion estimates. |
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5. confined in the system The electrostatic fields inilthguadobsdi ng beam
system nmay be strong enough, so that the t x J drift dom nates the
gradient drift. Thus, the electrostatic field of the system would avoid
ion tramap@os2iy elimnating this ion | oss mechani smpowmssboisse sinmilar to a
| oss cone in a mrror device. 10 Another aspect of ion diffusion can be
appreci ated by considering the effect of small-angle, electron-ion
collisions on betatron orbits. Fig. 19A shows a betatron orbit 112; Fig.
19B shows the sanme orbit 112 when snall-angle electron-ion collisions are

consi der ed 1#4herdisG sirdSfel8dtuatid i, PP E P lriftidomink@Bi{cdaeghigor a tine
that is longer by a factor of ten 176; and Fig. 19D shows the ’orbit of

Fi g. 1gandﬁtb|dnﬁlednfsaatawmtheré1amag@,eapdn:scuby Ehlsau@sshomtfabowanty 178. It can be

een that the ta tro or bi t due to
:mal | - afgTEe méllvgﬁ} 15 ‘T’ng’g’ reaﬁb&i@ SOfElWeF%ﬁgﬁqyngdeuof their
radi al  r&Refel bﬂﬂdlﬁ‘lﬁ%élreg\ﬂﬁ of\éléééd tibi0%ined By, the Ebrentz 16rc® rtﬁis}iﬁeysﬁaﬁ’l In Figs.

19A to 19D fatten out wth tinme, which’indicates classicdal diffusion. 20
Thzory ofnfinedintheeystaoon For the purpose of nodeling the invention, a

SSZSFLM”E:?:P % c%eht%ﬁ%éeléfsggﬁe?céh@@g%pw%gﬁﬁ A %ﬁtﬁis“nifhi?d
S‘;rfia@h%ﬁ?)?wées s R aBtehi. diuS o t%{:’?eﬁéﬂpf%?ép%%%d the
el ectri Qvoﬁﬂ%@&ﬁhﬁiﬂarﬁﬁor?&%lﬁﬂhﬁtﬁ:g'ﬂﬁé Mﬁme%l:hagfsﬁaswmcﬁqs feligiHal s valid for

a plasma fuel with one type of ions (e.g., in a D Dreaction) or multiple
types 0108$m11(@nm9rd§1i¢¢ D-He', andp- B" VI asov- Maxwel | Equatlons

ilibrium tlonsf artlcled and the el magneti c
ER DT ORGS0 00 SRR ) b B SRS 2
VI asov- Maxyedde, %Rb%ﬂ féﬁ%olh%gnslom%éﬁ%ﬁ o HOOF; V?:@ﬁfo%%%@t&tr@ $h{S02/ 02854 e
fi+(P-V)fj+ "+cxB ) E=-~ a~g 4dx Ze) Jvfjdi + 1 aB
(7) cCt 12; &ig. 19B shows the same orb1t 112 when small-angle electron-ion collisions are
considered 174; Fig. 19C shows the orbit of Fig. 19B followed for a time that is longer by
a factor of ten 176; and Fig. 19D shows the orbit of Fig. 19B followed for a time longer
15 by a factor of twenty 178. It can be seen that the topology of betatron orbits does not
change due to small-angle, electron-ion collisions; however, the amplitude of their radial
oscillations grows with time. In fact, the orbits shown in Figs. 19A to 19D fatten out with

time, which indicates classical diffusion,

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

Viasov-Maxwell Equations

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

'FRC are obtained by sclving self-consistently the Vlasov-Maxwell equations:

20




V4=47tYei Jfjdv (8) 5 VB=O, (9) where j = e, i and i FHAugdst-2005for
el ectrons and each species of ions. In equilibrium all physical
guantities are independent of tine (i.e., a/lat = 0). To solve the
VI asov- Maxeabi112 equat i ons, the foll owi ng assunpti ons mMgusappeeXi mati ons are
made; (a) Al the equilibriumproperties are independent of axial position
z (i.e., alaz = 10 0). This corresponds to considering a plasnma with an
infinite extension in the axial direction; thus, the nodel is valid only
for the central part 88 of a FRC. (b) The systemhas cylindrical symetry.
Hence, all equilibrium @g¥ppe rt es eo[ not; nd on 0 (i.e., 5/a0 = 0). (c)
The Gauss |aw, Eq. 8, iS.T® Ig od v Btine a_§j Aeutrality cond@i on: 15
Ziniej =0. By assuming |‘?{f| nite axffat exfte of the FRC and cylindri cal
symmetry, all the equilibriumproperti %E wi || depend only on the radi al
coordinate r. For this reason, tsjmgjjzgqﬁj i brium nodel discussed reinis
cal |l ed one-dinensional. Wth these assanti ons and approxi mations, the
VI asov- Maxwel | equations reduce to 20 (v V)i:'b‘l E vyfj+ ej wxb]v,fj=0
(10) m mc VxB=4C Y, ejJiyjgi. 2 I%ﬁ (12) 211 August7)2005 WO
02/ 062112 PCT/ US02/ 02854 Rigid Ro&or/Di'strichgt i ons To sol ve Egs.
t hrough 12, distribution functions rrust be chosen that adequately descri be
the rotating beans of el ectron;sm dE;mﬂ' fildv a FRC. A reasonabl e (ghoice for
this purpose are the so-called rigi of distributions, which are
Maxwel lian 5 distributions in a uni f_prm y rotating frame of reference.
Rixgid rotor di stributions are furiB efis of the constants of not(®n: 3 /
m 1B W éfje S, zafnd\z r_ %or eled cgng)ag Ealcﬁ spemes 0} ions. In equilibrium, all

physical quantities are independent of time (i.e., /8t = 0). To solve the Vlasov-Maxwell

equations, the following assumptions and approximations are made;

(a) All the equilibrium properties are independent of axial position z (i.e., &/6z =

10 0). This corresponds fo éonsidering a plasma with an infinite extension in the axial

.direction; thus, the model is valid only for the central part 88 of a FRC.

(b) The system has cylindrical symmetry. Hence, all equilibrium properties do not
depend on @ (i.e., 500 = 0).
- (¢) The Gauss law, Eq. 8, is replaced with the quasi-neutrality condition:

15 Xine; =0.

By assuming infinite axial extent of the FRC and cylindrical symmetry, all the

equilibrium properties will depend only on the radial coordinate . For this reason, the

equilibrium model discussed herein is called one-dimensional. With these assumptions

and approximations, the Vlasov-Maxwell equations reduce to:

20 G-V, +-LE-V, f,+ L[5 x B V,f, =0 (10)
7 mj mjc
veB=LY e [ (11)
¢
Tnse, =0. | (12
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where nj is particle mass, v is velocity, Tj is tenpergaiupgst200640) is
density at r = 0, and W is a constant. The constants of the motion are 10

j =- vz +ej(D (for energy) and Pjb = n (xv,, - yvx )+ ej 'F (for canonical
angul ar wooomssiimar), ¢ where cp is the electrostatic padremobedssand "F is the
flux function. The el ectromagnetic fields are E, =- a(D (electric field)

and 15 Bz = (magnetic field). Substituting the expressions for energy and
canoni cal angular nmomentuminto Eq. 13 yields 3 m ( 1z m 2 xrl (14)
frtr'vd-(21tT.) nj(r)exp{-2T. jv-w where 20 ~v-ujj Xxrlz (vX

+yW y+( vY- XxWR]gld Rotor Bidibuiiéns) =nj (0) expli-- [€j (0 - ¢"WI- wr2J}. (15) | |
J JJJ 22 1 August 2005 WD 02/062112 PCTI|JS02/ 02854 That the nean

vel ocity in EfsolyeEgss 16 thiengh 42 fiskibusion finstonsanusbbe ¢iosaaghati se to t he nane

rigidr ] (I Y a RRI ecCi that t choi ce of
o d ¢ aiharseactipe s dho o Pl Rl wAREIF L ERE. 1 Rheoble L Fre i s
j usti fi ehoibeRatsepurpre alie SV A6 rdidtdistriisidibhs; WicklaRSDxveelRg@uUat i on (Eg.
10) are rigid rator distributions (e.?., Eq. 14). A proof of 5 this

%@} arenge. Riged roboir disiributiorts akd asov' s

assert i Sistrioutipasis o uniiprody rotafiag faea of wiarenss _
equat i O?un%&&iso%@ec%ﬁstén@sé fot%‘og:r mof a drifted Maxwel | ian:
3 :
- m; |2 &~ F;
SV )= (0 R E '
£r.%) (2 T ] n,( )GXP[ 7 (13)

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

is a constant. The constants of the motion are

my
10 £ —-2—v +e,® (for energy) and

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

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

fields are
E = _%® {electric field) and
or
15 B, = 10% (magnetic field).
. r or
Substituting the expressions for energy and canonical angular momentum into Eq. 13
yields
3
NERE m; o
f_,.(r,v)—(zﬁ}J nj(r)exp{—--é?jIVuaner . (14)
where
20 o (iﬁ'-—a“)jxﬂz:(vx+ya)j)2+(vy —xa}j)z-l-vf
@; m
n,(r)=n,(0)exp L e, 0-—L¥ -—Lalr? L, (15)
‘ T, c 2
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I3 rr [ @ filYw=[2(r)]2T)exp[__mar) v-ul ~r~I (16) Aukstloose., a
Maxwel | tan with particle density ni (r), tenperature T, (r), and nean
velocity wul (r) that are arbitrary functions of position. Substituting Eg.
16 i nt owtdw/osdiesov' s equation (Eq. 10) shows that (adctidweiesgperatures TI
(r) must be constants; (b) the nmean velocities u! (r) nmust be uniformy
rotating vectors; and (c) the particle densities n! (r) 15 nust be of the
formof Eg. 15. Substituting Eq. 16 into Eq. 10 yields a third-order

pol ynom al equation inv : ' / nlyv-u.j mwu)Z lnn )+ (vV)i.+

(v0) 7. . Thatfhe imeddiTelocity in Bql 1&{sva-uthiforralg- r{atum@ X(e\ltotlgl)!ed}lse to thehaei ng terns of
Ilkeorderlnvyleldsl\% +Ti WWU' | Tz ui ~vVTj ~. .

+vV( | nnigid 1ot Qg ofi sk eﬁﬁﬁca{l)y mﬁlataﬂrfltféﬂclwlcepfélgldmen@iﬁmbumr@ﬂ Ti TI
CT1 23 Tt 2005unc00: 074 B0 T PREL OGRS o Bl POl yrom 2

equat | on to clrent of
vani sh. sdtiséy Visdv-equadion (B ua) drofigiiretotldishiBution} (. JapILRm prooﬁofT he

seg:ond_ %Léjgsrseﬁelgnut%'iﬂ)gg gives |’ N aux auy aux vx ax ax ax
We require that the solution of Viasov’s equation (Eq. iO) be in the form of a.
drifted Maxwellian:

3

£,:9)= [2 m)) (e p[ oA u,(r))z] - 1)

10
i.e., a Maxwellian with particle density ,(r), temperature T)(r), and mean velocity
u; (r) that are arbitrary functions of position. Substituting Eq. 16 into the Vlasov’s
equation (Eq. llO) shows that (a) the temperatures T, () must be constants; (b) the mean
velocities #, (r) must be uniformly rotating vectors; and (c) the particle densities », (r)
15 must be of the form of Eq. 15. Substituting Eq. 16 into Eq. 10 yields a third-order

polynomial equation in ¥ :
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V-V(In.nj)+m—[{;:—ﬁ—) - V)u /L 1R (— ) (- V)Tj

+ G~ ——L[Fx B)- (G —il,) =0
B Te / )

J J

Grouping terms of like order in v yields
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aux auy auy vy V.vnJ V =(VxvyVr ay ay ay aux auy auyi¥ungu@208%2 az 2aux
=v +v' y a + r Zaux..+ vxvy (auy + aux )... X ax y a az ax +vxvx(ax +aa
+vyvxl + ~y =0  For this to hold for all v , we nust satisfy | aux = auy =
aux _ aWgo@@k2iany aux aux auy 10 -0 and +- + + 0, apCcEyseamssxX ay) (ax az)
(ay az ) which is solved generally by uJ(r)=(wIxr)+uad (17) In
cylindrical coordinates, take ii., = 0 and mJ = wlz, which corresponds to
injection perpendicular to a magnetic field in the z direction. Then, 11 J
(r) =wlJr8 . 15 The zero order equation indicates that the electric field
nust be in the radial direction, e, E=Er" . The first-order equation
is now given by iv(lnn,)- .! (ivu+§rﬁ'-'uj.=egiE+ e (ixb)u =0. (18) TJ J TJ
cTJ The second termin Eq. 18 can be rewitten with 24 1 August 2005 WO

02/ 0621 : -u . i 0 our 1 aue 1
aua u9 ﬁbggg(?gv%&r%{ai\%ﬁ%’n ?%é‘?&l& gfl Vi g‘é"%ﬂ?ﬁ-‘ﬁ@"? Qa@acﬁdp”&gﬁ%;ﬁ%“an: LU00OO
vanish,
The third-order equation yields T (r) = constant.

5 The second-order equation gives

(ou, ou, ou Y
ox 5’7’.?: ox
V-Vii, -V -—-(vxvyvz] Ou, %y S |V

, & oy W
Ou, Ou, ou |v,

For this to hold for all v, we must satisfy

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

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

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

The first-order equation is now given by

7.Vl )-216.vi, 7, ) Lo E+ 2L (5xB) 4, =0, (18)
y T j

The second term in Eq. 18 can be rewritten with
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az az Oz The fourth termin Eq. 18 can be rewitten wlt\u@ﬁsmocg xB)u',
=v' ~Bxu~~=v~~OxA~xu' ~)=v Il |-(rAo)i)x( wrB)1 =v w ar (rAB)r" (20) 5
Using Eqs. 19 and 20, the first-order Eq. 18 becones 8 (Inn -mtwzr-ej E
+e' T a Wo2(0s31)2=0. ar j Tj J Tj ' cTj ar e The sol utrerwsotolshi s equati on
is1ln, (r)=n(Oexpl Mmwr2 -e/~(r)-ejwrAe(r) (> (21) L 2T] Tj cTj J
where Er = -d(Di'dr and n (0) is given by 10 nj (0) =n,0 exp rr mw?r2+ o
eJ.~(r+a cojr A(ro (22) _ ' ' oe 2Tj T cTj J [.Here, nno is the peak
density at ro. Solution of VIasov-Maxwell Equations Now that it has been
proved that it is app &g_rlat to gles wile ions and electrons by rigid
rotor distributions, V' s_eq atlon (Eq. 10) is replaced by its
first-order 15 nonent|s,%i.e. & rwiodi |. [0) rej D npe rEr +- ¢ B. 1 _ Tj
dr , (23) whigh gre cbﬁ&_er}z@g_oé% fomehpumeaya | ohie sys(tég)m of
equations to obtaifd |eqadl i beigunya#d it i reduces td) 2% "August’ 2005 WO
02/ 062112 PCT/ US02/ 028%4, , 2 Gy r W &ul u rwknj®j\ &/)-FCcB. -T dr

- j-e,a=1,2>... (24) 15858, -89, 4, Dr ar c 1la - c rEnjejw (25) |

=3

= 5 S|

The fourth term in Eq. 18 can be rewritten with

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

~ d n
:v-wj-é;(m,,)r (20)
5 Using Egs. 19 and 20, the first-order Eq. 18 becomes
g m; e ja) 3
—\nn, J-==ajr =0
The solution of this equation is
m.wirt e, @
n,(r)=n,(0)exp| Tl WY 1 , (21)
a1,
where £, = -d®/dr and n,(0) is given by
L _ o e® @74
EE T

