19 Septenber 2005 WO 02/ 082873 PCTI USO2 /08370 DESCRI PTI ON CONTROLLED
~ FUSION IN A FI ELD REVERSED CONFI GURATI ON AND DI RECT EN@{?X t%ﬁ}l&%#d\l Field
~of the Invention The invention relates generally to the R f plrasma
physics, and, in particular, to nethods and apparati for confining plasma
t o enabloen2measiear fusion and for converting energy fammotossiton products
into electricity. Background of the Invention Fusion is the process by
which two light nuclei conbine to forma heavier one. The fusion process
rel eases a trenendous anmount of energy in the formof fast noving
particles. Because atom c nuclei are positively charged - due to the
protons contained therein D ma repul sive electrostatic, or
Coul onb, force between them nuclei to fuse, this repulsive
barrier nust be overconme, which occurs when two nuclei are brought close

enough toget her WIONTROELEDFUSION YA FIELDREVERSED becone strong enough

the nact et & OEIERETION Ry PIRECI PR CoRVERNBN D) Thel r thormal
ener gi es, WhICh nmust be very high. For exanple, the fusion rate can be

appr ecrialdlofthe invielnt enperature is at |least of the order of 10" eV -
correspondi ng roughly to 100 m Il iagn degrees Kelvin., The rate of a fusion

reaction i sIB§ IHvSREqn rslﬁteégeﬂpﬁgﬂ%tﬁlﬁéﬁ Iq(of plasmaphysics. apd i paIficHiaTel zed by a
quant 'ﬁl¥ﬂ1§(§|ah@g;‘)£afaﬁ%rtdoﬁﬁﬁﬁ{g 106 foRARNE Midiohe Rbiof ol for EFREKKEN, Tor exanple,
has a broad bet ween ﬁ ano keV. Typi cal si oh reactions
i ncl uchﬂer@fmn[fusmnp@ﬂ(u@s @towed)noﬁyn(z. 5 |vev) D+T->a(3.6 V) + n(14.1
MeV), D+ He ->-a(3.7 V) +p(14.7 MeV), and p + B" -4 3a(8.7 MV), 19
Sept e;ﬁa%[( ?9%0%@19%/“&)0%2873 PCT/ US02/ 08370 where D indicates deuterium T
i ndi cates a heliumnucleus, n indicates a neutron, p
|nd| cat es &Fupivwisahe proiess hycvider @& lipht hutdai c@rﬁhinBto formela GedvieB old0or on- 11. The

The fusion process releases a tremendous amount of energy in the form of fast moving
particles. Because atomic nuclei are positively charged — due to the protons contained
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 Coulomb force and fuse the nuclei. The energy necessary for the nuclei
to overcome the Coulomb barrier is provided by their thermal energies, which must be
very high. For example, the fusion rate can be appreciable if the 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 char_acteﬁzed by a quantity called
reactivity. The reactivity of a D-T reaction, for example, has a broad peak between 30 keV
and 100 keV. |
. Typical fusion reactions include:

‘D +D - He*(0.8 MeV) + n(2.5 MeV),

D +T — a(3.6 MeV) + n(14.1 MeV),
D + He® - o(3.7 MeV) + p(14.7 MeV), and
p+B" - 30(8.7 MeV),




nunbers in parentheses in each equation indicate the kinetic energy of the
fusion products. The first two reactions |isted above h DT
reactions - are neutronic, which nmeans that nost of t%%%gﬁgggglo gtheir
fusion products is carried by fast neutrons. . The di sadvant ages of

- neut rowoemsswt i ons are that (1) the flux of fast negtgenmsHseates nmany

- probl ens, including structural danage of the reactor walls and high | evels
of radioactivity for nost construction materials; and (2) the energy of
fast neutrons is collected by converting their thermal energy to electric
energy, which is very inefficient (less than 30% . The advantages of
neutronjic reactions are that (1) their reactivity peaks at _a relatively
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| osses are greater than in the neutronic reactions. Also, it is much nore
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reactivity is 2 19 Septenber 2005 WO 02/ 082873 PCT/ US02/ 08370 significant.
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them. In the case of D-He’, some fast neutrons are produced by secondary reactions, but
these neutrons account for only about 10 per cent of the energy of the fusion products.
The p-B" reaction is free of fast 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 their fusion products comprise charged particles whose kinetic
energy may be directly convertible to electricity. With an appropriate direct energy
convetsion process, the energy of advanced fuel fusion products may be collected with a
high efficiency, possibly in excess of 90 percent.
The advanced fuels have disadvantages, too. For example, the atomic numbers of
- the advanced fuels are higher (2 for He® and 5 for B'). Therefore, their radiation losses
are greater than in the neutronic reactions. Also, it is much more difficult to cause the
" advanced fuels to fuse. Their peak reactivities occur at much higher temperatures and do
not reach as high as the reactivity for D-T. Causing a fusion reaction with the advanced

fuels thus requires that they be brought to a higher energy state where their reactivity is
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wherein they can be brought to appropriate fusion conditions. The
containment tine for a plasma is At = r2/D, where r |Sl§ mn| erni()?,lsasma

di mension and D is a diffusion coefficient. The cl assi ca t he
diffusion coefficient is D, = a; /Tle, where a, is the |on gyroradl us and
Tle | swiohrns®srs el ectron col | si on tinme. Diffusion aggakeidment o the
classical diffusion coefficient is called classical transport. The Bohm

di ffusion coefficient, attributed to short-wavelength instabilities, is DB
=(1/16)a2Q , where Q is the ion gyrofrequency. D ffusion according to this
~relationship is called anomal ous transport. For fusion conditi ons, D5/ De =

(1/16)Q Tle 108, an Io s transport results jin much shor cont ai nnent
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exi st i Dffukion audrdigae tierclasicut éiffusion codffcid® kaatdd claéblealﬂﬁgﬁﬁﬂl Théield of a
Tokamak 68 and at%{) iical particle orbit 66 are_illustrated in Fig. 5. For
0|l
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Fusi Onre«glﬁén{eﬁtgtﬁﬂ)the c"éﬂ%mﬁﬂﬁtr 6 fof a BREMAhQRBof Pl ashﬂ‘%ﬁ%t Ee%ﬁ%ér At s were

observed to sl ow down and diffuse cIaSS|caIIy ile the thermal plasm
cont i nthetime éor thf flasma do hEWGm!ill'd@tigIfb}SlqnetsitCUOﬂFh'ﬁler@@IQm}nﬂsﬁlofFl tiapgporti s t hat the
energe are insensitive
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The short - waysl gadmehtsuﬁﬁuaﬁoidan@nﬁ@mbnt a‘paasmm@nwmer@nmﬁ@r a3 19
Septerrber 2005 WO 02/ 082873 PCTI US02/ 08370 and thus cancel . El ectrons,

hovevex? 7/ Ihaies obseriigd hProgessy s theggat 49 wetra s mnsteaseddie qoatamrat tige to
At = 1000 7*/D;. One existing fusion reactor concept is the Tokamak. The magnetic 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 = /D, is possible, in which case the minimum plasma dimension can be reduced from
meters to centimeters. These experiments involved the injection of energetic bearns (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 experiments were
observed to slow down and diffuse classically while the thermal plasma continued to
diffuse anomalously fast. The reason for this is that the energetic beam ions have a large
gyroradius and, as such, are insensitive to fluctuations with wavelengths shorter than the

ion gyroradius (A <a;). The short-wavelength fluctuations tend to average over a cycle




the fluctuations and transport anonal ously. Because of anomal ous transport,
the m ni rum di nensi on of the plasma nust be at | east 9§ Bl rSZOOI'S)ue to
this dinmension, the | TER was created 30 neters high an G e

dianeter. This is the smallest DT Tokamak-type reactor that |s feaS| bl e.
For agpaneeg:sf uel s, such as D-He' andp-B", the Tokagyagshy§gror eact or woul d

" have to be nuch |arger because the tine for a fuel ion to have a nucl ear

reaction is nmuch longer. A Tokamak reactor using D-T fuel has the
additional problemthat nost of the energy of the fusion products energy
is carried by 14 MeV neutrons, which cause radiati on damage and i nduce
reactivi tt%/ul n almpst all construction materials due to the neutron flux. In
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-down the ion beams. Various proposals have been made to reduce this problem and

maximize the number of nuclear reactions.