Here, my, is the peak density at 7,

Solution of Vlasov-Maxwell Eauations

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

15 -moments, i.e.,

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

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

| equilibrium solutions reduces to:
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n"--j = 0. (26) Solution for Plasma with One Type of | mghst@o0si der first
the case of one type of ion fully stripped. The electric charges are given
by ef = -e,Ze. Solving Eq. 24 for Er with the electron equation yields m?2
-rco, T.wbweektux=-rwe --B~ ---, (27) e c en, dr and epdimiddbiseg Er fromthe
ion equation yields 1 dlogn, = Z,e (CO -uje)BZ ZrTe 1 dl ogne mv? + n¥, we
(28). r dr ¢ Ti T. r dr TT,. 10 Differentiating Eq. 28 with respect to r
and substituting Eq. 25 for dB, /dr yields dBe = 4ir neer(m -we) and Zn,
=ne, dr ¢ with T. =T, = constant, and co,, co,, constants, obtaining 1 d
1 dlogn, =-4nneZ,e2 (CO -w )R _ Z,Tyq dj, dlogne (29) r dr r dr T, C2 T,
rdrr dr The new vatd,able?s nj rE,,nH—e’dﬂzc]edt‘.—r—Q | did el =i ..15- 2ro rgy dr rp d2
(30) Eg. 29 can be expressed.in térns of dhe new variable ~: d2I ogn,
--4nn0Z,e2ro (w, -we)2 Z, Te d2logne (31) d2~ T,. c2 T d2j Using the

quasi -neutrality conditién! ¥ 2 PRgndz-. d 4r) ne =Z,n, d2~ g2~ 20
1 ugﬁﬁ%’s @

yields 26 | August 2005 g\MPap2/ 062112, BeT 4 d2logn. ro ro 4
Zn e, 20. (26)
‘ J
Solution for Plasma with One Type of Ton
5 Consider first the case of one type of ion fully stripped. The electric charges are
given by ¢,=-¢,Ze. Solving Eq. 24 for E, with the electron equation yields
E=PropT%p L @7
e c en, dr
and eliminating E, from the ion equation yields
ldlogn, _Ze (@, -o,) B - Z.T, 1 dlogn, ma} N mZ,m? ‘ @8)
rodr ¢ T, I, r dr T, T,
10 Differentiating Eq. 28 with respect to # and substituting Eq. 25 for dB, /dr yields
dB
——t= i7zneer((oi ~,) and Zn, =n,,
dar ¢
with 7, = T} = constant, and @, @,, constants, obtaining
1d1dlogn, 4mZe (@ -o,) ZI,1d1dlogn, 29)
rdrr dr 1; ¢ T, rdrr dr =
The new variable £ is introduced:
o 2 2
15 Lo 1dld 14 30)
2r rdrrdr rn, d°&
Eq. 29 can be expressed in terms of the new variable E:
d’logn, _ 4mZe'r) (0,~0,f ZT, d*logn, 61)

4% T, ¢ T d%

I

Using the quasi-neutrality condition,

d’logn, d’logn,
d*s d*

n,= Zini ]

20 yields
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nr = 8(r-1Zn (32) dz (T;+Z;Te) ¢cZ T nro 4r ni0 ( (TeAupud)ods e2 (
(Je)2 Zi CZ 47lneoe2 (w, W )2 Hereis defined | T+T r.Ar=2-,r2 - _C
(33) 4'7Ifle0e Im -Clel where the neaning of tsr will becone apparent
soon. | WON2#621AN; 0, where n;o0 is the peak 5 density miT/usozomssy Eq. 32
becomes d2l ogN _-8(ar2Nf. (34) Using another new variable, | ) z x=21Lj,
yields ~N =-2Nt, x the solution to which is 10 N= cosh2(x - xo where yo
= X(ro) because of the physical requirenment that N, {r) =1. Finally, the
i on density is given by n -_ (n;o 1 =nro (35) cosh2 21 )( -2 cosh2(rr fro

fir | 11E !ae significance of r0|sthat4|t |sthel | nof peak
density. po 9 arﬁ A:t 8 fnown, B.
can be cal cul# ed U?THUZ;E 1<, _and Er( c ﬁ;)be cal cuﬂl.-at ed i%g Eq 27. The
el ectric and nagnethygpbﬁe(g)l_ad,s)z are _r* (Zfr_ekr(r')dr' and

47”12032 (@I -, )2

Here is defined

rakl’
ryAr =242 * - 33)

4””&022 ICD, - mel

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

5 density at r = ry, Eq. 32 becomes

d* Ar

Using another new variable,

d*log¥, ’
__o_g_f_=_8[10_) N,. (34

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

2

the solution to which is

_ 1

. cosh® (- %,)’

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

10 N, =

Finally, the ion density is given by

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

The electric and magnetic potentials are

®=~["E,(")dr and
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27 1 August 2005 WO 02/062112 PCT/US02/02854 A0 = 1 fmuphitBopk )dr' T =

rAe (flux function) (36) r r'=0 Taking r = ihr, to be the radius at the
wal | (a choice that will beconme evident when the expression for the

el ectri womioentaiz al O (r) is derived, show ng that at pcrrisdifhsthe potenti al
Is zero, i.e., a conducting wall at ground), the line density is r-fre n
2ar dr 5 N=2ZrN, = fr-0e z z = 2nrteorAr tanh - ... Y r Ar cosh Z

ror 2itne0r0OOr (because r >> Ar) (37) Thus, Ar represents an "effective
thickness.” In other words, for the purpose of line density, the plasma can

be thought of as concentp Ir.ed at the null circle in a ring of thickness Ar
with constant densi t ydare Q.| 108 KNadrragri¥eind, f (lkdmction)~c r~ r B. (B$:B3(0)- - f

dr*neer' (r)r-u~8). (38) F&7=0 The current due to the ion and el ectron

Egam; 9' q‘a%ﬁlg N ﬂ,t 905 fAélﬂJg gﬁ %Walw?a l}oﬁ:ﬁ' w?.@ﬁ%(n%f e')nﬁglt ghg%g% 2)2?] Uls :Bm::]

v 1Bt Iéssfo%&o thcagectnc @Qen(t@f g%r) %éerév&dﬂsh{)wugg that af r—r-%'o {he rOArIn Eq. 40,

B, (0) _-
potential is zero, i.e., a conducting wall at ground), the line density is

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

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

thickness Ar with constant density »,,

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

Tn Eq. 40,

B, (\Ero )= —B, —E’E—I

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

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

external magnetic field ED 180. Fig. 20B shows the magnetic field due to the ring of
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c If the plasma current Jo vanishes, the magnetic fi el higastopost ant, as
expected. 20 These relations are illustrated in Figs. 20Athrough 20C Fig.
20A shows the external magnetic field BO 180. Fig. 20B shows the nagnetic
field deoémmetihe ring of 28 1 August 2005 WO 02/ 062adgudieidists S02/ 02854
current 182, the magnetic field having a magnitude of (27dc)le. Fig. 20C
shows field reversal 184 due to the overlapping of the two magnetic fields
180, 182. The magnetic fieldis 1 r (1 B:(r)=-Boll+2 tanhrz a

] =- Bol | +at anhl rzrO ], (41) cBO rOAr L rod J 5 using the foll ow ng

defi ni t icgRerdtaB2, /th%m tiéﬁelﬁ\'ﬁ am&%ﬂﬂ:d@éf’(zﬁ!@)’l?(lll‘l\ﬁ'zml‘@bws £elp0 - cBo neo Bo
27¢c Te +(T, Z) cne0 e(w, -co. 4nuaele?2 Bo Lt [82r(neo7;+
n10T )] zevepal” BA4dug ikpthe Beerlapiing ofthe brpmegstioficldol8oi188. nagnetic fiel d, the

el ectric potential ﬁ g t.he magnetic 10 flux can be cal cul ated. From Eqg.

27, f, --rweBi®PEHAHRESHS 0= d(D (43) cedr e e dr Integrating both sides

of Egq. 28 with respect t ﬂ?nd usg ng he f| ni t § o; electric
potential and flggrir_ungg T r'dr’ ,(4i)44) 15
whi ch yiel ds ~=wetd+Te~nq(r)dR, zvvz BAL 4B) ’

5 using the following definition for
2 I,, N elo, -o ) 27r roAre( —@ )

¢ B, - cB, c B,

=_2_2 T+(T/Z) CH e(wf—we)
e 4z, e o, ~@ B,

e

= ‘:Sﬂ-'(ne()]; +ani)T - \/E (42)

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

E =- "’B

r

@f =——— 3)

e

I,dlan, m , d®
——f

c e dr e dr

Integrating both sides of Eq. 28 with respect to 7 and using the definitions of

eleciric potential and flux function,
O=- j JEdr and W= IOB ")r'dr, @4)
15 which yields

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

e e n0) e 2 43)

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

‘I‘:I::—Bo[l-kﬁt

. 22
20 : ...=—~°—-- °‘[—r Ar[log[cosh’ o ]—log(cosh-rg—)il---
Ar Ar

%

29




Now, the nagnetic flux can be calculated directly from Ahgugxpogssi on of
the magnetic field (Eq. 41): fr z Y= -0-Bol+ 6 tanhr2 rO roArl 11 20
... B2 - B2 2 roAr[logl cosh | r I - log(cosh-L 21 I ... | 0oJJJ 291
August @R 02/ 062112 PCTI US02/ 02854 2 =-B2 +. 80 gdiésobiegne(r) (46) f

- Substituting Eq. 46 into Eq. 45 yields BO jrO Ar n (r) Tn (r) wBr2 m
r2C2 = eloga+elRe- e 0 (47) ¢ 4 ne(0) e ne(0) ¢c 2 e 2 Using the
definition of 4, 5 G eBOVYNYpAY=~e 8(n,, Te+nj, 2(Te+T2)z ¢ ¢ 42nmeoez (CQ
-we) =we (neoTe+n+o7) 4 (48) w, -we neoe Finally, using Egq. 48, the
expressions for the electric pé);,entia‘t}grad}d trp . | ux function becone Brz c
nT+n. Tl n (r) T(r) _ _.0=+Fo-eB¥halg (49) 2 co, -we (u§0e J)
ne(0) 10 e(r) = r we (neoTe +n;dT ) +Té 1hi %€P)) cv Barz - mrzwe (50)

W - Ve Ebs?itur}]%%%)q. 5 %terq(? 45 yields

B A -2 '
‘I):E)_g_ OJErO rlogn”(r)+£1nne(r) @, BO’ mra, . (47}

¢ 4 (0 e n@ ¢ 2 e 2

Using the definition of £,

— \’ L
5 a:" Bu ABFOAI‘ = @, \/Sﬂ(neﬂf; +n,01:-)2 (Te "l"_T; /2)2 e
4

‘\( 4%8032 (mi —mg)
we (neOTe + niClj:‘)
W, - M€

e [

(48)

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

become

2 - ne n,(0)

@D, (ﬂeoi’Hanf)+§_ lnne(r)_&Bul‘z _Z’lrza’f_
() ¢ 2° e ¢

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

10 (1) =[ (50)

0, —o, € e

Relationship Between @, and @,

An expression for the electron angular velocity @, can also be derived from Egs.

24 through 26. It is assumed that ions have an average energy Ym,(r@,)*, which is
determined by the method of formation of the FRC. Therefore, @, is determined by the

15 FRC formation method; and @, can be determined by Eq. 24 by combining the equations
for electrons and ions to eliminate the electric field:

) ner dan
~lrmra? +niraf]=" o, -0,)8, -1, %= - 1,
C ¥

dn;

L. (51)

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

2z
[nemra)f +nmro! ]= i—(—B—ﬂ +> 1,7 } (52)

dr\ 8
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Rel ati onship Between o0.). and go An expression for thelﬁ@gtrmsangul ar

vel ocity we can al so be derived from Eqs. 24 through 26. is assuned
that ions have an average energy''/2m(rar;)z, which is determ ned by the
met hod &fod2memad i on of the FRC. Therefore, co, is detgrpidaethsiy the 15 FRC
formati on nethod; and co, can be determ ned by Eq. 24 by conbining the
equations for electrons and ions to elimnate the electric field: z Wer
dne do _knrwez +n;rri;rww, -we)B:-Te--T-. (51) dr dr Eg. 25 can then be
used to elimnate (co, - w) to obtain (L." [n emwz +n mrw z1_d +ynrTr

(52)  digBis cadBe hudifuphod§05 O 0ORILAR %;Apgg:i/ Bg a5, 752 can be

|ntegrated romr = sum ng density is

ot bor arPHAEENE 4“&?83%9%%@%2" AT s B ltndthnd 7 oy,

(53) Using Eq. 33 fof Ar yields nqu,atlonfor Co,: 5 w2 + Zm Q02 - K20
(Col -we) (54) MMe[r%nﬂﬁ-Fn,Z&B@iAn:e O (e, 1, H-mwﬂ)]ag cases del’l(‘BE)d from
Eq. 54 are: 0 and = eBo . co, =0 and w, 00; and 10

3. me" w; flrst case the current is carried
entirel ;I/JS %qzélr ronévleldg uahgn{oﬁglrr di amagnetic direction (co, < 0). The
el ectrons are confl ned magnetgcqé,,{ y, and the jons are
5 @] +—ar; =0y w,-o,), (54
where Q, = Zek,
.mgc

Some limiting cases derived from Eq. 54 are:

I.o,=0 and a)e=—f£°—;
mc

2.0,=0 and @, =Q;and

10 : 3. @-m <! ad o,ze, 1-2e],
m, Q

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

confined electrostatically by

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

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

T, dn, z0forrzr,

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

(36)
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confined electrostatically by E=T. dn, S Ofor r > 14882085 ? 0 for r
5. ro (55) 15 In the second case, the current is carried entirely by ions
noving in their dianmagnetic direction (w, > 0). If co, is specified from

t he i onwaneneyi12l/ 2m (rw) 2, determned in the format pofusasess, then co, =
0 and S20 = co, identifies the value of Bo,. the externally applied
magnetic field. The ions are magnetically confined, and electrons are

el ectrostatically confined by _ Te dne ? Ofor r > ro 20 B ene dr 5 0 for
r <- ro (56) 31 1 August 2005 WO 02/062112 PCTI US02/02854 In the third
case, €0, > M iRAtd\ise o> 0 anlfI(BCL BONEIERNE oveﬁgaéﬂcggﬁwr di amagnet i c

direction and reduce thé curremt” dénsity. From the wdth of the

di stri béikieghetic difektidrSand RETEAEHE durrdhONRNRY. . Frbf Bl 35, #le Wil oBIHe/ UNiI t T ength is
lo = Jre jodr = Zee e(w, --wi, where (57) r-0 5N =j' 02nrdrne =

2t r r Ar ndigfributiongy(r) iy inprersed; homever, theototal awrebntanitlength sw, - we) -' according to
Eq. -33. The electron angular velocjity co, can be increased by tuning the
applied magnetic field BOf = %dplgégae(]gt_w $hange either le or t(grg maxi num
magnetic field produced by t pl adma curriéent, which is BOVN = ("2n/c)|B.
However, it does change Ar and, significantly, the potential (D. The 10
méxi mum val ue of CF is incrNased 2zedmj-s2ajpengl ectric field that5gonfines
the el ectrons. Tuning the Magiétic Field In Figs. 21 A-D, the quantities n

| neo, 186, B1idd B0, ufF £F (4900 PRCBURER £l 92 HiFcBhhLifydoa st e

194 for various ¥Val ues of “BO. éntia X are

nor mal imitsl,g)e tdabe TnotStBy tudihé ﬁe%gﬁigaﬁﬁgﬁ_@ﬁé%ld)go- g@gd%er%{lgput erium pl asma

is assumed 15 with the foll owng p =no =1 rc = 40 cm
' %m (r oshange eith@U oritleunarimom beagneticTieldlfiodiced by the plagacdureit, whithdases
il lustrat in Fg. 21, CO =1.35x 107 s t, and CO is determned from
Eq. 54 BeyB v&’bi/aéls. Vinivgess, ibfloeBChangk At arglpsigriBchntipdinepotentisli®| They BO) el ectron
a&ngul ar vel oci tly (we) . ) .
10 maximum value of @'is increased, as is the electric field that confines the electrons.
Tuning the Magnetic Field
In Figs. 21 A-D, the quantities n /n,, 186, B, /(BD \/E) 188, ®/®, 190, and ¥/,
192 are plotted against r/#, 194 for various values of B,. The values of potential and flux
are normalized to @, =20(7, + T))/e and LI"‘(, = (c/w)®,. A deuterium plasma is assumed
15 with the following data: n,, = 1, = 10" em™; ) = 40 cm; Yomy(ryw) = 300 keV; and T, =
T,= 100 keV. For each of the cases illustrated in Fig. 21, @, =1.35x10” s, and @, is

determined from Eq. 54 for various values of By

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

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

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

The case of @, = -, and B, = 1.385 kG involves magnetic confinement of both
electrons and ions. The potential reduces to @/®, = m{ra)/{80(T, + T)], which is
20 negligible compared fo the case @, = 0. The width of the density distribution Ar is
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154 BO = 2.77 kGwe = 0 156 BO = 5.15 kG we = 0.625 x {Qfhgast 20858 Bo=15. 5kG
we=1. 11x10'sl The case of we = -co, and B. =1.385 kG involves nmagnetic
confinenment of both electrons and ions. The potential reduces to CF/ CFc
m(rw, ) N¥g@&eelie + T,)], which is 20 negligible conmpar@dudopoiske case we
0. The width of the density distribution Ar is 32 1 August 2005 WO
02/ 062112 PCTI US02/ 02854 reduced by a factor of 2, and the maxi num
magnetic field B. is the same as for we = 0. Solution for Plasmas of
Multiple Types of lons This analysis can be carried out to include plasmas
conpri si i - i f . | t, Lnvol ve two
di ffer elﬁ‘%&ﬁ‘fﬂr? & %tgf %%%eﬂ%m%@%@ﬁé‘* ﬁa‘érﬂ%@“@? éa%tﬁgg §°3 & 1i brium
equatioms (Egqs. 24 through 26) apply, except that j = e, 1, 2 denotes

el ectrons and two types of ions where Z, =1 in each case and ZZ = Z = 1,

2, 5 for theSoﬁ@@"’ﬁrf’#ﬁha@nfﬁ&y]ﬁ_ﬁllﬁgﬁéés?}f‘ﬁy!#Or el ectrons and two types of

i ons cannot be solved exacC el enentary functions.

Accor di ngl y, This andlgsisadan Ye carédmd tdinslubeslmnte coehpisitg thiltipleagpebeli ns with an
approxi mate_sol ution, . The jons are assunmed to have the same val ues of

t etper atseFasRn Hels AT ipfsrestinyglveawoditiorent kinds of ions, €. 13-Ji Bt .and ¥e t he

Cdi stri by M el I e; rLansf grq t | for the
ion-i on%?:bﬁ?llés onsul&i% %?@i?ﬁsf%aﬁpﬁglgb @0@@%@#&5}&&%6%%’%d§#§ y a factor
of an oeldetrons bnd ypdSy! itms Wlera X, | )i cach dBeiand Z, + Be pnobfogthewi th two types
of 15 ions can be reduced to a single ion problem The nomentum
- conser va9Vs ety Heicgpdiopgior elpeitoas anddwp tynes ofopsesnmet he splpedigract?] - T ~5 and
59 -ﬂ&g&; = + ~. = . r| e .present case,
gl', )= T2 an &%efe;ﬂ%é%ﬁllﬁ%&ﬁp%‘éﬁ%cﬁ%d%ng %ﬁ'gae tﬁ‘é ﬁg%%%d}%ggﬁ?ntdsévélﬁpeﬁlo -nrlnr)w,
=10 ( Z) eftiat bopirs BAfh-ah approkitibje soatidh, where n; = n, + n2; wi g, =w2; Ti =T,

= T2; ni (Inr) .
The ions are assumed to have the same values of temperature and mean velocity ¥,

= ra, lon-ion collisions drive the distributions toward this state, and the momentum
transfer time for the ion-ion collisions is shorter than for ion-electron collisions by a

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

15 ions can be reduced to a single ion problem: The momentum conservation equations for
ions are
2 o, dn,
—-nmre; =ne E +—LB, |-, —L and : (59)
c dr
9 ¥ a)z dnz
—~myp ¥, =n,2e| E +—=B, |-T, —=, (60)
¢ dr
In the present case, T} = T, and @, = @,. Adding these two equations results in
20 —ndm, o} = ni(Z)e[E, +1“’-£-Bz] -T %’3*-, (61)
¢ iz

: Whete m=mtm =0 =0, =1 =1, ”;f(m,.);—:?hml *+ myty; and ns(Z) =n tnl.

The approximation is to assume that () and (Z) ate constants obtained by

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

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

25 type, except that (Z ) replaces Z and (m,-) replaces m, The values of », and 1, can be
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=n,,m + n2n22; and nr(Z) = n, + n2Z  The approxi mati Qestt2Pogssume t hat
(m) and (2Z2) are constants obtained by replacing n, (r) and n,(r) by nl0
and n20, the maxi mum val ues of the respective functions. The sol ution of

t hi s pr o\ e@msiis2 now t he same as the previous sol uti onpd@sobigssi ngl e ion 25
type, except that (Z) replaces Z and "m ~ replaces in,. The values of n,
and n2 can be 33 | August 2005 WO 02/062112 PCTI USOZ/ 02854 obtained from
n, +n2=mn, and n, + Zn2 = ne = (Z)n;. |t can be appreciated that n, and
n2 have the same functional form Now the correct solution can be obtained

by iter Li,0 I 2 N. +m ~w ~
and (o2t R SR o R B VO “%‘%%‘3‘5%@315@ B iy "
M2~Wt r O have(tBS9ameFanctioRal forly, - BO T dd T vvhere N, =n, (r) N2 =n2r) =r22
~~ 1. nB, and S22 = ZeBO nto n2o0 2r0 ,e n2c The flrst iteration can be
obt ai ned by Notshe comestrsglutibrecanboobieinadibyiteratingsbe efualBs2) and N(!;) in the
ri ght hand si des of Eqs 62 and 63 and integrating to obtain the corrected
10 val ues of n, @lpg M 12(1 ) 20y —Bagﬁ)@)CédeD&MQ[_rml(ha@e been caré j\ed out
for the data showagl n Tmb‘i el 1, rbel op  Muneppcal regul ts™Tor fud?n fuels
are shown in Fi gs 22 A-D through 24° A-D wher ein t he' guantities n,/nl0
206, D/ C 0 208, 210 teed rf 4. Figs. 22 A-D
shows the first MM Z ﬁ%ﬁ resul {63)(dotted
lines) of the 15 it atlonsf Tﬁort mal i zéd density of D 196,
the nor ,zed density of T 198, the nor rral ized electric potential 200,
and the normali zed flux 202. Figs. 23 A-D show the sane iterations for
D-He for the n lized ity of D 212, t normal i zed nsity of He'
214, the no¥ma d eNge-'glg—}z pot I 2!.116=E§9hd anfle nﬁgaﬁ?—%ed flux 218.
Figs. 24 A-D s’hﬂowthe saffe iterattons forp8 for the nd?’ﬁallzed density

of p 220, t ezlﬂ-s gf%H@h cé'nel% nS| Ws%sh%ﬁngzﬁne apfrrgx%m% € va ues uiel?(g lectric

potential 22 Ror el | ze
and N, («‘;) in the right hand sides of Eqs. 62 and 63 and integrating to obtain the corrected

10 ° . values of m,(r), 1,(r), and B.(#).

Calculations have been carried out for the data shown in Table 1, below.
Numerical results for fusion fuels are shown in Figs. 22 A-D through 24 A-D wherein the
quantities r,/nyy 206, /D, 208, and /¥, 210 are plotted against 7/, 204. Figs. 22 A-D
_ shows the first approiimation (solid lines} and the final results (dotted lines) of the

15  jterations for D-T for the normalized density of D 196, the normalized density of T 198,
the normalized electric potential 200, and the normalized flux 202. Figs. 23 A-D show
the same iterations for D-He’ for the normalized density of D 212, the normalized deﬁsity
of He’ 214, the normalized electric potential 216, and the normalized flux 218. Figs. 24
A-D show the same iterations for p-B"' for the normalized density of p 220, the

20 normalized density of B! 222, the normalized electric potential 224, and the normalized

' flux 226. Convergence of the iteration is most rapid for D-T. In all cases the first -

. approximation is close to the final result.

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

Quantity Units D-T D-H¢' p-BY

o cm™ 10% 10% 1%
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flux 226. Convergence of the iteration is nost rapid feddudoobs all cases
the first approximation is close to the final result. Table 1: Nunerical
data for equilibriumcalculations for different fusion fuels Quantity
Units Dwbhdwkias: p-B" ne0 cm -1 1015 1015 1015 34 1 ggukeboReP5 WO

02/ 062112 PCT/ US02/ 02854 Quantity Units DT D-He p-Bu nl0 cnB 0.5x1015

1/ 3x1015 0.5x1015 rc2o cm 0.5x1015 1/3x1015 i014 VI =v2 cm0.54 x 109
0.661 x 109 0.764 x 109 see 1 2 keV 300 450 300 2 mv, 1 2 keV 450 675
3300 2 nmRv2 w, =wl=W2 rad/s 1.35x10" 1.65x10" 1.91x10" ro cm40 40 40 Bo

kG 5.88 8.25 1573 (Z,).None[l 372 1.67 my VP 5[Z 5112 2807, B0 rad/ s
2.35 x fyanfitigs | 10' Uwitss x 100 D-ko (m|)c A4HEs 0.575 xP®' 1.1/ x 10°
1.52 x 10" WCml rl wTIQkeV 96 170 8 T, keV 100 217 235 roar cn?
1141203 333 35 1] Augygfs 2005 \W3 Q3862112 RET/ {61502/02854 , 1415
g cm’® 0.5 x 10" 1/3 x 10° 104
V=", om 0.54 x 10° 0661 x10° | = 0.764 x 10°
SeC
1 keV 300 450 300
E’mlvl .
1, keV 450 675 3300
5’"2"2
0= o=, rad/s 1.35x 107 1.65 x 107 1.91 x 107
%o cm 40 40 40
B, kG 5.88 8.25 15.3
(Z) None 1 3/2 1.67
(m) m, 5/2 5/2 2.67
a (Z,)eB, 1ad/s 2.35 x 107 4,95 x 107 9.55 x 107
o (m,.)c
o, rad/s 0.575 x 107 1.1 x 107 1.52 x 10
®,=o;|1-—
Qo
T, keV 96 170 82
T, keV 100 217 235
F AP cm? 114 203 313

35




Quantity Units D-T D-He3 p_Bl None .228 187 38.3 Str ugtaigstofos he

Contai nnent System Fig. 25 illustrates a preferred enbodi ment of a

cont ai nment system 300 according to the present invention. The contai nnent

system $@oxmermpr i ses a chanber wall 305 that 5 defi ngspidaetsy) a confining

chanmber 310. Preferably, the chanber 310 is cylindrical in shape, with

principle axis 315 along the center of the chanber 310. For application of

this contai nment system 300 to a fusion reactor, it is necessary to create

a vacuum or_near vacuum inside the chanber 310. Concentric with the

princi plégml? 318 is @ .hetatfon fb”‘i‘ coifl 32 ,ngocat ed Wi tgijnn t hg chanber
etatr r

310.} The on [flux €oi | 3P0 cofnpri ses jan 1 “efectr|cal &drrent carrying

medi pr-adapted—to-direect—ecurrprt—around—a—f-ong—coil—as-—shown,—whiich
preferably gonprises peem! | el | wi ndi2pg nul tji pl e mgparat e coi g3 and |nmost
perflerably paralllel w ndings}of about foJr separate cpils, to forH1a | ong
coi | TTPersons sKitTTed inmthe art Wit appreciate that current—through the
betatron coil 320 will result in a magnetic field inside the betatron coil
320, suBstankiofitheContrinnkeat Sistedct i on of the principle axis 315. 15 Around
the outside of the chanber wall 305 is an outer coil 325. The outer coil

325 produce H&r%) ilpstiates ¢ peeorad smbodimeniafiacoptpiament rstem 0P pepprdingst anti al | y
P . e v . et . ety
R et ¢ 2 bl Sich e lubiatdety ool SORBOLEG o' bl b6y UL 121 Y,

cdl | 328efirks theresit Aeunfiaing chmitet BE). Rrefefiysthd thankter 3100 bylitdkica imway from t he

ends of the chanber 310. At each end of the chanber 310 is a 20 mrror coil
330. Thehape.ridprivgipleaxsdis aloag fwasrtairiitee ghawberdd0.aRon applicetienel magnet i c

field paside. APy . s, bendi ng the magnetic field

lines i P\]\rl]/\ss/ad}o “ar egg,}{% eng.tg%g“esgﬁllflg%go?’ Igﬂglﬁctfts%ff cﬁg%eax PEMMEL ™ hi s bendi ng
i nwar d odcutingnsidegthélcHatibes3 10e Opscentric vt thebiindifleaiié FFBa Babirdrfhix cont ai nment
region within the chanmber 310 generally etween the mrror coils 330 by

pushi ngeqil 32niepated within the chpmbera@r ‘Ehg hetairgn flux eeib32( ompEBes@dNt ai nnent  syst em

. Th .: ' ' . : d . d .
0] o e SR R B AR B SERE T
i ncr easivhizh piferdblPugnrise?fRdle]l WA/ QBRI RepRiatd dIB9) 200 ABBDerftdBIynunber  of

windings in the mrror coils 330, increasing the current through the mrror
coi | s 3payalled wingjngsof Fhew dovr separate godls, te &irme lgmmcoil tPersorreskilled énr theoi | 325.

art will appreciate that current through the betatron coil 320 will result in a magnetic field

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

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

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

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

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

magnetic ficld at the ends by a variety of methods known in the arf, including increasing
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The outer coil 325 and mirror coils 330 are shown in Fi g 200p! enent ed
outside the chanber wall 305; however, they may be inside the chanber 310.
In cases where the 5 chamber wall 305 is constructed of a conductive

mat er i awemazias netal, it may be advant ageous to pl agertdaeoked | s 325, 330
i nsi de the chanber wall 305 because the tine that it takes for the
magnetic field to diffuse through the wall 305 nmay be relatively large and
t hus cause the system 300 to react sluggishly. Simlarly, the chanber 310
maybe of the shape of a hollow cylinder, the chanber wall 305 form ng a

- long, alﬂlﬁﬁﬂtﬁfbeféﬂ‘ﬁndih?s ih GheSiglar &i&@%@iiixlﬁr&ﬂéiggﬁieﬂﬁaﬁ’éﬁl-th&h £Rlikor320 coul d be

i npl ement ed outside of the chamber wal in the center of that annular
ring. Preilssi38mmpverldppingriomings coilsf330 mithghe dwterceih825. of the annular ring

may conprise non- ¢ cting material such as.gl.ass.. As w || .becone

appar ent , thﬁ%‘?\@%@ﬁg%@l 5 Sé’?%‘iﬁﬁﬁ?‘@f’é‘ﬁ:ﬂgﬁi@pﬁwt&%@% o allow the
ci r cul aklidtlamBérABNEBODSRNOE:, hay Ry Bimsili@ e Chaktr 810 UALadbioh Eh%éci ple axis
315 at a given radius. 15 The chanber wall 305 may be formed of a materi al

ha¥i ng ghamben wath doeisiconstipetedrefdxoniuciiyve matetialavclsdsamdtal, it magbeh a case, the
chamber- || 305 ue 1o in .cauntercurren Lh the material, helps to
keep thga\‘??ﬁﬂﬁféw to plpgs ewlﬁggégggﬂﬁﬁa%ﬁémuwyﬁthg g‘i"@‘,‘”'ﬂ?‘?&%ﬁ‘ essi ng" !Ot.