For example, U.S. Patent No. 4,065,351 to Jassby et al. discloses a method of

producing counterstreaming colliding beams of deuterons and fritons 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

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

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

a low density cool background plasma for the sole purpose of trapping the beams. The

beams reaet because they have a high temperature, and slowing down is mainly caused by

eelectrons that accompany the injected ions. The electrons are heated by the ions in which

case the slowing down is minimal.




O her patents consider electrostatic confinenent of ions and, in sone
cases, magnetic confinenent of electrons. These incl uQﬁsgggmbgaé t No.
3,258,402 to Farnsworth and U S. Patent No. 3,386, 883 arnsworth, which
di scl ose electrostatic confinenment of ions and inertial confinenent of

el ect repaoddss8. Patent No. 3,530,036 to Hirsch et alcrnigptosthS. Pat ent No.
3,530,497 to Hirsch et al. are simlar to Farnsworth; U S. Patent No.
4,233,537 to Linpaecher, which discloses electrostatic confinenment of ions
-and magnetic confinenent of electrons with nulti-pole cusp reflecting

wal l's; and U.S. Patent No. 4,826,646 to Bussard, which is simlar to

Li npaecher _and invol ves.point cusps. Nong, .of thes ents_consi der

el ect r ost atIPBo%eooﬁ;ﬁ?eﬁeews’&?waeéﬁ%%eqﬁﬁ R &chiegﬁqiﬁ MEREHt  of ions.
Al t houglritdiande havarBapito PRIy, bESRAESRider, ahaRdlSus@anglofict rost at i ¢
confinement_ of ions, none of them have succeeded in establishing the

required elQherpgispgcensider dreiosighiespniiperaent an%%ﬁei“tsﬁ@e P8 red density for
- a fusigkg eméxﬁ‘ﬁfélé’cﬁoﬂé?nﬁxe@cinﬁlﬁ&(gét Pﬁrﬁgl\ﬁ 3,?5’8,4@99% discuss a field

reversed configuration nagnetic topol ogy. el'd reversed configuration
(FRC) Keamssvwobrth end/ UrSe Batentd¥od 8,38G B8 3to Hiamawoktll Sddchalisclosheledtiastalic Resear ch

Laborat o dur i t heta pinch experi tsS.. typi cal ol ogy, wherein
the -t rearteafethafion 8 Rt S mE AP ok TERs S PR R T8RS T i g s
and Fi Hi-rscg@tal. @Edj.s.gréteinm@. 3530|492 to Hirr]@hlém. e ﬁnﬁlhﬂwbah@w' rittg U 9.1 agd Fi g.h
14. Regarding the F . man research prograns, hav een supported in the
Uni te @5&%%&%5&&%3@%@% @’hi‘-‘le‘ déﬁcloé@ﬁtﬁcﬁmﬂ@icvﬁqem%waa%# on the

t heory, ; j : 3 A Qoartd: $ Tuszewski ,
28 Nuc?ﬁ%lgﬁ?g%ﬂ%gggﬁl&%f%ﬁ ﬁ%ﬁ\?\{ﬁoﬁﬁu&%%r on aF%gﬁgéje%g%tg%{lrre nt descri bes

t he r e¥e#8h6ihtolBIGedithishds similerigdiinpsrshdrend fnyolespoii sespr.cNoneSee L. C.
oL et St el SRR P R B BBl o

experi as been Wi a“prnc od. A
consegifesee AlthoughitBere hfve Bedn ioahyFeseol piofectshateidciastdtiorenfmie@eslof Cct r ons each
carry half the current, which results in anelgligib,l electrostatic field
in t hdom BARST them hpe Blceedsdiaegipblshing the rrpred electigstatic glds Whety el ectrons in
these HRGESs - ) : i | I experi ment s,

. anomaltgus t%?&or% hag ]etgﬁggg&s%&nggéd%eg,&tgffg?x,%fl'gilg%tgsﬁ%@&begi nni ng of
sect i mbove discass aficlpreyers@opafigdativon nsgpetwrtbpalog005 Thus, it is desirable to

2 v 2 S AR P AR AR o 92 . ot one
and arthe 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 particle orbits in a FRC are shown in Fig. 11 and Fig. 14. Regarding the FRC, many
. research programs have been supported in the United States and Japan. Thereis 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
-expetiments the FRC has been formed with the theta pinch method. A consequence of this
formation method is that the ions and electrons each carry half the current, which results in
a negligibie electrostatic field in the plasma and no electrostatic confinement. The ions
and electrons in these FRCs were contained magnetically. In almost all FRC experiments,
anomalous transport has been assumed. See, e.g., Tuszewski, beginning of section 1.5.2,

at page 2072.




énérgy conversion systemthat converts the energy of fusion products to
electricity with high efficiency. Sunmary of the |Invengi : khg to
one aspect of the present invention, there is provi ded%g%%ﬁg%%ggs
converting fusion product energies into electric energy, conprising the
steps of injecting ions along a helical path within a generally
cylindrical cavity having a surface fornmed by a plurality of electrodes in
spaced relation with one another and having a plurality of elongate gaps

t her e bet waans. itripdesyalle taprpdelh fitgical syFigmaayion g confainmant sitems teat t he cavity,
f ormi o Leldywithin cavit avin | tispol e structure
wth %‘rj%gtsﬁéasﬁ%{d\xge%o %rse, and acri‘cé%%ﬁésrtgatn?pr% 0’? e ?’gin“’zec ﬂ?soaﬁgg i nteraction

W th tivgpt@&tision shdteh that eonvetomis barsy aft fudie@plodactpRrddeati9fwithhe i on ener gy
into oscillating electrical energy. According to another aspect of the

pr esehighicHidsnchon, there is provided an inverse cyclotron energy converter
conprising a plurality of electrodes formng a generally cylindrical
cavity, the electrodes being in spaced relation formng a plurality of

- el ongatmanmgaps thdiiarventioat ween, the gaps extending al ong a | ongi tudi nal axis
of the cavity, wherein the tgl urality of electrodes conprises nore than two

el ect r odes PRGN s aspsehpf the pissent divertion; therejippigvidad 2 mgthediog t han t wo

pol es_i 0 . i.cfi i bout the

o1 ur a0 R A Bt hrodRE e ARl AT A e Aok SEBRIE s i T ect el
t o a Bmstleng & helicaf path vithintaeenerglinéylimbitied civiyibaving a sacfavad@oraiedc fi el d havi ng
afie d-rev?r'se topgl agy andcli_W he direction, conversion of fusion product

ener gheaplugp & lgqtrodesgiaipace fraten Stdpne Apathr g iy naplerality ofs a _
Pl S TBio flRE Lol hcROWRL AL LI nltRE Ron ¥ SRR SRR Blkalific | udes a Tusi on

reactor ~having a contain syste s to substantidlly reduce or
el i M foaheganeimireUdld withis plor daviod havinpsa mnhli-gllegtucans with moachdiad i on, t he PEG

system may inc)Jude an energy . conversign system coup to the reactor that
dir _ec‘_i‘w%ﬁn%‘ﬁrc{]eﬁ?f%% ° jive et H@F@P@%thwe@%&%ﬁf Py with high
ef 11 ChiRfofm o RaQUOCATRAHIE0A ohed HE &E&lﬁ&%elbd&‘(&ﬁ‘g}e?@. anomal ous transport

for both ions and electrons tends to be substanti reduced or
el i m nat edAcdhding mommtheussptet af e erdsemfinGniéh, Bept wipbeidcd@85 | ons tends to be

o e Y RAe el L SRS LIS 05 L0, S TBaneL € 11 of Trel
ener g¥enkMIIF ¥ APl cavity, the electrodes being in spaced relation forming a plurality
of elongate gaps there between, the gaps extending along a longitudinal axis of the
cavity, wherein the plurality of electrodes comprises more than two electrodes from
~ which a multi-pole electric ficld having more than twolpoles is produced, and a
magnetic field generator extending about the plurality of electrodes.