If the wlhnirbaes WRlio niRhAicRINS SRAL 1Rbe HAYSN I8l BB afRONEL i C

perneability, such as plexiglass, another device for contai'ning the

magnet i end thos ¢ansedthesystet 1P tn smcishpgishlyl Similecly, the clremeber 31 Osaayi leofof

cl osed- .00 fl.a tal.rings coyld ovj ded. Thesge rings, known in the
art as ﬁeﬁﬁép(‘f_é’ﬁh?@ %Ylm&ﬁu%ﬁ "}Efé“l{’ﬁF ‘85‘? a%ﬁ{WEP nepRnuigptRg 18, |'s 325 but
o S1 desidi il dbiadrStEI G20 BEAILS A tedietdd ValsidcldF R enddiber wilt! | M LTS

coul d be passive or active, wherein t active fux eltmters would be
driven 30 inlheceptee dEheramivledingu Preferably,dhaineertveil] fomang the atmertofithecont ai nnent
of magnetic flux within 25 the, chanmber _53%0 Alternatiyely, the outer coils
325 theﬁ%‘%’ﬁ*’\’i@gg BBY cemRtse poongonduging maiptial suchas glagsy %%(‘PS‘II PYRE above, a

ci r cul apigagnR HRMBNHE AT 332 it e GRAS i 4By be

cont ai newnt’hi n the chaﬁn%gtrbe%?%?‘%%tﬁgemr g‘%ﬁ%o%gé%éﬁé ccglﬁglg y 't he

magnet i plasiha bdath atdgyet 335 th eotata brund the lpriB@ple akis 3iiath, givdneadimns in the pl asma

shar 5 o eomglel e 30 conapen 1 Langs belalron Brbuts abel’ (he
02/ 0621 1 4nBiplhitySeh Aegas In%ﬂél?f{ ¢aSe, Ft)ﬁre%\l}%.@E%Wah@@S,ﬂiug 1SliSeed 15 One or nore

beaminjection ports 340 are al'so
countercurrents in the material, helps to keep the magnetic flux from escaping the

chamber 310, “compressing” it. If the chamber wall were to be made of a material having
low magnetic permeability, such as plexiglass, another device for containing the magnetic
20 flux would be necessary. In such a case, a series of closed-loop, flat metal rings could be
provided. These rings, known in the art as flux delimiters, would be provided within the
outer coils 325 but outside the circulating plasma beam 335. Further, these flux
delimiters could be passive or active, wherein the active flux delimiters would be driven
with a predetermined current to greater facilitate the containment of magnetic flux within
25 the chamber 310. Alternatively, the outer coils 325 themselves could serve as flux
delimiters. .
As explained above, a circulating plasma beam 335, comprising charged particles,
may be contained within the chamber 310 by the Lorentz force caused by the magnetic
field due to the outer coil 325. As such, the ions in the plasma beam 335 are magneticaily

30 contained in large betatron orbits about the flux lines from the outer coil 325, which are

37




for adding plasma ions to the circulating plasma beam 33mguft 2008 chanber
310. In a preferred enbodinent, the injector ports 340 are adapted to

i nject an ion beam at about the sane radial position fromthe principle
axi s 3lwovwrasar1t he circul ating plasma beam 5 335 is cpriedoness{i .e., around
the null surface). Further, the injector ports 340 are adapted to inject

I on beans 350 (See Fig. 28) tangent to and in the direction of the betatron
orbit of the contained plasma beam 335. Al so provided are one or nore
background plasma sources 345 for. injecting a cloud of non-energetic

pl asna ipatatieltth thephiaciplerax3 B0S. Oncorict bédneitjRABOFIrEBAD aretalie pARideackgr ound
pl asma sources 345 are adapted to direct pll asma 335 toward the axial center

of the deAdgioe phsma igng to e cisadaking plasrge besa 333iin therchargbar BL0. dndsma thi s way

hel ps t 5 ki .1 0 hi gher .density of

pl asma %5»%&%11%8&1%??{% r%lt' Hg‘ﬁ?’%?‘gg?o o%g%li @%ﬁ#’ ?ﬁ%ﬁ‘ifgﬂ@%@ g’fﬁ‘."“lS Formati on
of the MRGafienad pbsitial frin deemiutiolk akieds Whelk MidbiRulkiiie Miskadeihy enpl oy the
theta pinch field reversal procedure. In this conventional method, a bias

Ba@ge% | ;?35 isoptaingd gisp prosad By nulb surdeplaFughr the tniackos neds 319 aze -‘ﬁi_elziﬁfzal gas i
bras. rmch Dol S BRRs 35666 118) HARnPl A kile alfifion SFhe bt BAET °F'e' 20

ext er nalof theicbistainad plagmatieymrigyer sed and the oppositely oriented magnetic
field lines connect wth the previously frozen lines to formthe closed
t opol ogy of @ proveded gescongiogmorg)backprpuad plasinpaeuress 34 Seiestinga| ar gel y

enpiric her ' : n f roj lJ. the formation of
t he FRC.%iOJllﬁggnniﬁklﬁg%eﬁa;éﬁ%%ao@ﬁ%;%hg% u%l{%ﬁ ?rf @prg%ﬁ'@%gﬁhﬁfﬁ%& tigeapabi lity as a
resul t. badketound plasmasiurcet b5 drlédabrd tRdireenpligid 838 30wdrd tRaxiar &arpt i nvention
allow for_anple control and provide a nuch nore transparent and

r epr od u@f@?gﬁfﬁﬂhﬁé 810 It hag beepciound thet dietingftha plesmaghis ez belss edwtierof  t he

present i pyentl itsS. S | | ot her, properties
can be 8#r ect eﬁ#ﬁ??’gseg%de%%ﬁgﬁa I%L(Iil% %@gﬁ%ﬂ?%ﬁlﬁ%@%@ teI d applied by
t he outredonfwidlitithe@hdmsbed2F0. Formati on of the FRC by nethods of the present
I nventions also 30 results in the formation of the electric field and '

potential well in the manner described in 38 I August 2005 WD 02/062112

P/ USO%%%ggfofﬁg%ﬁbl above. Moreover, the present nethods can be easily

ext ende e the FRC
Conventional procedures used to form a FRC primarily employ the theta pinch-
field reversal procedure. In this conventional method, a bias magnetic field is applied by
external coils surrounding a neutral gas back-filled chamber. Once this has occurred, the
gas is ionized and the bias magnetic field is frozen in the plasma. Next, the current in the
20 cexternal coils is rapidly reversed and the oppositely oriented magnetic field lines connect
with the previously frozen liries to form the closed topology of the FRC (see Fig. 8). This
formation process is largely empirical and there exists almost no means of controlling the
formation of the FRC. The method has poor reproducibility and no tuning capability as a
result. ‘ ‘
25 In contrast, the FRC formation methods of the present invention allow for ample
control and provide a much more transparent and reproducible process. In fact, the FRC
formed by the methods of the present invention can be tuned and its shape as well as other
- properties can be directly-influenced by manipulation of the magnetic field applied by the
outer field coils 325. Formation of the FRC by methods of the present inventions also

30 results in the formation of the electric field and potential well in the manner described in

38




to reactor |evel parameters and high-energy fuel currenta,engndos
advant ageousl y enables the classical confinenent of the ions. Furthernore,
the technique can be enployed in a conpact device and is very robust as

wel | aswaa®yestiez i npl enent - all highly desirable 5 chgr@ggdoenissii cs for
reactor systems. In the present nethods, FRC formation relates to the

circulating plasma beam 335. It can be appreciated that the circulating
pl asma beam 335, because it is a current, creates a poloidal nagnetic
field, as would an electrical current in a circular wire. Inside the

ci r cul atdetaf] apbaes Mordoeearrihd plesent hrethodgcibe @asllektehdAlt6 addbletatd the FRQuces
opposes the externally 10 applied magnetic field due to the outer coil 325.

Qut si de ¢ Facter sughparguisiersamg highreaergy diich ewrrentss @ndradyangaggoysly gnablesihe same
b ; it ! o
cut 1 oi e pAfiRRR AR Bderibfs e BRSO pe BoBRIBRE 11 G e

magnet i @ofnpsdt deviev@dseeery b es whik acéab e 1l idtiplen@npl ABMRhIDdaaBR5, t her eby

formng the FRC topology as shown in Figs. 8 and 10. 15 The requirenents
foP fi elHarpelgrstisyfor rapfohtysiemsi nated with a sinple nodel. Consider an

el ectric cur P i [N f, maj.or .radi.us .ro and m,por radius a
<< ro. The %@%gﬁs%n?ﬁefelﬁogggg &tfﬁgn%lgﬁ{eg?tesotp t‘i%"ér‘;ﬁ‘?{?fb@ﬂ%sﬂ?gﬁ“‘?gk he ring is
Bp = 2i tJ Chu(l8a appreciatdd Shulithe chailating@ldsind Bedih! B35 Boali? ifis Dlotirdd dédhtesi S carried

by N. ions_ that have an angular velocity 00. For a single ion circulating
at radi @pokidamggnegig fieldpassvanishian eledricahenrteptingtoirewlargind. riatidethey for an

Cone. | RicuPREE Rl bEl 358 me RRNER: s ety G UGS dRoot Rt eyl i oy oo
| 0Pl i es applakl m¥gnetR field due 1881 olifer Soif3, ((ﬁlﬁdethé@as)tﬁa%ééﬁi@@s,tﬁe = e2/ nt2 =

1.57 x 10 6 cmand the ion beamenergy is z m In the one- dinensional

model , miEnetsgalbtield i inthelsamestieeting as thegpnlicmasnetic fidd. EWhen @i r / c) i ,, where
el 2r o PR BEenAT i Sty IR Db Mo Nethe Ph ainied Sk inad8 0255
\é\lﬁ eir g Benagnéif fidldzeddtsksdnsie Wee cirbQItiMpladid bedmB6 Stherthyl BroRi8 ARG i Ngs and
topology as shown in Figs. 8 and 10. A

15 The requirements for field reversal can be estimated with a simple model.

Consider an electric current I, carried by a ring of major radius r, and minor radius g <<

rp. The magupetic field at the center of the ring normal to the ring is B, = 2zl,/(cr,).

Assume that the ring cumrent I, = N,e(£2y/2x) is carried by N, ions that have an angular

velocity £, For a single ion circulating at radius 7, = V;/Q,, O, = eBy/mc is the cyclotron

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

beam ions. Field reversal is defined as

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

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

current per unit of length. The field reversal requirement is i, > eVJnrﬂaj =0.225 kA/cm,
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. beans are ne

averaged over the axial coordinate (B,) = (2 g/ c)(lajlskuétd00s the ring
spacing), if s =ro, this nodel would have the sane average magnetic field
as the one dinensional nodel wth ip =1V/s. 5 Conbined Beani Bet atron

For mat i swo ibeeiimi que A preferred nethod of form ng a FRGnidob/Hssy t he
confinement system 300 described above is herein tensed the conbined

beant Bet at ron techni que. This approach conbines |ow energy beans of plasm
ions with betatron acceleration using the betatron flux coil 320. 10 The
first step inthis nethod is to inject a substantially annular cloud |ayer

of 1 2CKBRUNL B UR L 0e 16DBUDRG: Ui Gl MRS pupd P! 2o

sour ces cofl 7325 produces a nma I nsi de the chanber

310, whij ro rvals, |ow
cner gy FLredsBavg ST kGapRB Ol PR 2R b s kR T Re iy ot or
orts 3 | ﬁé@;é ed magnetic
1I‘O ield wﬂgﬁﬁ&t‘}@?r@ tfﬁeE %gé %‘%&E?gl Oﬂg egé?%ag‘ﬁﬁ)gigm arg

t r appedwithti)¥ Iyst he chanber 310 in | arge bet atron orblts by this magnetic
field. The ign beans may be gener at ed by an ion accel erator, such as an

actel er at or ‘cunbined.Beam/Betatron FormationsTeghuigue \var x gener at or. (see R B.
Mller, An | t he Gt Rf ggr{]ﬁ!;g Particl e Beans,
(1982)) ﬂ&? %%%E%d&"" he E{(Jlif‘{lt%can ap%){:}}élgﬁa e, e gg‘t ernally 20

appl i eddmgmtabwe‘m Btrein\bérided ehecaninbited béadibetatfontehnigie. t'Tids dppjcach ed i on beam
as soon as it enters t he chanber 310; however, it is desired that the beam
not def F@el?mesmd engrgbeams of plagra iogs wikh hetteny asealsrationyiing thetbsttton beam
reachesgth p_}tzr cuI ating plasma beam 335. To solve this problem the ion
ralized with electrons and directed through a substantially

ctinst ant um'nierﬂmtstepﬁmthlsrmah@dise:o{ngsaiamﬁﬁm{aﬁyemmncmdldy&cﬁhanber 310. As
25 illustrated in Fig. when the ion beam 350 is directed through an
appr opr b%eOWe%n%m ﬂfei Célprabertfiﬂa uging the bgekigtpuad plegeaisouegs 34 PHEgat i vel y

char gedos S ONSe SRR 5ol 15id: O AR 3300 fHiRadEl bigs 2n el ectric

sel f-po &t on e nagne 1C gne c field may be

pr oduc eBadkgrons flasmaR AShorRRERalS RONlerSrioRleadis af) iffettediiBOmet al ong the path
of the ion _beam When subsequentilg%1 i ntroduced into the confinenment chanber

310, t hehagier 39 hrongh the injestqriperts 340 sybsientiahy: sansyoree tadhprxtanallyor ce on t he
beam PALl e Gencth ket fhid B ohifber 4. ‘s /iR 2008, mdfon BaA0RE 12

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

30 resultant electric field balances the magnetic force on the beam particles, allowing the ion
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beamto drift undeflected. Fig. 27 shows a head-on vi ewAgkuitl?e0§ on beam 350
as it contacts the plasma 335. As depicted, electrons fromthe plasm 335
travel along magnetic field lines into or out of the beam 350, which

t her ebywdr@iosmg1s he beamis electric polarization. Wieirindgpggm i s no

| onger electrically polarized, the beamjoins the 5 circulating plasm beam
335 in a betatron orbit around the principle axis 315, as shown in Fig.

25. Wien the plasma beam 335 travels in its betatron orbit, the noving ions
conprise a current, which in turn gives rise to a poloidal nagnetic

sel f-fi eedh tolRifiRindeléeted! Far, BPRGhowsARRhPEY viek bbihe iddRam®30Res 310, it is
necessary to increase the velocity of the plasma 10 beam 335, thus

i ncr eas ceitjactsihe phagg 335d dAsofepicied, aleniynes from theiplasmp 8Bfitretehalonthe pl asma beam
335 causes. .. the. magnetic,self-field is large.e h,,the direction of
t he mag H@g?eg\évﬁf%ﬁ Sigfo ﬂ?fé’&lli gﬁhﬁlﬁe@%#ge?&f’# %r‘?{egﬁg:agfi%@é{%i‘g FH t he pl asma
beam 333ola@x:E68 CWhedthébBsn i doIEndePelectfidafly pblaRdhe BeanBjofRhel 0) . It can be
appreciated that, to nmaintain the radial "distance of the circul ating
plasma bieentating Blasma beam Bt inmbetatron ¢rbit around the principle stis §13, os d6winder ease t he
appl i ed ma?:ﬂetic field fromthe outer coil 325 as the plasma beam 335

i ncreasgﬁg' vel ocity. A control systemis thus provided for maintaining an
appropriate mapﬁb?msﬂ@ge@ﬁ 875 itdvels bh it hebdidh Sfbitthe Rz ssBMpti&y Ough the
outer coil 325. Alternatively, a second outer coil may be used to provide
t he addariroemgiwhighoh twd givegrigetto e pbloelabimagnetic self-fiald gl preduce therBRGt ai n t he

radius of the a beam.s orbit as it .is accelerate 2Q To increase the
Vel oo t {PPOEY HENE PR Ot Botvehesih et e vFodbr B P bt at r on
fiax coplandPH3, ives RRYLiACHe nfBghiRIdE bPGe hﬁgfénﬁselgﬁeld!ﬂlﬁat gfzéglalgﬁamec' ated that

I ncreasing a current through“the betatron flux coi by Ampere's Law,
i nduces33ncausesi Mhich die médgnctio seli-ficidis thrgefenounghs ihddirtdiionofithaioeguditd. The

ositivel h ions in the | 3 beam 335 accel erated by this
P nuced be abpfE s fom i iy B e baD FRTAIEH T 34O55o 83078 bed above,
- Wien i opDgaR@I(BeAtided ah@lﬁ)g‘?t c%h!b@b!ﬁsp%did’t’&l RA2R TRaied MeIaflal @S descri bed

above, the plasma beam 335 depol arizes the 1on beans. For field reversal,
t he ci r distante of thepliraslatingyslsamadBamilds pribé betathinyorldt dtd$ secasagi t¢ 0 a  r ot at i onal

oTeTSY ol ahll 100, S B0 el ohatl L1 5CORE0.00, GRS oV Lo 125 v

Dbout | 105 ERyITAGHG! Bl Ry R thus bR o ARG A A PhAhprphite @ Tan0e o

. applied magnetic field, dictated by the current through the outer coil 325. Alternatively, a

second outer coil may be used to provide the additional applied magnetic field that is
required to maintain the radius of the plasma beam’s orbit as it is accelerated.
20 To increase the velocity of the circulating plasma beam 335 in its orbit, the
| betatron flux coil 320 is provided. Referring to Fig. 28, it can be appreciated that
increasing a current through the betatron flux coil 320, by Ampere’s Law, induces an
azimuthal electric field, E, inside the chamber 310, The positively charged ions in the
-plasma beam 335 are accelerated by this induced electric field, leading to field reversal as
25 described above. When ion beams are added to the circulating plasma beam 335, as
described above, the plasma beam 335 depolarizes the ion beams. |
For field reversal, the circulating plasma beam 335 is preferably accelerated to a
rotational energy of about 100 eV, and preferably in a range of about 75 eV to 125 eV.
To reach fusion relevant conditions, the circulating plasma beam 335 is preferably

30 accelerated to.about 200 keV and preferably to a range of about 100 keV to 3.3 MeV.
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1 August 2005 WO 02/062112 PCT/US02/02854 |n devel opingghfi@opgcessary
expressions for the betatron acceleration, the acceleratidn of single
particles is first considered. The gyroradius of ions r = V/S2; wll

change Wac@wsai1 i ncreases and the applied magnetic fp@lghosngts Change to
maintain the radius of the plasma beams orbit, r = V/S2~ 5 ar _ 1 avV

as2, 0 (66) at 52 [ at - s2, at ] -' where aVroe aB. eEe e 1 a'l' at mc
at nt -Mc 2=0"at (67) and 'Y is the magnetic flux: 'F= fo BZ2nrdr=xr
(B(68) 10 where Ilz ( ( z1 (B~)=-BFI r/ Bli-1 roJ J (69) FromEqg. 67, it

fol | ows t hat IndevelagiBg the necedsaBexpleéSidns fof tha betatich dcbelration; 4B, + B, assuming
that the initial values of B. and B, are both B. Eq. 67 15 can be

expr essdecelgsatioy of sipglpparticles is firsh considered. The ayrowdius afiens =t V) Wil om t he

the. agiafiee YRRed: ALt I o frimpgth ity sl Guesth pptfaip "5 2517
0 +( YQI #dis of Hklptktha Bebm’sOrd) », 4R/l August ~ 2005

or 1oV V 0Q
5 ——— R — e — —_— = 0 » 6
o Q[&t Q, ar] 2
where
glizroeBBc:eE,,=_e 1 ?E‘_’ 67
o me ot m m,c 27, Ot ‘
and ¥ is the magnetic flux:
¥ = [* B,2mdr = m{B,), (68)
10 where .
, 2 2 |
(B,)m—BF(—i] —Bc[l-[f&] } 69)
' Py o)
From Eq. 67, it follows that |
&(B,)  oB |
e 70
ot ot (70)
and (Bz) =-2B, + B, , assuming that the initial values of B, and B, are both B,. Eq. 67
15 can berexpressed as
ov e B(B )
—— el N2 71
o 2me® ar (7D
After integration from the initial to final states where 1mV; =W, and imV?* =W, the
final values of the magnetic fields are:
B =B, g- ~2.19kG (12)

0

20 and
| |
W [r W
Bp =B, [—+| % —-11|=10.7kG, 73
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WO 02/ 062112 PCTI US02/ 02854 assuming BO = 69.3 G WW al@A@o085d r/r. = 2.
This calculation applies to a collection of ions, provided that they are
all located at nearly the sanme radius r and the nunber of ions is

i nsuf fi encemtosdigz al ter the magnetic fields. The nodifigaii@nessf the basic
betatron equations to accommodate the present 5 problemw || be based on a
one-di mensi onal equilibriumto describe the nmulti-ring plasma beam

assum ng the rings have spread out along the field Iines and the
z-dependence can be neglected. The equilibriumis a self-consistent

sol ut i onssmitd®, RS Oy EAeH00, aRTRJAL+ 2NBhik Batul iR WABdlIedRh as
follows: (a) é‘llﬁ]e density distribution is , (74)%%,%1819%“33 (ratuertgizill cosh2l rAr
whi ch agplanagrevidedrbat dhey are abldgcatadcn peasly dhessapasadivs ragndtbesimbesof ral i ty); r

is the i-fd of ensity., Lmum and Ar is the width of the
distri bg‘?nl%ésnl;ng"g:ﬁﬁe?t@g%gwﬂ%é (frﬁéﬁsr eldis (r2 -r2 B~=-Ba- 2 tanhl
(75) ¢ | r ThdmbBifehRheofiBe basid fefut:d% bianans tb aeofniiaalisadeda)t t he outer
coil 325. Initially, B. = B0O. This solution satisfies the boundary

cohdi t i omdlamhwill be basedonannerdimensionak aguidibrium de deseritfeBhe mylti=riy) plasarad
equi potentials wit otenti al = Q0. The ndar onditipns are satisfied
if ro :%.f%tasspp}%&lﬁ%ngsihage igeaidrﬂugaang —eggﬁlch'Fs%tﬁ z-&m ®Rat rb = 26.5

cm | p b8 néddeotedd The BRuibHUNER sBfotkbidnt SRRBRIdF iV 1IRG-MYGIA0e vel ocities of
the beam particles are V, = rw, and V. = rwe, which are related by the

equi | i bequatioscthaticen basungngrized o8 followy: 76) where 12, = eBal (mc). Initially,
it is assune = =0".and co, = 0. (Inthe initial equilibrium
there is an @})Eﬁ?ﬁ?né%&gph %% that the E x B and the VB x B drifts
cancel . 25 Qther equilibria are possiple according to the choice of Ba.)

THe equilibriumequations 43 & : , (74)
cosh2l I——fo.
rAr

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

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

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

solution satisfies the boundary conditions that » = #, and r = r, are conductors (B, = 0)
and equipotentials with potential @ = 0. The boundary conditions are satisfied if
te =02 +12)12. r,=10 cm and #,= 20 em, so it follows that , = 26.5 cm. I, is the
plasma current per unit length.

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

related by the equilibrium condition:

!

mi
o, -co,(l—-ﬁ-—], (76)

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

equilibrium there is an electric field such that the £x B and the VBx B drifts cancel.
25 . Other equilibria are possible according to the choice of B.) The equilibrium equations
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WO 02/ 062112 PCT/US02/ 02854 are assuned to be valid i{aqguandof are
slowy varying functions of tinme, but r = VIS2; remains constant. The
condition for this is the same as Eq. 66. Eq. 67 is also simlar, but the
flux fumaioe11F has an additional term i.e., '|I' =Tjdraiamshere z z
(B,)=B~+2~1 Cb ra (77) c¢ rti+raJd) 5 and |12 (( lz -BF rO -B~[1-r0/)
(78) The nmagnetic energy per unit length duel to the beamcurrent is 2 f
2nrdr~B~ -B,1 =1 L 12, (79) 4 87r J 2 PP fromwhich 10 L = b a2 2n'2r
and P rb+@Q C2 (B.)= B= +7tt z LP1P (80) The betatron condition of Egq. 70
i s thus d@sirheo 56 vAlRIF «idid B, arBtowlbarding figdotiond oftinde! huPyal 7f81) and Eq.
67 becones: av QaB P alp 15 at m a at %mc Lat m 27zr0 at After

i nt egr atfPmgjns constant. The perditidyfor this@ythe sade 4s Eq( 8)Eq. 601s A simifiwyb\d0 = 100 eV
and W= 100_keV, AB2 -7.49 kG Integration OL Egqs. 81 and 82 determ nes
the val (Be Bux pgiopsi)sanadgitiena ool B o iy B havbeicel d coil: 20 Bc = BO W=

2.19 kG (84) (o
- 2z (¥ -7
BY=B +-—J] |-t s

( z) e ? (r,f+rf} 77

B, —_--BF[E&) 43{1—[% } (78)
% A :

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

n B.-BY 1
2ovdr] =—t | ==L I,
w2 i 9
from which
2 2 oyl
10 L =0T 2%T 4
b rb2+ra2 CZ

- C
(B,)=B, t—5 Lyl (80)

0

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

z

ot & mi oo’

(81)

and Eq. 67 becomes:

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

- -l lw
AB, =-2B |1+~ /———1 . 83

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

15

After infegrating,

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

20 B, =B, /K =2.19kG | (84)
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0O 44 1 August 2005 WO 02/062112 PCT/ US02/02854 and 2 AegstBoos BFO - F
ABA - | rO0 2 ABC =25 kG (85) r, | re If the final energy is 200 keV, Be
= 3.13 kG and BF = 34.5 kG The magnetic 2 energy in the flux coil would
be BF nwodzoetit2 kJ . The plasma current is initiall ypddyi@dhos®z 5 KA/ cm
corresponding to a magnetic field of 140 G which increases to 10 kA/cm and
a mgnetic field of 6.26 kG In the above cal cul ations, the drag due to
Coul onb collisions has been neglected. In the injection/trapping phase, it
was equivalent to 0.38 volts/cm It decreases as the electron tenperature
I ncreasggg during accel eration. The inductive drag, which is included, is
4.7 volts/cm assum ng acceleration to 200 keV in 100 s. 10 The betatron
flux coil 320 al so bal ances th ér ag ( 20mecpl I'i sions and inductance. The
frictional and inductiRe=d.ag nAB,e—-cé-;ﬁﬂé d=I9f iGhe equation: (8)b Vb | 1
+1elL alb (86) at the th/ 2w0 a ere (T,ImM < Vb < (Tin. Here, V.
Is the beamyel ocity, Te ar Lectr i tenperatures, Ibis
the beami onigf&ﬁi?c‘:@ﬁwéer@'rfﬁ%hdk&lgcfgégtg%g%f%%%@@ﬁnﬂ 11071 uH is the
ring inductance. Also, rO = 20 cmand a = 4 cm The .Coulonb drag is

det er m g thedfieotl vifauldlbbegﬁzf}%lkaﬁm S®Re pldsied cuffentdls InfidllZ 0205 WK tb, =

“4)cne 4 InA 54.8,usee (87) &=

5 kA/em corresponding to a magnetic field of 140 G, which increases to 10 kA/cm and a
magnetic field of 6.26 kG. In the above calculations, the drag due to Coulomb collisions
has been neglected. In the injection/trapping phase, it was equivalent to 0.38 volts/cm. It
decreases as the electron temperature increases during acceleration. The inductive drag,
which is included, is 4.7 volis/cm, assuming acceleration to 200 keV in 100 ps.

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

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

%_-_J;[l..;.i]'_i L ol (86)

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

temperatures, J, is the beam ion cutrent, and

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

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

3 [2(m) T
by, == —] — fm— = |95 1560
kg ﬂ(m]ne‘ln_/& #

22m, W}
fy =17 54 8 ysec )
4ame” In A

20 “To compensate the drag, the betatron flux coil 320 must provide an electric field of 1.9

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

accomplish this, in which case ¥, will be constant. The rise fime of the current to 4.5 kA
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20 To conpensate the drag, the betatron flux coil 320 MAgufineEsde an
electric field of 1.9 volts/cm (0.38 volts/cmfor the Coul onb drag and
1.56 volts/cmfor the inductive drag). The magnetic field in the betatron
fl ux comlo@A1must i ncrease by 78 Gauss/s to acconplp@Eiuddisss | 1 Whi ch
case IT,, wll be constant. The rise tine of the current to 4.5 KA 45 1
August 2005 WD 02/062112 PCT/ US02/02854 is 18 ps, so that the magnetic
field BF will increase by 1.4 kG The magnetic field energy required in
the betatron flux coil 320 is BF x aYF2l = 394 Joules (1=115cnm). (88) 8'r
S Bet at (OB 50 MhAt tROmALRAOTEE B, AIPInBRAscYyel £kG eThdmhdiesc fdld bfg ng a FRC

w thin the confinement system 5_00 is herein termed the betatron formation
t echni quequirghinghe essatvondlua cpid34kised on driving the betatron induced current
directly to accelerate aeﬁrcul ating plasnma beam 335 using the betatron
flux coil 320. A preferr di 1 hni que uses th
confinenment 10 system 3008;115%?& gg?pﬁmgg gT(ﬁLZEI,Shng'cept that the ietr81?)ecti on of
| ow energy ion beans is not necessary. As indicated, the main conmponent in
the betatron formation technique is the betatron flux coil 320 nounted in
the center apgRbPRGmafish Pethsio®f the chanmber 310. Due to its separate
paral | el w nmmﬁ'f the coil 320 exhibits very |ow inductance
15 and, whenAoabgipeeferral methaitddorating pEREwithinthe egnfinernerd system 360 isi e

const an ich, enables_rapidr up.of the current in the flux coil 320.
Prof er aBHH Pl O RrE e e s By aiE PS P EHEDE s or nal 11 ol ¢
coil's  BamordR@uced Eﬁx?en?&i?ééﬂ?%sac@éiﬁﬁté'a%i cﬂhi‘irfé?lisiq‘“a'bgatﬁ@?,ﬁ"@skﬂgtﬂi radi al

t sto a t he

magnetic field conponents Thear e en xial'ly confin pl asma
i nj ect etetamerofhixheil RGN A erefdidd enBodimeatibfithis ieehtiq@Oysesthg cmtiinemédtel d i s

est abl i shed he backgrou | as ources 345 are energi zed fromtheir

olth poméifs?%%(iﬂ Jepstodpy é@ﬁ&ﬁf&ﬂ%ﬁ%ﬁ@e ipgeghion o ovgmgxgwé%% 15P%ng the axial
gui de fh@éeggaryand spreads slightly due to its tenperature. As the plasm
reaches the md-plane of the chanber 310, a continuous, axially extending, .
annul ar | ayeAs kiceti,dhe mbiowbyponexi indhe hptaiondorimetiestednique isabe 25 At this

PO B D51 1.2 30b W50 o 22l 588 i e SR ! B9 o

to its separate parallel windings construction, the coil 320 exhibits very low inductance

15 and, when coupled to an adequate power source, has a low L.C time constant, which
enables rapid ramp up of the current in the flux coil 320.