An embodiment of the present invention is directed to a system that facilitates
controlled fusion in a magnetic field having a field-reversed topology and the direction
conversion of fusion product energies to electric power. The system, referred to herein
as a plasma-electric power generation (PEG) system, preferably includes a fusion reactor

- having a containment system that tends to substantially reduce or eliminate anomalous
- transport of ions and electrons. In addition, the PEG system may include an energy
conversion system coupled to the reactor that directly converts fusion product energies to
electricity with high efficiency.
In one embodiment of the present invention, anomalous transport for both ions

- and electrons tends to be substantially reduced or eliminated. The anomalous transport of
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by tuning an externally applied magnetic field to develop a strong electric
field, which confines the electrons electrostaticall ylé' 8.8 dﬁ%F}oB?t enti al
well. As a result, fusion fuel plasmas that can be used WEh tHe pr esent
confinement apparatus and process are not limted to neutronic fuels, but
al so advant ageously include advanced or aneutronic fuels. For aneutronic
fuels, fusion reaction energy is alnost entirely in the form of charged
particles, i.e., energetic ions, that can be mani pulated in a magnetic

fi el diepsdendsiepe aeiidag bymaghesicalivponfiniogtis @nk int « thagnetic fredd pfitkldact i vity. In

anot her. _enbodi.ment resent .invention, a direct energy, conversion
systeﬁ’?ve{sg? ﬁosnlggurfl%ongg%@gsf’lpe(‘% K% ﬂ%?’i\{%n %ﬁwpg%gl{qqgrgy EFS%VB‘ﬂX‘brod\ljctsl
di r ectbl Yunirplad cRle@Gly AppliROWEhettY fiel Glo@M I LR SN, ggsbhpar ticl es through

an el ectro-magnetic field. Advantageously, the direct energy conversion
syst egpefines fie clicterslecirasiativellp in hdespphisniedl el Ane result, fpden fuel e- ener gy

tol er lectronic ahilityv.to convert the frequency. a phase of the
f usi o%ﬁgﬁ%ﬁﬁﬁgmgb&%?&%ﬁj %%Brﬁ't;entic o ?‘Pﬁ’f’%ﬁ‘sf’%cgpr??eés %’ﬁ%ig‘%ﬁggan ext er nal
60 Hetd deunomefuddd, b al@aadkhtHRpédyhriude 8@Rntdd i aldudbseifeds gopodi ment , the
fusion reactor's plasma contai nnent system conprises a chanber, a nmagnetic

fi el d2erafrengfusls, fugien eagtion eppseals pmpstantirelyf ip edomnnofgharged patidlesn subst antial |y
al ong; i NC i . ] rpl. | ayer that conprises a

ci rcuf'g'f %elr Elggdr%g’o@ icg%gé&g%l sao1[j “f%gm n‘c:fclit%}l%g}r%1 arr)l ’a(gelpr%n mega%“g%yer are

subst &el, icalst Jittle oOmd radioseivied. t hi n t he chanber magnetically in orbits and the
el ectrons are substantiall contained in an electrostatic energy well. In
‘one aspect IbAnoBgeeopodigpt %%heeﬂ%?@ﬂi inyeRtiony a disgel Pneray CORVeEsion syserdr at or

conpr i t. COI r I 5 .her onprises mrror
coi | sksﬁlggdrtgtc ﬁx’é‘)’e@ﬁ%ém%ﬁ&% ereégcf.ﬁgh%bf%ﬁd.ly%&élggﬁ%@ﬁ%glgﬁt{{%o‘%%ﬁ%ri se a beam

i nj ectlowingdbwi Hjeehdrpaipagicles thrdughiad eldctioadieaifidld @vidigeaRpl, thed magnetic
field, wherein the beamenters an orbit due to the force caused by the
app! | SEEchensrRCPRversiQR system AT the Biesrat invepdiga bas et ellicienciss.opdiclesacr@rbodi nent s,
the s ye:To| ' L.el ' 0 - Of ield reversed
confi éﬁ%ﬁﬁ%ﬁa%ﬁﬁanot E@&t‘o%?lfg]tegrt% e%}é%gal?d r%hﬁ%,éftﬂ%éﬁ%(ﬁleoru 3}& conver si on

syst epovepatiosesMHavemsieh the fielwiht or b eriemial 60rEertz p&&yr seidupl ed t o opposi ng
ends of the fusion reactor. The ICC have a hollow cylinder-Ilike geonetry
formed frommultiple, preferably four or nore equal, sem-cylindrical

el ectrodes with small, straight gaps extending there between. In
operation, an oscillating potential is applied to the el ectrodes in an
alternating fashion.
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The electric field Ewthin the 1CC has a nmulti-pole structure and vani shes
on the symetry axes and increases linearly with radig?' Hhe $§ﬁ% val ue
being at the gap. In addition, the ICC includes a magn Fg)PFgr gnerator
for applying a uniform uni-directional magnetic field in a direction
substantially opposite to that of the fusion reactor's containnent system
At an end furthest fromthe fusion reactor power core the |ICC includes an
ion collector. In between the power core and the ICCis a synmetric

magnet i ¢ cuUs p prefrmed pmbadireenttbmiusip repter ghlastat destaporenesysteent  syst em mer ges
with the magnetic field of the 1CC. An annul ar shaped el ectron col |l ector

i s poSPEPHHEd ChyBAT 3 Hasncha frlderperaloaior aprtyias @ Brgnetig/field i8dupl ed to the ion

collector.. In, yet. anat her pref.err.ed _enbodi n oduct. nucl.ei and
char ol Rate b tiafy AeEL pPATUERHESp T R Mg RSB PHRIES: B"enas o

the 1eaglQhi fn TR, Whd 8 e SRS blasth b GlelREMBRIASIL,C CUSP separ at es

el ectrons and 1ons due to their energy differénces. 7 19 Septenber 2005 WO

02/ 08 28d@inECWithih SR HABBEOmAdietielig ek 6:0RS afidht electrong aRtsubstirtiallg | i nes to the
el ectron collector and the ions pass through the cusp where the ion

t r aj ecbuipined incaneelgvtrditéticesmergy Wedll Inowe aspeabaftoan pieddried eimbbdioghta pat h al ong t he
| ength of the |ICC. Energy.is renoved_ fromthe ions as they spiral past the
el ect mepgactic fghd stmerpias cegpmies petre cail Faeferl the systam furthyhe | 0ss of

i s et put SeE e SRR Qe b E PRt kAP CotRRE BRI Ot el fa
tr el . : 1 t.1 [ i1l b
ppar B B e R T e T n

CoNj Umgdrh efiteidiah Rrifif e a6 4R THRAOYAUSEH byttha b8 maBhdiR{ficle #Cadofer On of the
Drawi ngs Preferred enbodinents are illustrated by way of exanple, and not

by wayspett of themir¢farddembodimentsghd sygiamdemsia nidgactadiedpaing b mygokdgaw ngs, in
which |like reference nunerals refer to |ike conponents. Fig. 1 shows an
exenploht feld sryprsedqopfigurativanber of the present invention. Fig. 2 shows the

magnetic field of a FRC. Figs. 3A and 3B shaow, respecti.vely, the
di amagnet i én %m(t]hef ngegg%ﬁxpgc?cgﬁn%tgﬁ §RSfgy conversion systerm comprises n}/verse

cyclotron converters (ICC) coupled to opposing ends of the fusion reactor. The ICC have
ahollow cylinder-like geometry formed from multiple, preferably four or more equal,
semi-cylindrical eiectrodes with small, straight gaps extending there between. In
operation, an oscillating potential is applied to the electrodes in an alternating fashion.