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

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

25 At this point the betatron flux coil 320 is energized. The rapidly rising current in
the coil 320 causes a fast changing axial flux in the coil’s interior. By virtue of inductive
effects this rapid increase in axial flux causes the generation of an azimuthal electric field
E (see Fig. 29), which permeates the space around the fiux coil. By Maxwell’s equations,

this electric field is directly proportional fo the change in strength of the magnetic flux
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the coil 320 causes a fast changing axial flux in the gaibysioppserior. By
virtue of inductive effects this rapid increase in axial flux causes the
generation of an azimuthal electric field E (see Fig. 29), which perneates
the spaw®aneured the flux coil. By Maxwel | 's equati opsrusikiisss el ectric
field is directly proportional to the change in strength of the nagnetic
flux 46 1 August 2005 WD 02/062112 PCT/ US02/ 02854 inside the coil, i.e. a
faster betatron coil current ranmp-up will lead to a stronger electric
field: The inductively created electric field couples to the charged

par ti cl mmside thetchi®, ifel: afuster betaitbnaail saserd rapgrRatewibiiedd tv @ straigerelecutti ch
accelergtss the particles in the annular plasma 5 | ayer. El ectrons, by
virtue B#% heir smaller mass, are the first species to experience

accel eratio %e%ciifﬂl)} brBdte Gl Held wugﬁg ¥otﬁ{e (Elﬁl'rﬁ%d ggrﬂglﬁsslﬁ | esplash{gu S,

primarily due to el éectrons. However, “sufficie cceleration time (around
hundr edandafnsts £ pandemantidsforos] Which aacelatates ieypaftickes il th@ghriuar plasmaur r ent .
Rg{]erripag t%éqlzi g. 29, this el%(%ilri c field accelerates the electrons and

i ohs i nla¥fpSlectensgby WEYs oftherr sopller Bys araibe Srbwperisnioxpamiente t er mi nal 10

vel oci t} r-ant. i ' : : | el ectrons. As

not ed a%cg;é/lgaﬁt 'eﬂigh?lpéﬁtﬁ&%%?@gﬁpggﬁstlﬁg&g&%’ﬁgﬁ%ﬁrgﬁgﬂ\l@qai ves rise to a
sel f  nelegpiens. cHéwever suffitientac@bidtion tiafe (irbandimhdiedls FRGchepRhd@gwiket s i n when

the self magnetic field created hy the current in the plasma | ayer becones
conpar aﬂleéwglb" élﬁ’eleaéidﬁl‘qné&”%mm%g toiFag- @9 this gleeirie figldrasqetpmatesthel d coil s

325, 33 P | lgga(ﬂtgﬁ | urs and the open field
lines o %ﬁsﬁilﬁsaﬁb@fﬁerna dﬁ'p?%%%@@%%%%@%}?@gﬁ?% egin to close and
fidr m t heeldeities fdurnentdsicatricdebout s@elllby ons ndélettrdy.. The base FRC establ i shed
by this method exhjbits nodest nmagnetic field and particle energies that
are typi cal IA819tRd ahpvey aewt?@@ﬁyﬁbe@&@ﬂaplaﬁ@agmsmm@f However, the

i nduct i : i r @ty i ] S| t he current
in the %‘e a{infe(ﬁ)ér%&? ? F%%O?S?Fﬂe%%&c}gin tloﬁ%lééy #gs llﬁ ]‘r}{@%netgggd%%@e@%pi d rate. The
ef f ect fidld tdeated oy the emsent in thdylisnialayer Bevemgy corfpdrabeittéthe tic field

strengt h-of 't FRC continues to_grow. The extent of this process is,

thus, prRAgRSHS E%e}d o the-gxtesual Eﬁﬂé cifi25eH10 Asdipoiniumagngtic reeonaestien nued

liver t e . ' - r However, it
8 ol ARl P b R R SR ShBOBE By T o s
r el evandoseandiforindiesFRQ Butmrfatds ¢led Figsveam@dl0). t he circul ating pl asma beam 335

i s preferabl ccelerated. to a
P ﬂle %ase FRC estal lisheé) by this method exhibits modest magnetic field and

particle energies that are typically not at reactor relevant operating parameters, However,
the inductive electric acceleration field will persist, as long as the current in the betatron

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

25 For field reversal, the circulating plasma beam 335 is preferably accelerated to a

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

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

30 plasma beam 335 depolarizes the ion beams.
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rotational energy of about 100 eV, and preferably in ajgpggo0bsabout 75 eV
to 125 eV. To reach fusion relevant conditions, the circulating plasm
beam 335 is preferably accelerated to about 200 keV and preferably to a
range otwekmuwiniZl00 keV to 3.3 MeV. \Wien ion beans argogdethsso t he
circulating plasma beam 335, as descri bed above, the 30 plasna beam 335
depol ari zes the ion beans. 47 1 August 2005 WD 02/062112 PCT/ US02/ 02854
Experiments - Beam Trappi ng and FRC Formati on Experinment 1: Propagating and
trapping of a neutralized beamin a magnetic contai nnment vessel to create
an FRC. Beaimartoant TrappianshdBRa@Pomativer e successful |y denonstrated at the
followng 5_paraneter |evels: acuum chanber di nensions: about 1 in

di aneter, 1. 5xpesimeghly frovagatisg gud GApried o anguirelized pearpingrvagnpiasma beam
orbit ragdi knetic energy of stream ng beam pl asma was
measur e Jtltgﬁtg%;ﬂa%%ﬁzt:ﬁﬁ% : Mbio with a density of about 10" cm 3, kinetic
t enper at ur e Bearh popagation awf trabPing Wetdheeessipily detndnetaiéd at ¢He followihg 20 1t s.

Mean magnetic field produced in the trappi ng volunme was around 100 Gauss,
with aPrsmstenlsveleri od of 150 its. Source: Quter coils and betatron coils.

- Neutralizihg @@Eg{ i tant | en gas) was
characteri zeXIg hgﬁggrggllgrgi% en's@%ﬁoﬁﬂ%%te%’yll%%q%ﬂ%&' ki netic tenperature
of | ess thanBtRtre@\eoillladinbetidanBs generated in a deflagration type plasm
gun. The plaspa beam source was neutral Hydrogen gas, which was injected
through tHe Bismabeam gditgadivg¢f29¢8h a special puff valve. Different
geonetrical ' . 0 electr [ L i Ry an overal |
cylindri cal g@?%%gghn%ne@%%“c ag&%ﬁ%ﬁ%ﬁ@&ém%@?&%ﬁ%éhoﬁg@ﬁ IQ/étdj ust ed

bes ween 5 angitll a dendity Besoubrdadasty Wneidtem@erhihird dh thberdaufyoeveaageded 250, 000
A. During part of the experinental runs, additional pre-ionized plasm was
provi ded by P‘F%Té‘a]ﬁ%gtbpfﬂwuh?méy of small peripheral cable guns feeding into

oy ot on | THER BREEHG 888 or@RsgB ok ARk Stk b PolGhel Ol I 0%

- aramp-up period of 150 ps. Source: Outer coils and betatron coils.

¢ Neutralizing background plasma (substantially Hydrogen gas) was characterized

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

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

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

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

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

30 - chamber, causing the generation of a beam-internal electric field that offset the magnetic
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25 The energing |ow energy neutralized beam was cool ed] B ei®2085 Of
streaming through a drift tube of non-conducting material before entering
the mai n vacuum chanber. The beam pl asna was al so pre-magneti zed whil e
stream mp &2wenwgh this tube by neans of permanent negrgt0ke beam
self-polarized while traveling through the drift tube and entering the 30
chanber, causing the generation of a beaminternal electric field that
offset the magnetic 48 | August 2005 WO 02/062112 PCTI US02/ 02554 field
forces on the beam By virtue of this nechanismit was possible to

pr opagatielddersason the bedna rBic vigne efibis meohanisnhit wagpossibledy propagate beagmet i ¢ fi el d

w t hout defl ect.io Upgn further penetratd into.the.chanber, the beam
reachedafﬁg_:%%?d;@()&%)@’ﬁugﬂ P 68 ‘@H‘%ﬁ“’ﬁ?@g‘ﬁ’m‘) ?‘éﬁﬂ%ﬁqﬂayer of background
pl asma provi dgsh fythéipeAdtiafivn o @ Bhdnben HHHREM IO thebesttt dibge flashover
sources. The proximty of sufficient electron density caused the beamto

| oose i terabe dndsotaniersaits layer 6 ackgrauwnd flasidagwevided by en patdfckide | | ke orbits,
essenti al | r i ng the, beam Faraday cup and B-.dot. prob asurenents
cohfir rrgﬂn%wé 08@?%}5%?%@358‘?%{ W%@aﬁ%ﬁ%ﬂx@ﬂg 0@1«,@1?1;11??}?8&({%%}5%&5 observed to

have pelhRbdme bbdhe otBsde s delf-fib Itk Q8 Rhd foUPR RinklePRRIcRe SifsPeam pl asma
was followed along its orbit” for close to 3/ 10 a turn. The neasurenents

i ndi cat esbentfedly trepping the behni.r Faradap oep amsirBtdoteletmeasrémneseenfimmdsbel t he beam
particles to | gpse suffi.cient ener for, the o curl] i rd fromthe
ot  od BT o3t besih 401 e (156 Pl ot O5EIRd S8y SRR SHEPL ¢ am k.
To prevemdyldrits upoh?ﬁ%gﬂiﬂé%b‘éﬂﬂ?ﬁsﬂﬁ%@ﬁ%@éﬂ&% {RorBitRP Lk g s2ddi tional

energy to the orbiting beam by nductively drivi'ng the particles by neans
010 t he béa . dFhegudakurehéntEindieatedrihat cogtimfeR@idtiondtand tmducetive laszésng t he conbi ned

beant bet atr or mat i.qn echni gye. FRC f{ormation_was ccessful ly
deronst F%‘F‘aﬁt?‘ﬁ{’?qmrma“’ttﬂ 0E%1 HeH npeh Bemde cyhiperdEm de ¢ echni que. The
combi nedodiea Bhehahi & veARBRLANr bR HoltPhe HhulififerRe1Th gfe@sﬂ ggyperimental Iy

in a-chanber 1 in'in diameter and 1.5 in in I'ength using an externally
appl! i edihedemestdouldfieebnipafsatapby mupblythg@ddition gmeegyi to thd wbiting beam bshe bet at ron
flux coil 32 f.up.to ©H k and cuumof_1.2 x 10 torr. In the
exper i nuIPoiY g’é%VH%k@PW‘EF | TBEHRO abeéat@élrﬁ’gil-ty of 1013 cm 3 and the ion

bgam was a neutralized

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

FRC formation was successfully demonstrated utilizing the combined
beam/betatron formation techniqﬁe. The combined beam/betatron formation technique

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

externally applied magnetic field of up to 500 G, a magnetic field from the betatron flux
coil 320 of up to 5 kG, and a vacuum of 1.2 x 107 torr, In the experiment, the
background plasma had a density of 10” cm™ and the ion beam was a neutralized

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

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

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

30 s Betatron coil radius of 10 cm.
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Hydrogen beam having a density of 1.2 x 1013 cm 3, a velQghtdpoes 2 x 107
cn's, and a pulse 25 length of around 20 s (at half height). Field reversal
was observed. Experinment 3: FRC formation utilizing the betatron formation
t echni qy& 02060352 formation utilizing the betatron forngdd 4R8N0 que was
successfully denonstrated at the follow ng paraneter |evels: Vacuum
chanber di nensions: about | in dianeter, 1.5 in length. 30 Betatron coil

“radius of 10 cm 49 1 August 2005 WO 02/062112 PCT/ US02/ 02554 Pl asm

orbit radius of 20 cm Mean external magnetic field produced in the vacuum
chanber waé Wast@ oftdradiGauSM e th a ranp-up period of 150 Its and a mrror
ratio of 2 to 1. (Source: Quter <coils and betatron coils). 5 The

backgr ound® mefQ@@lb%ﬂgQWQ@MWWUg@ﬁvwwmb@Mﬁam:tGe]rGUzed by a nmean
density of a 13 cm rature of S The
lifetinme of t 1«&:\gs’c%l THeam l'beﬁm&/ﬁéfq %‘gﬁn’b@mfﬁt&c’ (ftj&et i éﬂgﬁpﬁ‘ﬁ‘g?ored in the
experi nment ae@sgﬁ@gétg}dnycoﬂ@s around 30 ps. The experinents proceeded by
first injecting a background plasma | ayer by two 10 sets of coaxial cable

guhs nou ntedmmb@kﬂpumlmﬁ(mmlwd@dmem ) whnehaecteri&sidly a ngednl ect i on of

-8 fa t bl Th
azimit hai |y CRRREH PR et brdie e bR BT PCot retative to the

ot her set.q Til'h§11feﬁqhé 816 BB HauAkibeWathihRsd Bﬁﬁe ﬂ)%ﬂi'%nérﬁz :R&e& in'gd

si mul t aneously and thereby created an annular plasta [ayer. 15 Upon
est abl i shnenexpefimeniiagd pengmily wakerobed 3 pon f | ux coi | was energ| zed. Rising

current int betatron coi ngs .cau an i.n |anUX|nS|dethe
coi |, which gav&PHP BCQSHe%n%ﬁVﬂlﬁF““@I%@aﬁr@“fllp @a pql?y ¥ %ar ound t he
bed at r 0Bet 8f doaxiblabIK gﬁ@lﬁéﬂh&dﬁﬂgcumlﬁffaéﬁwhﬁﬁﬁﬁeth@c%mmb%@ﬁr0” flux coil

produced a strong eléectric field, which accelerate t he annul ar pl asma

| ayer andlwhmdtﬁ)gummmmmetkwmmwﬂwmo memadr. cotbagstmbliesn fThy gasr ong 20 pl asma
current roduc etic s t hat, al tered the exter Iy suppl i ed
field S R R oL PREO fad TSRl e g o

Det alleﬁng}g%a t%ﬂ@@&@fom&@unﬁo@ehréd%ﬂﬁmahaﬁ%'ah&&@réos?@re%aa&'t Strength and

duratio t he
annular plasma layer :
15 Upon establishment of this layer, the betatron flux coil was energized. Rising

current in the betatron coil windings caused an increase in flux inside the coil, which gave
rise to an azimuthal electric field curling around the betatron coil. Quick ramp-up and
high current in the betatron flux coil produced a strong electric field, which accelerated
the annular plasma layer and thereby induced a sizeable current. Sufficiently strong -

20 . plasma current produced a magnetic self-field that altered the externally supplied field
and caused the creation of'the field reversed configuration. Detailed measurements with -
B-dot loops identified the extent, strength and duration of the FRC.

An example of typical data is shown by the traces of B-dot probe signals in Fig.

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

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

- chamber and at a radial position of 15 cm. The data curve B represents the absolute
strength of the axial component of the magnetic field at the chamber axial mid-plane and
at a radial position of 30 cm. The curve A data set, therefore, indicates magnetic field

- strength inside of the fuel plasma layer (between betatron coil and plasma) while the
30 curve B data set depicts the magnetic field strength outside of the fuel plasma layer. The
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An exanpl e of typical data is shown by the traces of B—lgtmgﬁgrz@@gz signals in
Fig. 30. The data curve A represents the absolute strengt’h of the axial
conponent of the 25 magnetic field at the axial md-plane (75 cmfrom

ei ther enghapkAle) of the experinental chanber and atp@Eyggshmass PoSi tion of
15 cm The data curve B represents the absolute strength of the axial
conponent of the magnetic field at the chanber axial md-plane and at a
radi al position of 30 cm The curve A data set, therefore, indicates
magnetic field strength inside of the fuel plasma |ayer (between betatron
coi | andia@lcRenPindivhick that i inder Giskinétc Fold Advers&iriel@ROEiSndahiveignetic fiel d
strength outside of the fuel plasma |layer. The 50 1 August 2005 WO

02/ 0621 betvperahgsb?y owatis, whiledhe pwenfleld stayd ipositiess i-¢.hdaes nbteeverseer nagneti c

field reverse Lentation (4.S;.n tiye bet ween about . 23 and.47 s, while
the out SRR, Tk A B kSRS AR € lmedh e SRed 7B b3 Rdllac 1 on. " The
time of Opesddurdest ib teitheddn B bbidod @D fhddbeddie R HeTudl BRsALt at ron coil .
Once peak current is reached in the betatron coil, the induced current in

the fuellayst dartpdo deqrepge pndsthe FRE rapidip decaps Jép temowt thelifeft@enhibe FRE islecays. Up
to now t. tfetinme o he .F .S Ll imted th ner.,gy. that can be stored
in the télggtglrilirglﬁt@erﬁgftw ?"‘wbte%reldﬁ}lg’&ef‘%mgymtWﬁ%ﬁﬁeﬁ@g@ﬁéﬂl nents, the
syst em e@appifiCexppdhadtsdhd SsemQyh H@ul% fo frb¥ead lohSdrIFRE @Bse Afcel eration to

reactor relevant paraneters. Overall, thi's technique not only produces a
conpact aFERleratigy o feactprgelgvandparameters. and 10 strai ghtforward to i npl enent.

Most i nport t-h ase FRC .created by-thi thod .can,be easily
accel erat ed gér%wmagegﬁf’l%%? ok Gy PRyduces p B??&?Rgﬁ%prtws QW“h%gﬁ%fi c field
s10 engt Biraigihfoswird t&inslémdnt.f Mostfiﬂﬁbt@iﬁﬂ?ﬁ% ﬂ)&lﬁé@étékf@%%ﬁ%yﬁﬂiélﬁ@ﬁlﬁ@! confi nement

of high-energy fuel beans. Experinen ormation utilizing the
bet at r ofarf kereagityi aspelerated i apyaiesineg lonw!l firotetiqna! ¢norgyendragndir@eldt i | i zi ng t he.

chanber Sty 8BRS M5ietio anf i Rer RSN re) pp i oo

magnet i €uel baabd. of up to 500 G a magnetic field fromthe betatron fl ux

coil 320 of up to 5 kG and a vacuumof 5 x 10" torr. In the experinent,

t he backgr oudperipienishdREdamwation dtiliaingsthebatateon fprsitiondepbnigue.t h of a density

ofs 10" o™ 3. Anch ] fbh T8 1R GR AL A el RoR BormEh S et Ehaecias Obser ved.
performed experimentally in a chamber 1 m in diameter and 1.5 m in length using an

externally applied magnetic field of up to 500 G, a magﬁetic field from the betatron flux
coil 320 of up to 5 kG, and & vacuum of 5 x 10° torr. In the experiment, the background
plasma comprised substantially Hydrogen with of a density of 10" cm™ and a lifetime of
20 about 40 ps. Field reversal was observed.
Fusion
Significantly, these two techniques for forming a FRC inside of a containment
system 300 described above, or the like, can result in plasmas having properties. suitable
for causing nuclear fusion therein. More particularly, the FRC formed by these methods
25 can be accelerated to any desired level of rotational energy and magnetic field strength.
This is crucial for fusion applications and classical confinement of high-energy fuel
beams. In the confinement system 300, therefore, it becomes possible to trap and confine
high-energy plasma beams for sufficient periods of time to cause a fusion reaction
therewith.
- 30 To accommodate fusion, the FRC formed by these methods is preferably
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Significantly, these two techniques for formng a FRC ingigdg 20bsa

contai nnent system 300 descri bed above, or the like, canresult in plasnas
havi ng properties. suitable for causing nuclear fusion therein. Mre
parti cumarézus2ithe FRC forned by these nethods 25 can wmerewneslses ated to any
desired |l evel of rotational energy and magnetic field strength. This is
crucial for fusion applications and cl assical confinenent of high-energy
fuel beans. In the confinement system 300, therefore, it becomes possible
to trap and confine high-energy plasm beans for sufficient periods of
time to scalegedtofappiopHate Raslk bﬂmatibﬁm@n%;tﬁdiﬁ@n&m@a@ aye fusion, the
FRC forned by these nethods is preferably 51 1 August 2005 WO 02/062112
PCTI US02ettreiaccelgration. dusipadhowevedpmds b tegeies 4 payiqudar 66t of physicklonal ener gy and

magnet i i t ron celeration. Fusion, h ver, tends
tor equiCcP %dlfg&ngﬁ#gg%ﬁ{r}mg%tm%% 1 'y§1iag§1 on’é%ﬁ%ﬁvf’g q“ﬁf?ur%ﬂ‘]?/o&ggcti on to
take pl a6t and sbtsifldipbhiave eﬂggg?miah&yme @fel haiteBE képy It tHR sBite subantbibe! and

a

obtain a positive energ ance, the fuel has to be kept in this state

subst antirehangedforprelea ripdsrofitime) dhigdsiimpertandas high kinatis temfistatic s i npor t ant |

as high ki i.ct re . or. _ener .characterize a fusion rel evant
state. 8‘5 %’glte %HS 3&@%%@}%{@?%1?&%@ 5?% g?éﬁu%aﬁtgpégtes ﬁ'f’éag% e i nput of

ener gy, rufiredsifoable diphy ofx@efe@COMEH & ohly BEREdovaEd 1fsbst she fulinder goes fusi on.
As a consequence, the confinenent tine of the fuel has to be longer than

i ts bumupdergoes fusion. |Asadonseguance dhsi copfinementetimy ofthe fastlesimbe longesequent | y net
ener ) . ianifl cant,. advant age of the present.invention is that
t he g)(;n |n‘é{r§r§n L%%%ﬁ&%%@ %Pgsétﬂ@ 8%%6%%8%%@@?%“3@@“@5%@e of |ong

comfi negepht.tines, i.e., confinement tinmes that exceed fuel burn tines. A
typical state for fusion is, thus, characterized by the follow ng physical
condi tions ({igeHicentadvaniageaf the peesend inyantionds thattlie epninemeént gystesrle) : 15

Aver age ] t o of about t0.230 keV and preferably
in a rg#}%@a%fé@eg%r&eﬂg\%e%ea?f %Bg@ggﬁw B &‘F'rfﬁ%ﬁ{‘ rature: in a
range ofinih it ex3edtfel bhRDik&Y Acipicdl sRieorikion i) thud, chavdéized bpReut 80 to 100
keV Coherent energy of the fuel beans (injected ion beans and circul ating

pl asma foltyvingmysicilsorditiens gehich tend b rary rsedcenfupleng operiing raedd):pr ef erabl y in
a4 ange of aRQ&Ege%grQ temperature: in a range of about 30 to 230 keV and preferably in a
range of about 80 keV to 230 keV -

Average electron temperature: in a range of about 30 to 1 Ob keV and preferably in
a range of about 80 to 100 keV

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

20 beam). in a range of about 100 keV to 3.3 MeV and preferably in a range of about 300
keV 10 3.3 MeV. | ' ' ; '

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

25 . Classical Confinement time: greater than the fuel burn time and preferably in a
- range of about 10 to 100 seconds.
Fuel ion density: in a range of about 10" to less than 10' cm™ and preferably in a
* range of about 10" to 10" cm®,
Total Fusion Power: preferably in a range of about 50 to 450 kW/cm (power per
30 cm of chamber length) |
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keV to 3.3 MeV. Total negnetic field: in a range of abeuyghé foso 120 kG
and preferably in a range of about 95 to 120 kG (with the externally
applied field in a range of about 2.5 to 15 kG and preferably in a range
of aboutwdow211d> kG . 25 C assical Confinenment tine: preadisshan the fuel
burn tine and preferably in a range of about 10 to 100 seconds. Fuel ion
density: in a range of about 1014 to less than 1016 cm -3 and preferably in
a range of about 1014 to 1015 cm 3. Total Fusion Power: preferably in a
range of about 50 to 450 kWcm (power per 30 cm of chanber length) 52 1
August 2005 TvecdnndGiatt: BGah iae ABR86d above, theFRIImdeft@blyhe fusion state

I 1lustrat eij agq?ve, the FRC is preferably a}‘ccel erated to_a | evel_ of coherent
rot at i orfSFCIEHES Gy 1B ProhEieyt rriational ereemy Resierably it 2 ranege fihoutl§0%e¥ Moy, and
nore pr ' DEELRT MRY. evel of
magnet i gé ??2%\)’5? ‘?‘éﬁ’é{fﬁ pre%élrlggﬁlgé?ﬁ&g’u@ygg@é&sgbout’ aﬁ@&%g@ildfo kG and
nmor e pr edagnetizl fieldstiength prefereidy of a rabgrudf aBOut U6 tal 129 kG and\notelpesferablgvel s, hi gh
energy i.on beang can be_injecte i.nt he FRC and trapped to forma plasma
bosm | aye P TARRR P bﬁ“tt%)éoM%ié(g'ahbg‘ﬁ?ﬁl?‘&ﬁ%L@Fénef%’@ﬁbﬁﬁw be wigstedned and t he
pl asma dQ:Fh% f1at i Nl . Pr , the

el ectro%ﬁ??ﬁsﬁﬁjre P@‘Egg’fi@&ﬁ%ﬁ%q reg%’%l%glglﬂ?{}ﬂ%g?s%ie%%z&?%}%educe t he
anmount afagheteatstondihedang theplasataibean elebirars aeeadectrostitiznlly emfinédead to radi ative
energy 10 |O§Se?s. The el ectrostatic, energ?(ﬂ wel | of the present invention
provi des an efefEebly ke lectgn temperafie isdept asinviep Rrentisallymessible b tedvaSer at ure i s
pr ef er allSarkRif of%}erﬁss{rﬁﬁ&lgfr&élﬂon%&‘@ 055 o @il feh, {G%E&iatB@%ﬁ&gY si nce the
fusion cross-section is afunction of 1én tenpérature. H g rect energy
oi0t he Idssml Thealelieatutic bsrgssdidfithd pre@nphosntidepovidesincdfectiveanaport  as

di scusseqd in this application. 15 It also mnimzes the effects of

i nst abi °f #¢eQP 8f uel plasma. The magnetic field is consistent with

t he beam r ot gf | s Lo, i . | . beam (sel f -
el dy and | o o AEBRERMEs i drofb bR RER P ool Bk itey tor pREIRY REHR 00T Lo
on the dinsé the dusionrdpdss-sedius isarfukition ofios temperature. High direct energy of the

fuel ion beams is essential to provide classical transport as discussed in this application.

15 It also minimjzes the effects of instabilities on the fuel plasma. The magnetic field is
| consistent with the beam rotation energy. It is partially created by the plasma beam (self-
field) and in turn provides the support and force to keep the plasma beam on the desired
orbit.
Fusion Products
20 The fusion products are born predominantly near the null surface from where they
emerge by diffusion towards the separatrix 84 (see Fig, 8). This is due to collisions with
electrons (as collisions with ions do not change the center of mass and therefore do not
cause them to change field lines). Because of their high kinetic energy (product ions
have much higher energy than the fuel ions), the fusion products can readily cross the
25 separafrix 84. Once they are beyond the separatrix 84, they can leave along the open
field lines 80 provided that they experience scattering from ion-ion collisions. Although
this collisional process does notlead to diffusion, it can change the direction of the ion
velocity vector such that it points parallel to the magnetic field. These open field lines 80
connect the FRC topology of the core with the uniform applied field provided outside the
30 FRC topology. Product ions emerge on different field lines, which they follow with a
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20 The fusion products are born predom nantly near thejpwlhst9906ace from
where they energe by diffusion towards the separatrix 84 (see Fig. 8).
This is due to collisions with electrons (as collisions with ions do not
change woanzeenier of nmass and therefore do not causedriwaéeschange field
| i nes). Because of their high kinetic energy (product ions have much

hi gher energy than the fuel ions), the fusion products can readily cross
the 25 separatrix 84. Once they are beyond the separatrix 84, they can

| eave along the open field Iines 80 provided that they experience

scat t er disgibutiomof energicsyrdemitdgesustynin. thetotrh ofigtotating asnutarbeimsi rtbdé  pr ocess does
not lead to diffusion,.it, can, change th irection of the ion velocity
vect or 5'5‘3%’{1%?“‘11%3?%@?{@50“&&4%&@%” ngﬁztyﬁ%lﬁwp@ldﬂﬂé#@%ese open field
lines 800460708 Havd QRAIAGNn Bf f: DS it viidslrobd Emitfibdiar M appl i ed
field p f)ovi ﬁgﬂﬁou‘trs#?g({gﬁg 3 Fl%% Itlop%}ltfogail. Pr g%ct O?Jc])ﬁs err{él?ge on

di f f er entiué bfdbdut! i exe ®, a miniimbmtdf esouhdB emviorde most en&Betic ppotposibpn2005 WO