. The electric field E within the ICC has a multi-pole structure and vanishes on the
symunetry axes and increases linearly with radius; the peak value being at the gap.

In addition, the ICC includes a magnetic field generator for applying a uniform

* uni-directional magnetic field in a direction substantially opposite to that of the fusion
reactor’s containment system. At an end furthest from the fusion reactor power core the
-ICC includes an ion collector. In between the power core and the ICC is a symmetric
magnetic cusp wherein the magnetic field of the containment system merges with the
magnetic field of the ICC. An annular shaped electron collector is positioned about the
magnetic cusp and electrically coupled to the ion collector.
| In yet another preferred embodiment, produdt nuclei and charge-neutralizing
electrons emerge as annular beams from both ends of the reactor power core with a density

- at which the magnetic cusp separates electrons and ions due to their energy differences.
_ _ ;.




direction in a FRC. Fig. 4 shows the colliding beam system of the present
invention. Fig. 5 shows a betatron orbit. Figs. 6A anq gB § 20
respectively, the magnetic field and the direction of t?l i lgtS drift
in a FRC. Figs. 7A and 7B show, respectively, the electric fleld and the
di rect wan2eB28the E x h drift in a FRC. Figs. 8A 8B@mnkeBbssshow ion drift
orbits. Figs. 9A and 9B show the Lorentz force at the ends of a FRC. Figs.
1 OA and 10B show the tuning of the electric field and the electric
potential in the colliding beamsystem Fig. 11 shows a Maxwel | :
di stribution. Figs. 12A and 12B show transitions from betatron orbits to

Vo 02/ RSB EIbE bR A To b ofiler SRR ipRRBE ot T on o1 bi (3

when s tabighalfgluep whire ticligirdj@rics @ hiodifed So @llew(h(snﬁdtdmm%dhehalg 14 shows a

neutralized ign beamas it is electrically olarlzdbef ntering a
confi nP?FéagH%ﬁ‘ﬁé?“gthlﬂfg‘ ICE. {Egergy hagmowd fpy Y P Pafb €i on beam as
it contretwled WaRNBrd ddnfected WY feirs SRR lof lo®p &d’io%ia@eﬁérge vi ew
schematic of a confining chanber according to a preferred €nbodinent of a

st ar t - tgpddle be axeatest forrthgyhighept ¢nergy igyis deat initialy srtidatatlose iofthea confi ni ng chanber
accordj odi nrent of a start-up procedure. Fig. 18
shows re%(?tggs gﬂ&élﬁ%elecﬁ-fce%agﬁlggtgn?@%?l ng the formation of a FRC. Fig. 19A
shows a par®thed aspﬂc&samif@hm&stof the ppasmunvgmnmmtllbmniw@pﬁmtc&mmrl sing a

col l'i dlcg’gdbeam ffuli@%ﬂ react or, cou |l ed to.an.inverse cyclotron direct energy
conver £ g CSERPLOR, PMO&““?thE‘WI F 8EOEPEPYE on converter
in Fi gdrakffs. Flg 19C shows an orbit of an ion in the inverse cyclotron

converter.
Brief Description of the Drawinges

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
refer to like components.

Fig. 1 shows an exemplary confinement chamber of the present invention,

Fig. 2 shows the magnetic field of a FRC.

Figs. 3A and 3B show, respectively, the dlamagnetlc and the counterdiamagnetic
direction in a FRC.

Fig. 4 shows the colliding beam system of the present invention.

Fig. 5 shows a betatron orbit.

Figs. 6A and 6B show, respectively, the magnetic field and the direction of the
gradient drift in a FRC. '

Figs. 7A and 7B show, respectively, the electric field and the direction of the
Ex B driftina FRC.

Figs. 8A, 8B and 8C show ion drift orbits.

Figs. 9A and 9B show the Lorentz force at the ends of a FRC.

Figs. 10A and 10B show the tuning of the electric field and the electric potential in

the wlliding beam system.
Fig. 11 shows a Maxwell distribution,
Figs. 12A and 12B show transitions from betatron orbits to drift orbits due to large-

angle, ion-ion collisions.




Fig. 20A shows a partial plasma electric power generation system conprising
a colliding beam fusion reactor coupled to an al ternai‘gﬁer{‘goﬁi %ﬂ% of the
i nverse cyclotron converter. Fig. 20B shows an end vi O TR erse
cyclotron converter in Fig. 20A. Fig. 21A shows a particle orbit inside a
convenfyipanessmycl otron. Fig. 21B shows an oscillati ngal@sgéseiec field. Fig.
21C shows the changi ng energy of an accelerating particle. Fig. 22 shows an
~azimuthal electric field at gaps between the el ectrodes of the ICC that is
experienced by an ion with angular velocity. Fig. 23 shows a focusing

guadr upol e doublet lens. Figs. 24A and 24B show auxiliary
magnetic-field-cqil system ig. 25.shqws a 100 reactor. Fig. 26 shows
reactor su ﬂ%ﬁ'ﬁ:g}ﬁ’m&éﬁﬁ‘“‘i@gﬁgﬁ’?Oﬁﬁdog’eﬁsﬂf‘li?ﬂ@gte 5198y opul si on system
19 Septsidisis aeBrsidde02/ 082873 PCTI US02/ 08370 Det ai | ed Description of the
Preferred Enbodiments As illustrated in the figures, a plasma-electric
power generEig.il4shayssa neniralized joa begim assibistelaciicelly pelarizsd beferecgpiopng ficl udes a

col |'idj ion reactor coupled to a direct energy conversion
syste%&%ﬂg%&gg to above, an ideal fusion reactor solves the problem of
anomal ous tHign$ pog heafl-on vizotdf ainewismliacidor beami asinsontabhyegplasmkaia on to the

pr obl en&ﬂgf. a}rl1q%g)al ous transport found herein nmakes use of a contai nnent
syst enf RS M Ghetic field having a field reversed configuration (FRO).
The anomal qys 16 iPG@O¥iéw Sdhein@itSoflaTonfadfy eRchbByactRaMets £pefnkd nement in the
FRC in such a way that the mpjority of the ions have |arge, non-adiabatic
or bi t sempdicnengofasan-heresdiei ve to short-wavel ength fluctuations that
cause anongy; . ' e '%ﬁ? [ t he exi stence
of a regi g?lé)'g%stie é%% \%ﬁ%lglﬁ% t fgt%%ﬁg@gl C Flje 3&%%#(2 gg{eﬁakes it possible
t 0 haverefarrd emsbrelineaitrpf 4 garfigp pracadajeor i ty of non-adi abatic ions. For

el ectrons, th nongl ous .transport .of .ener IS vai.ded by tuning the
external ly ﬁé%g?%%ﬁ?‘?&fﬁac‘?q?@gﬁmp at&@i/tgf E%mgtz@}c?fgﬂ* I ec%/ri c fi gl d,
whi ch conf ime39ARRSWS] Reidl prsiad-El6atid Yowdd panci@RA sPidR Borhgsinggl | . Fusi on fuel

pl asmas that can be used wth the present confinenent apparatus and
pr oc es®liging heers fion reacipricpunted fp 2 Hiverse ciolafron dimget ggergy pynverter.