02/ 062112 PCTI| US02/ 02854 . distributign of energies; advantageously in the
f(ZJ'/’rmof a r%&ﬁﬁﬁgﬁ%wﬁwp%@a ongiudingd as well 8HgtaHeRph 895 i el ds f ound

out si de Y typicgahd v ae ol : . t ions have
an assog?%%é gﬁtrﬁ%ﬁf“%ﬁﬁ(ﬁlﬂéwl %&B?sﬁﬂg%é%{}@g%g t#%g%lgéﬁ%rq}?num val ue
of aboutotdtionrarduad a fielbiinmasmhe bridtabesntir. 3Siace thefielt hiaeswpsdad enteufiget i ¢ pr oduct
ions. 5 Injtially the product ions, have | ongitudinal as wel]_as rotational

ener gy leWag thevimnibed i FRY ippodogy.dharotaiongl grrasyiends to fecrense whilgfBe azi nut hal

ocl t . 1 wi v . N bital
cont or . PR eaaEy faffhe it "BUPH M BPP B AL ERRIAR W 1LY of the
FRC t opalagepic nicieent sfttid prodiact iogmnek gywdlBadsmtiotdan ties sleryddipagiclese  t ot al

energy renains constant. This is a consequence of the adiabatic invariance
of the 9hitigdnamagnstisislghage a magneie mpment gsnriated with theigaptions Ja¥ke i n the art

that ch i i L . D: i j magneti ¢ nonent
associ at@{ésg%gf #ﬁﬂ%ghlgﬁg&% |gl(}1n§.1&?ghdtnﬁlggn£%géeﬁtﬁefdpgireﬁagl']‘o}e@}ér%magi ng along a slow
changi ngdisgo @ivadark bihe motiiedecribed Oy ox M5 )R, Thd pdadtiensiotbitiig ant of the

noti on descri bed by % I\/élv_pelp)ZB. The product ions-orbiting around their
r espect PipEng their gespiciusfiia lipeshavegmagnetic momsat and sechanediabgticadi abatic 15

i{waria ' L k0. ' ' ' by a factor of
ot 10 Rt BEbaN Rl dkiiich, b Bl REe SR HRRRENO"Y 7 (M one hat
vper p Wihdicdted®whe spreidtiped g Hegd Liwb) ittfolfows.that Ry s wilbikdulie detréiebie product
ions arrive at the uniformfield region their rotational energy would be

| ess t hahpubdofhusy By the tigredhe pradicchipns prrive etfhe unidrg dicld ragien their) t he
rotational energy would be less than 5% of their total energy; in other words almost all the

energy is in the longitudinal component.
20 While the invention is susceptible to various modifications and alternative forms,
| a specific example thereof has been shown in the drawings and is herein described in
detail. it should be understood, however, that the invention is not to be limited to the
particular form disclosed, but to the contrary, the invention is to cover all modifications,

equivalents, and alternatives falling within the spirit and scope of the appended claims.
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energy is in the longitudinal component. 20 Wile the ipMgati2005i s
susceptible to various nodifications and alternative forns, a specific
exanpl e thereof has been shown in the drawi ngs and is herein described in
detail. It should be understood, however, that the invention is not to be
limted to the particular formdisclosed, but to the contrary, the
invention is to cover all nodifications, equivalents, and alternatives
falli nd-l¢mshi n the spirit and scope of the appended clains. 54 1 August
2005 dainms: 1. An apparatus for containing plasm conprising an elongate
chanmber havi hg a 4o appetapalforason@inirg plesaiaebimprisingel d generator coupled to the
chanber to apply a magnetic field within the chanber substantially along a
princi pl e axaseladgatelvharala tidetig a priipal £, coil coupled to the chanber and
concentric with the principal axis of the chanber to create an azi nutha

el ectric fi edsagietibfieldighgerabessbsled toahdchampéras BFplp O Wagketit FicldWigsd the Pl asna
containing electrons and ions into the chanber. 2. The apparatus of claim

| wher echanibeesubBgithilly 6loh € bAn@sIOStiabOne GRAMBEL Ses a plurality of field
coi |l s extendi ng about the chanmber. 3. The apparatus of clains 1 and 2

wherein the nagRetdofl chigddto HNPRADG an® QMRELIERith the PriHEiBAiaki¥ oPfheM 1 T OT
coi.ls. 4. The apparatus of clains 1 through 3 wheréein the magnetic field

gener at gfanibsr toRRElslah ABRMIAKLIE A1l QithPhLHBRBE! and®- The apparat us of
claims 1 through 3 wherein the magnetic field generator is positioned

wi thin the chamhalsoule toi&_@ct%ﬂ)@ﬁ&@%@aiﬂi%lg%ilq k31 arfd foll§ ﬂl'tjcg!!ﬂ?;}h%%fe' n the

magnetic field generator is ‘tuna : e apparatus of clains 1 through

6 further conpri ghgga i ﬁfg%tff:lg*mfm&@mﬂiecr@%llgﬁcgﬁél@g%d%?at&%ﬂl?ﬁgeg gfield

generator. 8. Th atus of clains erein e current coi

i's a befiahy; Qfﬁ%#%oﬂ&&&%dm aégﬁﬂ%%ﬁ%&ﬁ&us of clainms 1 through 8 wherein the

current” col I’ 1 ncludes parafl Ings of a plurality of separate coils.
' 3. The apparatus of claims 1 and 2 wherein the magnetic field generator comprises
a plurality of mirror coils.
4. The apparatus of claims 1 through 3 wherein the magnetic field generator is

positioned external to the chamber.

5. The apparatus of claims 1 through 3 wherein the magnetic ficld generator is

positioned within the chamber.

6. The apparatus of claimg 1 through 5 wherein the magnetic field generator is
tunable. :. |

7. The apparatus of claims 1 through 6 further comprising a control system
coupled to the magnetic field generator.

8. The apparatus of claims 1 through 7 wherein the current coil is a betatron flux

coil.

9 The apparatus of claims 1 through 8 wherein the current coil includes parallel

windings of a plurality of separate coils.
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55 1 August 2005 10, The apparatus of clainms 1 throughAQghitnobsr
conprising ion beaminjectors coupled to the chanber to I nject ion beans
into the chanber. 11. The apparatus of claim 10 wherein the ion beam
injectors are adapted to inject electric charge neutralized ion beans into
t he chamber. 142 TH® aappairacicasr 1dhangh? firtherrcomgtising iopfeaneinjectaie chanmber is
generally cylindrical. 13. The apparatus of clainms 1 through 12 wherein

t he charBelediatheghyabasiainjept iop hepnisantp heshapesd. cr oss- section. 14. The
apparatus of clainms 1 through 13 wherein the plasna source conprises a
plurality of lbackbieonpaiatpd abeleingidshepsin thatiedbenn injnjters treadipakgigesd pl asnma
along the principle axis of the chanber toward a m d-plane of the chanber
15. The clspipachargmsneyfraliediambtams mvehe¢hambbe nmagnetic fiel d generator
conprises a plurality of field coils extendi ng about the chanber and first
and second mhor Weiapparges of ¢lamed thrajhald ertieraiptho shamtheeizgenadliyt he current

coil, wherein the first and second mnor coils increase the nagnitude of
t he magnginddedli el d generated by the magnetic field generator adjacent the
first and second ends of the current coil. 16. The apparatus of clains 1

t hrough 9 antB. 15, Theupgafeus 6Dolims $itirgudhdn WiRaMM the BhaaibeOls alpg@ndraljyect ion
beans into the chanber in a direction substantially perpendicular to field"
| i nes ofnmlanmgheped crofs-etibnpr oduci bl e by the magnetic field generator. 17.
The apparatus of claim 16, wherein the ion beans are self polarized. 18. A
nmet hod of copf i NiThg appaRineSHRCIAAY | BFoRha s iWHeRs @O PlatRsoue thhprides appar at us
of claims 1 through 17, the method conprising the steps of. magnetically
conf i ni pRgrasityrBaHgiduid Plastd ARB B g a b%k@fbﬁﬁ@ﬁﬁ@ﬁd Aald e GRIHNI Ng a
plurality of plasnma electrons. 19. The nethod of claim18,” further

conpr i skgoftheclahBRSoRird a¥dplnbdUOHSthat@@O generating a magnetic field
within the chanber, the nmagnétic field having a field reversed

conf | gurati o, (Pl affil:Q@¥ind PIERLN b difinEhHid FbAI: Corhbrfikdla W LI N Lhe

chanmber, the electrostatic orm ng
' plurality of field coils extending about the chamber and first and second mirror coils positioned

adjacent opposing ends of the current coil, wherein the first and second mirror coils increase
the magnitude of the magnetic field generated by the magnetic field generator adjacent the first
and second ends of the current coil.
| 16.  The apparatus of claims 1 ﬂnough 9 and 15, further comprising ion beam

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

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

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

magnetically confining a plurality of plasma ions, and

electrostatically confining a plurality of plasma electrons.

19.  The method of claim 18, further comprising the steps of
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el ectrostatic potential energy well, and confining the;plyngboby of plasma
ions magnetically within the FRC nagnetlc field and the plurality of
plasma el ectrons electrostatically within the potential energy well. 20.
The nmethod of clainms 18 and 19, further conprising the step of

subst anti al | gene@n@s%memeng/ﬁdémﬂam‘thmglanﬁer,meumanqtlpﬁe@fhapma@rﬁ&lq ons. 21. The
nmet hod of clains 18 through 20, further conprising the step of
substanmh@mhymmﬁawsﬁvdFRQ)®deahning the plurality of plasma el ectrons. 22.
The met hod of claim 21, wherein the step of substantially classically
contai ni ng gdmeraphguamadléctrystatic fpldasitiin therbamivee| theodectrostaticafield figminga i ons
within the confinement structure for a period of tinme greater than a burn
ti me of ekebteospliapotentiaP&erghhveetliiatdhod of claims 18 through 22, further
conprising the step of orbiting the plurality of plasma ions within the
FRC magnet i ccdnfiging tHempldralitgef plashiaisndanigatiically @ithin it FlEmegetic fibld ant bi t '
radi us exceeds the wavel engt hs of anomal ous transport causing fluctuations.
24. The theghi4iidy of plasnai efegtrdi ddatrodigitalBdwithib €e@bniilendggeweldf nagnetical ly
confining the plurality of plasma ions includes causing the plurality of
pl asma ions 100 Orih inetoll BF £laitiia 8 ahRD), ffﬁﬂﬁ?&dm‘fl‘pnfsingkl@ stipfbbstafigyz forces
acting on the plurality of plasna ions he net hod of claim 24, further

conpr i sglagichiny c@taaﬁng)megrukml&Tyﬁm&sl&JsuralIty of plasnma ions in an
di amagneti c rection he met hod of claim 25, further conprising the

step of subszlant '@k hiéthdl bG48 tHreibh@o! fulkth@'cBin ﬁsn'n t &ep 6 amagnet i c
direction. 27. The nmethod of clains 18 through 26, rther conprising the

step of slSRRiM} LAticalfcARRAihE e BRI bpidnfletbotbdshi n the: conf i nement
structure. % Auaﬁs 2005 §2§ Thg§ﬁg%hodeof claim 27, further conprising

the step of fZOt at’[‘h@ﬂxfeﬂlgt?opélﬁﬁl"ﬁ A einfeRy sﬂééﬂﬂ sitbs tc'l %sn?zﬁf thlﬁlng 29. The

met hod of claim 28 urther conprising t step o |n| pplied

magnet i ﬁnnélu%h{gy i C Q%‘o gﬁﬁ}%m&%jﬂ%%b ?cingr iRinltf é&%‘@&u&z 94‘%%50 field.

30. The er conprising ep of

COO"ngm£gﬁ0f8&9%%5%ﬁ%m%{g%5§& fﬁk%ﬁ&&pns 31. The nethod of claim 30,

further” conpri si ornlng fusi on product ions.
23.  The method of claims 18 through 22, further compnsmg the step of orbiting the

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

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

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

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

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

an applied magnetic field within the confinement structure.
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32. The nmethod of claim 30, wherein the step of coolingaBgstRopsal ity of
pl asma el ectrons includes transferring energy fromthe potential energy of
the electrostatic potential well to fusion product ions. 33. The nethod of
clains 18 through 32, wherein the plasma conprises advance fuel ion
speci es. 34.28%he Thetwdpdef claima migrther ¢amnrisiog thectaprof qtatipe theplasmagnd f
mani pul ating the applied magnetic field to produce and control an
el ect r o§erainge magepdc seBdield\ net hod of forming a field reversed configuration
magnetic field within the chanber of clains 1 through 17 conprising the
steps of gent at ihg method o Flrisu2 §rigythet ¢amnpirisial thei steptoli eombininb the appliedj ect i ng
pl asma into the chanber, injecting ion beans into the applied magnetic
field wnagaticfinld avi themagneticorlfifinly te forotthe FRQ npkeetindicldeam wi t hi n t he chanber
havi ng a pol oi dal magnetic self- field, applying an azinuthal electric
field to i nc¥easdhemethodicéitlhing 18¢hrogght A9, Hifitherrvemplisisgréie blepnf cdobingtheel oci ty
at which the magnitude of the magnetic self-field within the plasm beam
over conphirdibeofipbagma eleckeonsf t he appli ed magnetic field causing field
reversal, and 58 1 August 2005 joining field Iines of the applied magnetic
field and thd. madgikeniethod ef ¢lairi 3, firthtr @npaisihf tedtcpvlRehing fidsi@l modevi ng a
field reverse configuration (FRC) topology. 36. A nethod of formng a field
rever setbngonfi gurati on magnetic field within the chanber of clainms 1
t hrough 17 conprising the steps of generating an applied magnetic field in
the chanber 32 nj @bt highoP bAGiiE: 300 {vBerbin@heiip dfeeolRIRInElity lo€pidsntd t hi n the
chanber, applying an azinuthal electric field within the chanber causing
the pl agg@rohOintRb&! t@nFoing bR ﬁorﬁ’ﬂle?)bﬂzﬁiial@ﬁé}@ﬁ&ftﬁe a&dlosthhipdlentiand
increasing the rotational velocity of the plasma to increase the nmagnitude
of the wom@elibLprd@ictichtel d within the plasma to a level that overcones the
magni tude of the applied magnetic field causing field reversal, and
joining fielgd Ii & p Coof el iC

B | 188 ol BEc1ARRYS SRS Adcif i s AR S0 bR RARR.

-self-field in a I ned magnetic fi avi ng a reverse

confi g%@itilnggbeéiEBC) t opol ogy.

34.  The method of claim 27, further comprising the step of manipulating the applied

‘magnetic field to produce and control an electrostatic field.

35. A method of forming a field reversed configuration magnetic field within the
chamber of claims 1 through 17 compﬁsing the steps of

generéting an applied magnetic field in the chamber,

injecting plasma into the chamber,

injecting ion beams into the applied magnetic field within the chamber,

forming a rotating plasma beam within the éhamber having a poloidal magnetic self-
field,

applying an azimuthal electric field to increase the rotating velocity of the plasma beam

‘to a velocity at which the magnitude of the magnetic self-field within the plasma beam

~overcomes the magnitude of the applied magnetic field causing field reversal, and
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37. The nethod of clains 35 and 36 wherein the step ofj §&apsng t he
applied magnetic field includes energizing a plurality of field coils

ext endi ng about the chanber. 38. The nethod of clainms 35 and 36 wherein
the ion beans are injected substantially transverse to the applied nagnetic
field. 39. Theningfi¢ldlnesfof tieappliczd 3mgtdticdielinngd gefmagnbtirselfdiepkinsi ng t he step
of increasing the nmagnitude of the applied magnetic field to maintain the
r ot at i ngombiaed phawtiwfielt havinga Belé tevent qedignatora(FRE) kpolog@. The met hod of
clainms 35 through 39 wherein step of applying the electric field includes
the step of 2&her gh netlgpdaf hehmindieldirevexsed obdfigutatibn magieac Gbldndithin thell. The

nmet hod of claim40 further conprising the step of increasing the rate of
change ohantleeofalaime ntthrbigholIgbmphisng theixtepsaifl to accel erate the rotating

pl asma beamto a fusion |evel rotational energy. 59 1 August 2005 42. The

met hod of cl ginbladidg drkipplier me@Bhy fidd MGhd dlamSEePs of injecting ion beans of
fusion |l evel energy into the FRC and trapping the beans in betatron orbits

Wi thin the Fifectidbdplashidentdehi Dl maphatid el SwithiA iRug@hmEe?, Wherein the step of
injecting the ion beans further conprises the steps of neutralizing the

on e, pinind cheos et tiboagiesiuon i s claenia o
t he neutdrald pp@siddl BRgRSBRIELALIQ, Aend the ion beams into betatron orbits. 60
increasing the rotational velocity of the plasma to increase the magnitude of the
magnetic self-field within the plasma to a level that overcomes the magnitude of the applied

magnetic field causing field reversal, and

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

37.  The method of claims 35 and 36 wherein the stép of generating the applied
magnetic field includes energizing a plurality of field coils extending about the chamber.

38.  The method of claims 35 and 36 wherein the ion beams are injected
substantially transverse to the applied magnetic field.

39, The method of claims 35 through 38 further comprising the step of increasing
the magnitude of the applied magnetié field to maintain the rotating beam plasma at a
* predetermined radial size.

40.  The method of claims 35 through 39 wherein step of applying the electric field
includes the step of energizing a betatron flux coil within the chamber.

41.  The method of claim 40 further comprising the step of increasing the rate of
change of the current through the flux coil to accelerate the rotating plasma beam to a fusion

level rotational energy.
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1 August 2005

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

43.  The method of claims 35 through 42 wherein the step of injecting the ion beams
further comprises the steps of |

neutralizing the ion beams,

draining the electric polarization from the neutralized ion beams, and

exerting a Lorentz force due to the applied magnetic field on the neutralized ion beams

to bend the ion beams into betatron orbits.
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