(Deuteriu ml"i?%ﬁ GhdtDan@hd Rel of the inverse cyclotron converter in Fig. 19A.

Fig. 19C shows an orbit of an ion in the inverse cyclotron converter.

Fig. 20A shows a partial plasma electric power generation system comprising a
colliding beam fusion reactor coupled fo an altemate embodiment of the inverse cyclotron
convertér. |

Fig. 20B shows an end view of the inverse cyclotron converter in Fig. 20A.

Fig. 21A shows a particle orbit inside a conventional cyclotron.

FigA 21B shows an oscillating electric field.

Fig. 21C shows the changing energy of an accelerating particle.

Fig. 22 shows an azimuthal electric field at gaps between the electrodes of the ICC
that is experienced by an ion with angular velocity.

Fig. 23 shows a focusing quadrupole doublet lens.

Figs. 24A and 24B show auxiliary magnetic-field-coil system.

Flg 25 shows a 100 MW reactor. '

Fig. 26 shows reactor support equipment.

Fig. 27 shows a plasma-thrust propulsion system.




(Deuterium Tritium, but al so advantageously include advanced or aneutronic
fuels such as D-He' (Deuteriumhelium3) or p-B" (hyd -Boraon-.11). (For
a discussion of advanced fuels, see it. Feldbacher & Wg?é?rﬁg?rg@%mcl ear

I nstrunents and Methods in Physics Research, A271(1988)11-64 (North

Hol | angoAmsdersdam . ) For such aneutronic fuels, thecdtisiaisfeacti on energy
Is alnost entirely in the formof charged particles, i.e., energetic ions,
that can be manipulated in a magnetic field and, depending on the fuel,
cause little or no radioactivity. The D-He' reaction produces an Hion and
an He ion with 18.2 MeV energy while the p-B" reaction produces three He'

. ions and 8..7. MV ener.q Based on, theoretical nodeling for a fusion device
uti | i z2sigiledRssenintion of e Preferred Embodimenis energy conversion efficiency may be

as high as ghnuitrRd% 1R Fighes aplRRE-cRYHE poWBShh&a R systdm oh@@®R and Y.
Yamanot o in Fusion Technol ogw);, 19, 870 831991 , for éxanple., Such
ef fi ci patenigventignarefesably ipcludesarreBidingdepn disprageastdr spupleddoa diedtc fusion, in a

2005 i3 oRdEp Sk FRERAGH 0 AYE S CRbA RUEGELRE bl D CTOCE o

t he preseohalowteamspootfor bdikeiond andgpdatirpes: tThe salstionth tliagoldem pf oduct s can be

sl owed do and thepr kjnetic.ener converted directly to,. electricity.
Ady an 58607 PansperE oty bt aizigise S GRS St HeHE e, econt

| nvent figdhavivSa fidl@revbkséddoffigir@fon (PRCY. | THe@nemAberdnopl Fa8% and el ectronic
ability to convert the frequency and phase of the fusion output power of
about %’OIdeibYﬁlaﬁﬁléﬁoﬁﬁ@émﬁméq@éﬁéQ in gurh avrydbat die majoty oERINS60 Hertz power
grid. ' Cant al . %ﬁkﬁq ' A 9‘1?9{ red enbodi ment
of a c%ggga?%ﬁ]gﬁ? ﬁ@%{b@?ﬁ%&% ac g]glr%é?i rl}sée]‘ts ll(t)llré éta’ts1sse“5r|‘§trwg'zeeln |%§{r?. :&%n. The

cont ai thaeatse syahdons3Gspodmp rdistatic mwnehbrpadiculag lthe GOfentdefta reglef immes therein a

confinin hanb 310. .Preferahbl he ch r. 310 s cylindrical in
hape. HAPRE SHPRES et o Sl bkt v RO kvt Platas (HRATEE 310 For
appl i cahhjerty@ff nbithdiabatio thal ForRRbtréiésthe Bortilbus Gradspbid SF &Rrgygactor, it is
necessary to create a vacuum or near  Vvacuum i nside the chanber 310.
Concerivpided by tuingthe extarnpdly gpriied gagnetiedielddo devslap strong elpaisic field | 320,

| ocat egh- i £ hi RAMREE flux coil 320 conprises an

el ect %gﬂé@tﬁﬁ?ﬁtﬁ?ﬂggrrylﬁ{r%%aﬁkg%ﬁg%ﬁggggﬁéelg%?b direct current around a |ong
coi |, as slhroson fuelylasmins pratéanrheinbed witinthe psesit panfiabihelt apparetiisagd of nul tiple

separ al;[rgcegsoalrs!: IsloteHPrgfed rtr(})%utronic fuels such as D-D (Deuterium-Deuterium) or D-T

e

* (Deuterium-Tritivm), but also advantageously include advanced or aneutronic firels such
as D-He® (Deuterium-helium-3) or p-B" (hydrogen-Boron-11). (For a discussion of
advanced fuels, see R. Feldbacher & M. Heindler, Nuclear Instruments and Methods in
Physics Research, A271(1988)11-64 (North Holtand Amsterdam).) For such aneutronic
fuels, the fusion reaction energy is almost entirely in the form of charged particles, i.e.,
energetic ions, that can be manipulated in a magnetic field and, depending on the fuel,
cause little or no radioactivity. The D-He’ reaction produces an H ion and an He* ion with
18.2 MeV energy while the p-B'' reaction produces three He* ions and 8.7 MeV energy.
Based on theoretical modeling for a fusion device utilizing aneutronic fuels, the output
energy conversion efficiency may be as high as about 90%, as described by K. Yoshikawa,
T. Noma and Y. Yamamoto in Fusion Technology, 19, 870 (1991), for example. Such

efficiencies dramatically advance the prospects for aneutronic fusion, in a scalable (1-1000

MW), compact, low-cost configuration.
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preferably, parallel w ndings of about four separate coils, to forma |long
coil. Persons skilled in the art will appreciate that ézgrrtenl'g gpégugh t he
betatron coil 320 will result in a magnetic field instdeRHRYY ron coi l
320, substantially in the direction of the principle axis 315. Around the
out si dgoatid2ks chanber wall 305 is an outer coil 32%crAkeesfer coil 325
produce a relatively constant magnetic field having flux substantially
parallel with principle axis 315. This magnetic field is azinmuthally
symmetrical. The approximation that the nmagnetic field due to the outer
coil 325 is constant and parallel to axis 315 is nost valid away fromthe
ends of th(i?c anber 310. At each en'g of the chanbe ?i\]‘-}ggr"i s amrror coil
330. The milR P8It gReray ognyrrsippratrspeidhc Prsseyt Buertiandhe srd BYBHetmgnet i ¢
~fiel d dffsidfroddid BNk eddbWnahd ﬁ@ﬁrkilﬁﬂgene}%}&np&@@ upguylhe magnetic field
lines inward at each end. (See Figs. 8 and 10.) As explained, this bending
i nwar celestricithicAdvaptageonsingbe ditachenersy conversgnsystene! flepsasent BB504N a cont ai nment
regio b Nlisd).. naeels I . L par coils 330 by
pushi el SARER Sha o ARLEL Bl loch G My O hon BB et 11 10
Sept enfixgneriz @hd MRsON tRBME B oAt/ posO2d B G M s teamtdDbe fitdenoy nor coil s 330

‘can be adapted to, pr e an increased magnetic field at the ends by a
vari eta§?38$ ﬁﬁ?ﬁbﬂ‘é‘%@gg SHHPAWFE Yt . i ncl udi ng i ncreasi ng the nunber  of

Wi Nndi rEESioh CohfARini®nd $vafemcOi | S 330, increasing the current through the mnor
coils 330, or overlapping the mirror coils 330 with the outer coil 325.
The outer &g I ilhpBatesapraieredembagiment giocantainmins sirstemB Ofjageording tep| enmrent ed

out si : r : be 1.0si e chanmber 310.
Tn cadRr bR SOGRDE" Tk Lt SOUFAED cols TRMRES I 48 A0 CT T ve
mat er idefinsulidniein s cordinilg, chathbar@¥0.bRrefesaiirg ticabeohes 31 Ois pllivaiacdlie coi | s 325, 330
I nsi de, t he chanber wall. 305 because e ti a It .takes.for the
* nagneth#Ps VEF BIPI4PPs PR ?féﬁmaw%%oﬁ%&}f spplicBPSr o y l'arge and
thus GaneRnichEyaHE Bo0MoIMsibPraGaE it iShdee@irs A dreatSh Padudhlo¥ nedrhe chanber 310
- maybe of the shape of a hollow cylinder, the chanber wall 305 formng a

| ong, vasi) iapide the ghambsr Z1{k (Cogcengrigswith the pripsinla axis A1 is g petalsen 1800 coul d be

i mpl e iuﬁ'tﬁi | ter of that annul ar
ring. %E{rig?%jrl%gfeg t n'e elénﬂr%g‘rb%p?%%tr‘%&noél gb@%%(%%?npgﬁ&t e annular ring
may ceipiricsleuaem oardogutediti ndapiet te diredt csnmharasndy lass coilss shiolvh, becone

appar el oy LN SIARSL 310, TSl b2 Pl Rl LS ST R1AS A0 Shape to allow

preferably, parallel windings of about four separate coils, to form a long coil. Persons

skilled in the 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.

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 parallel to axis 315 is most

| valid away from the ends of the chamber 310. At each end of the chamber 310 is a mirror
coil 330. The mirror 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.
(See Figs. 8 and 10.) As explained, this bending inward of the field lines helps to contain
the plasma 335 in a containment region within the chamber 310 generally between the

. mirror coils 330 by pushing it away from the ends where it can escape the containment
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| ayer 335 to rotate around the principle axis 315 at a given radius. The

chanber wall 305 may be forned of a material having a high net |

. perneability, such as steel. In such a case, the chanbgégﬁﬁgggﬁg@bgdue to

- induced countercurrents in the material, helps to keep the magnetic fl ux
from egpaphdigrst he chanber 310, "conpressing” it. |fpcheuilsgber wall were

to be made of a material having | ow magnetic perneability, such as

pl exi gl ass, another device for containing the magnetic flux would be

necessary. In such a case, a series of closed-loop, flat netal rings could

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

provided within the outer coils 325, but outS| de the circulating plasna
beam 38iem3QP+ s mirkos gajls 38P G3n brcadppted t@PEodugs,a iRCTERs REEIEE g ot | ve,

wher ei e EQR b3 9 Wintéy bf Méth&iﬁ'kh@ﬁlvﬁ &rtﬁe 00 b Tl iArbad B3 o dulitRr ofPT edet er mi ned
current to greater facilitate the contai nnent of magnetic flux within the
chanbewingdings inshe wirrea toilsSB ), inerprsing reequrrenithreughnthe mirerreells, B4, @oul d serve as
flux d ghgﬂg %ptﬁé mﬁ’?or%?ﬁﬁ ﬁbq‘ﬁ tﬁ% té{'%l‘i‘%s detail below, a circulating plasm

beam rising charged par €5, may be contained within the
chanber 31Q“hb¢uttehﬁaﬂl305emimlrfcmmtsnala&e;ﬂowaubmmgtel impipnehied ofiisde d due to the

outer coil e |on Ln..the pl m 335,12 19 Sept enber
2006 s B LStsehsvtsses s o sl dﬁﬂljﬁﬁﬁﬁ%ﬁ@e@&m@a PhEE W 1 ar ge

bet at r&.&neér%tn%ogwhsﬁda@dt)rMonhhaﬁs nfafefifl JublasqideRl it Gk be 325, which are
parallel to the principle axis 315. One or nore beam | n{iectlon ports 340

are alavaniagsoisde placothe eril$idas, 330 ansids theghambpey wall 308 becansedns e Brasna beam 335
in th%mgmﬂﬂﬁé é%nchﬁgﬁ@%leamtﬁxféqgtgout tﬁﬁﬂna wl%lagoaf%%raneorts 340 are

adapt ed 0|nje an e sa sition fromthe
pr [ nc | thtisscaasei the sy2om\8I08 teerehdi sluggishly ubiatilarky thed caamrherliéamag% of the cont ai ned

aro nul | surf e descr elow) . Further, th injector ports
340 arh d’gﬁ?‘@@"f e linfpretbe thbebg %gitgﬂmf%éig"ﬁi @DH{%}?“&J'H 2to and in the
di r ectda@NtiRbelattn 0L @420 cONPbE intflerhdhdGRARIRIONBE cRArSRVal?889In335. Al so
provi ded are one or nore background plasma sources 345 for injecting a

cl oud th¢ cantsnofthetrageulaging) Reaferabhlntthe inpes weoll Sompung the oenteref the gpmyasy ¢ ed

enbodi 3 e ﬁﬁ?% di rect plasma
335 to%?rr}%aytc}%gﬁg% a o%%ﬁgﬁ@ﬁlﬂn%#ﬁéﬁﬁ %’ht%%g%? ‘gsi%ﬂi T ha &)grglétth@l? ound t hat
di r ectohmgbdri3e0 plustdheaf sdfﬁaemhmimpdto alietrttercirctdatmgqﬂasmblbeambrasrra 335 and

| eads to %g’l %her den ?i 1e cont ai nment
layer 335 toYotate aroun rmclp ax15 ata glven ra 1us.

The chamber wall 305 may be formed of a material having a high magnetic
penneability, such as steel. In such a case, the chamber wall 3G5, due to induced
countercurrents in the material, helps to keep the magnetic flux from escaping the chamber
310, “compreséing” it. If the chamber wall were to be made of a material having low
magnetic permeability, such as plexiglass, another device for containing ﬁe magnetic 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
predetcnnined current to greater facilitate the containment of magnetic flux within the
chamber 310, Alternatively, the outer coils 325 themselves could serve as flux delimiters.

As explained in further detail below, a circulating plasma beam 335, comprising
charged particlés, 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
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region within the chanber 310. Charged Particles in a FRC Fig. 2 shows a
magnetic field of a FRC 70. The system has cylindrical et Lth
respect to its axis 78. In the FRC, there are two regibiéq39nh%é%@%ic field
lines: open 80 and closed 82. The surface dividing the two regions is

cal | edwdweosmparatri x 84. The FRC forns a cylindri earuseddssmurface 86 in
whi ch the magnetic field vanishes. In the central part 88 of the FRC the
magnetic field does not change appreciably in the axial direction. At the
-~ ends 90, the magnetic field does change appreciably in the axial

direction. The magnetic field along the center axis 78 reverses direction

in the FRC, lch gives rise to t term. Reversed" in Field Reversed

Cont 1 g iensHiepsraaptingf i ags Begifor ot B anq ToAe T from B = The i

sur f acg29)4vhich atdpatallbli tb Ste phintipietaki@B15. Wne ot ioréBREhjestidd RItsI3401Si de the nul |
surface 94 is in a second direction 98 opposite the_ first. If an ion noves

in t heagiakse pravisisd fayeddingplasmsyign !ty thesiredatng phasmahgap A3t 1t oi nt s towards the
null s 4 o Burd | | LG ik i ght - hand

Ful ¢, " REEsd in filfonkd aRbdhy ALRELAGE Y AR TS B Lorent -

f or ce winkays appbbutttee sapwazdib! pedigonfrdni the prifiaple agid 315Twhere fhenonenon gi ves ri se
to a particle orbit cal.led betatron orbit 0 _be described below 13 19
Sept enﬁéﬁ”ﬁa%%gﬁﬁm Wéégﬁn%ﬁ {lﬁoﬁrp&@%aiﬁmfﬁ"égc?%s%"%e\gg%#i on noving in

t he coputirt, dhcififegmgiorts 340 4reedaptd tdBiect ibhBeanlsB56 1(See Fig 6k tangentibi s case
points away fromthe null surface 94. This_ phenonmepon gives rise to a type

of or bfad 1a Heidirgction gf the betalrgn qubit pithe,gontpined plaswa beadt &n- The di amagneti ¢

direction | | cReTBeHASH dstmal I in@gd vice versa.
Fig. 4 shom‘é]g%ptFﬁEéi%?ogﬁ%ﬁgilcayer gf‘ldsgllaggﬁr%&fggrféréﬁ?gﬁhfgg in the ions'

di amagelend of nogHenazgstic phsim@into thin chamibey3 100 én & prefeed embodimentrilie t he nul | surf ace

86. T neti,c field creat.ed by, the lar_.pl as laver 106, in
i naie R R sl JR5 s A ARATD e R oM ra AR oY B 10D
g;igne';]ihé clﬁdnﬁigﬂBlf@a\Iﬂ'hﬂ&gb?dﬂe'omﬂpl?t ﬂ'@?ﬁtiﬁé t}ﬁlpEtElﬁa (lﬁ'd(;ga}th]iulmlt@b@ﬁe'r s shown in Fig
. The ion_beam t hat ros the plasna |ayer 106 has a tenperature;
theref‘éﬂ“&a}“tlhﬁélasm%:f%cﬁnfi'eé‘%s%P*‘E&#@rqe&ﬁg’qfaﬁﬁﬁ“y%%@nﬁmé‘ﬁq bution in a

frame fobatlife e clhiBer@vgr age angul ar velocity of the ion beam Collisions
between"1ons of different velocities lead to
Charged Particles in a FRC

Fig. 2 shows a magnetic field of a FRC 70. The system has cylindrical symmetry

. “with respect to its axis 78. In the FRC, there are two regions of magnetic field lines: open
80 and closed 82. The surface dividing the two regions is called the separatrix 84. The
FRC forms a cylindrical null surface 86 in which the magnetic field vanishes. In the
central part 88 of the FRC the magnetic field does not change appreciably in the axial
direction. At the ends 90, the magnetic field does change appreciably in the axial
direction. The magnetic field along the center axis 78 reverses direction in the FRC,

- which gives rise to the term “Reversed” in Field Reversed Configuration (FRC).

In Fig. 3A, the magnetic field outside of the null surface 94 is in a first direction
96. The magnetic field inside the null surface 94 is in a second direction 98 opposite the
first. If an ion moves in the direcfion 100, the Lorentz force 30 acting on if points towards
the null surface 94. This is casily appreciated by applying the right-hand rule. For
particles moving in the diamagnetic direction 102, the Lorentz force always points toward
the nuil surface 94. This phenomenon gives rise to a particle orbit called betatron orbit, to

be described below.
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fusion reactions. For this reason, the plasna beam|ayer or power core 106
is called a colliding beamsystem Fig. 5 shows the ot of .J.on
orbits in a colliding beamsystem called a betat ronngégl tx'%%%r R3pet at r on
orbit 112 can be expressed as a sine wave centered on the null circle 114.
As expiwai mesksabove, the magnetic field on the null @oraisezdsi® vani shes.

The plane of the orbit 112 is perpendicular to the axis 78 of the FRC. |ons
inthis orbit 112 nove in their diamgnetic direction 102 froma starting
point 116. An ion in a betatron orbit has two notions: an oscillation in
the radial direction (perpendi cular to the null circle 114), and a

Cransi ot ofgl 80808, Billo SIS NS hbferahfinBah B 464PH0T he magnetic

field 118 in horizontal axi s represents t he
di st anterehta fmﬁuﬂﬁeb@egomrsamy fromAGudbsusfact®4. Thiz piegaehocgivesel d is in

Ki | d t 118 h t th
nul | cirelpa gl Gt i G bbby Spsrga opay. dbUREIES AR noar 1 h

nul | C!fcfr%rfs‘1%0%&@%1@[1&?0@&4%&0&2&@ Ve veRg. Magnetic field pointing away
fromthe null surface 86. The nmagnetic field outside the null circle is in

a first di rigt4 bawiaping wm@lmtlmeernﬁxgma W6frplating infky iges’ dii@agratic circle is

a e i on [ t f@n of a
gr adl eﬁ?&ggﬁ(ﬁ i@%éilin é%éééocg{%ﬁg‘%‘é{rl@gé 8%1? (g)lgfa&% §§ The&ga%"%ei%g& is the
gr adi earcated byt the amrmpn plasma fayal 106, it barshinationodth dnexterhall apdipd enber 2005 WO

O TR g d S Y A e - ©

di r ect iR iNkRtHer the ion is outside or inside the null ci rcIe 128. Fi g.
7A is a graph of the electric field 130 in a FRC. The horizontal axis of
the graph Yheperekeam thatdorms dhetlasme dayien1 Qodies p tamapsrature;thgieforeetheRC axis 78. The

el et 1 fodh & bfhl Sorks B PAgh it ise Al SHARD-HERE G B sl ectric field

130 vani shes c ose CI rcl e if Fig. 7B, the
el ect rangufar edlchntyfocﬁthenmrisaams (ocons bemvetgx ionstof iffendns velocitiesrlendtto ons 132, 134

awayf m t he,. nul rface 86.. The etlcfleld be e, isin
opp05| on 5@ Fté‘lf‘ﬁh iﬁ‘?%ﬁ‘ |p}’i‘§‘?1ﬁB° yggfg?\ﬁgcglfe @ﬁéﬁ %I]F‘{ surface 86. It
can bec@ﬂﬁﬁ aﬁ,tsggte,hy applying the right-hand rule that the direction of

the Ex Bdrift is in the diamagnetic direction 102, whether the ion is
out si de or ngrsﬁ shews the 4N typeseliererbitsyig @ colliding beam system, called a

betatron orbit 112. A betatron orbit 112 can be expressed as a sine wave centered on the
null circle 114. As explained above, the magnetic field on the null circle 114 vanishes.
The plane of the orbit 112 is perpendicular to the axis 78 of the FRC. Ions in this orbit
112 move in their diamagnetic direction 102 from a starting point 116. Anionina

* betatron orbit has two motions: an oscillation in the radial direction (perpendicular to the
null circle 114), and a translation along the null circle 114. '

Fig. 6A is a graph of the magnetic field 118 in a FRC. The horizontal axis of the
graph represents the distance in centimeters from the FRC axis 78. The magnetic field is
in kilogauss. As the graph depicts, the magnetic field 118 vanishes at the null circle radius
120. ' _

As shown in Fig. 6B, 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 outside
the null circle is in a first direction 122, while the magnetic field inside the null circle is in

a second direction 124 opposite to the first. The direction of a gradient drift is given by

the cross product Bx VB , where VB is the gradieht of the magnetic field; thus, it can be
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Figs. 8A and 8B show anot her type of common orbit in a FRC, called a drift
orbit 138. Drift orbits 138 can be outside of the nulkﬁsu&faﬁe:#ég, as
shown in Fig. 8A, or inside it, as shown in Fig. 8B. PRBPHiI 1S 138
rotate in the diamagnetic direction if the Ex B drift domnates or in the
count ewgioamsgriet i c direction if the gradient drift dorusedeszo The drift _
orbits 138 shown in Figs. 8A and 8B rotate in the diamagnetic direction 102
from starting point 116. A drift orbit, as shown in Fig. 8C, can be

t hought of as a small circle rolling over a relatively bigger circle. The
smal |- circle 142 spins around its axis in the sense 144. It also rolls

over t ! Lrcle. 146 in th lrection 102, .The point..140 will trace in
space %%B%E{%d%g iawwﬁﬁe&%é@%ﬁ?‘&‘?agg‘ﬁ%%ﬁw Bf;sgﬁgwafeﬁg&%ﬁl'rs&ﬁeon of the

Lor ent gouhfdigmaghetidBrectiviis whéther tHeR6n Ehtsideloninkidg thedl cRéle 128) | s shown novi ng
In the diamagnetic direction loéﬁl\ﬁb%a'a velocity 148 in, a magnetic field

150. It carFi%JAalﬁarg@ehaf@aehsgma gt 2 FRC Thiforikantal axisiodthenat t he

Lor ent Z.f10fcpRsehRdhd &RGRe iiP catidbielsTRont BB FREGKisI7R! ant BeciealigR af cl osed
field Tines. In this case, therefore, the Lorentz torce 152 1s confining

for t heolistsms Aslthe gigh depits, tha eleetric ifislddA0 wenishgpelpsego ihe b eirdount er di amagneti c
di rect]@agﬂsgi h a velocity 148 in a magnetic field 150. It can be
apprema‘te )y applying the right-hand rule that the Lorentz force 152
tends to pussshowié RigTBj tht eletthe ficlddordonsds depafinifig; ¢l pbidts inelrections t hi s case,

therefgore, the Lorentz force 152 is dec ining fqor the ions. 15 19

Sept e rl%@Q@Y%ﬂﬁ? B@L%ngwp%w sm%{w TP dS BOBPEEct r ost at i ¢

Conf i nffR#idnsi102, 224 5 aridl ARAERTR of A% @Il 386act 86 61t Ehrbbe aﬁ;re@iﬁ!%dlﬁg formed in a FRC
by injecting energetic ion beans around the null surface 86 in the

di amagapplyiing thé figitthanhrulkQRat tfe direttion of fedBkad driflis inl inchitmsigaaicol di f f er ent
met hods of faorm t he .FRC and pl as. ring follo below.) In the
ci r cul GEeFhgR &Za‘é’ﬂf&hﬁr dpn 1§ QISR REns ‘Fﬂ‘FﬁEﬁ’Fﬁﬁ@e hﬁe betatron orbits 112

(see Fig. 3gs. 9A 8nd EPSHo%CInbher fRbAndAbrRdh AFRA, canchiRsin &kiey are
I nsensitive to short-wavel ength fluctuati ons that cause anomal ous

t r anspld8t Drifirerbitsl38 sambe ewside of 08 mullispafepe L, as FiR@MEN ig Bdeor insidd | i bri um
angul o 3 Sio5IE o f; S SHC Ao G PRI ITh oy 4 EFdbt rons ve. The
rel at i it dotinates or in the counterdiamagnetic direction if the gradient drift dominates. The
drift orbits 138 shown in Figs. 8A and 8B rotate in the diamagnetic direction 102 from
starting point 116. |
A drift orbit, as shown in Fig. 8C, can be thought of as a small circie rolling over a
relatively bigger circle. The small circle 142 spins around its axis in the sense 144. It also
- rolls over the big circle 146 in the direction 102. The point 140 will trace in space a path
similar to 138,
Figs. 9A and 9B show the direction of the Lorentz force at the ends of a FRC 151.
In Fig. 9A, 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, thergfore, the Lorentz force 152 is confining for the ions. In Fig. 9B, an ion is shown
moving in the counterdiamagnetic direction with a velocity 148 in a magnetic field 150. It
can be appreciated by applying the right-hand rule that the Lorentz force 152 tends to push
the ion into the region of open field lines. In this case, therefore, the Lorentz force 152 is

deconfining for the ions.
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we = W1- 01 ° J, where 0. = ZeBo (1) S Onrc In Eq. 1, Zis the ion
atomc nunber, m is the ion mass, e is the electron clg é% 4 t he
magni t ude of the applied magnetic field, and c is the % S18Pe] Oéﬁ There
are three free paraneters in this relation: the applied magnetic field BO,
t he elwotsmnagangul ar velocity we, and the ion angulpaindemsity w,. If two
of them are known, the third can be determned fromEqg. 1. Because the

. plasma layer 106 is formed by injecting ion beans into the FRC, the

- . angul ar velocity of ions co, is determned by the injection kinetic energy
of the beam W, which is given by W.=2M Vr2=zm (w,ro)2 (2) Here, V, =
eoro, where veI OCIt of ions, w, is the cyclotron
frequency c¥af Clica GRiosty ag+t5—ef the null surface 86. The

kinetic enq&gmsxﬁélﬁérqgs LOPj 'I)ctaﬁ"ﬁeﬁ%ﬁéﬂ inNIROSERd- Gk sdeheRAUSE t he

electron mass me IS nuc sma I'er than the ion nass m. For a fixed

i nj ectb@msmumtﬂlp}lulmmfah‘ésmahﬁ Jistnsgngticivectiomid208 fsns.eth feigjledt i c fiel d B.

can be will be
choun. ST Ry b0l A 3R g e B SRABREBALE) 18, T 1 (P2, oy

val uesthei:nrmﬂm;ngbhsxm hagtrd06,andst ef tile ions hale betatnen qirbmsm (bemyFig. 5), Bld s feature of

the i ti. | | F 19 Septenb
2005 VBRSBTS nprckeie Bisaley 1 R Tredlen TSRS o eciric.

field ﬁ]hﬁaysglah&ﬁgms ttned for the same injection velocity, w= 1.35 x
lo s-', but for three different values of the applied nmagnetic field Bo:

Pl ot Appl i edn ailgsrae laaferflﬂ)é formedin i Ric endbpndarryyiliyrivmepaditiony, the o )

107 5 O ALeoRfn impe SeerbtaReind ullar Sutod AR U2 iy o g

1. Oneté aipulad PA6EE AbRctiddd o, WEhretisEBNSs that Q0 > m in Eq. 1, so that
electrons rotate in their counterdi amagnetic direction. Fig. 10B shows the-

electric potenti al in volts the s ZeB,
P (involte) fat the syre b, )

In Eq. 1, Z is the ion atomic number, m, is the ion mass, e is the electron charge, B, is the
magnitude of the applied magnetic field, and ¢ is the speed of light. There are three free
parameters in this relation: the applied magnetic field B,, the electron angular velocity @,,
and the ion angular velocity @,. Iftwo of them are known, the third can be determined
from Eq. 1.
Because the plasma layer 106 is formed by injecting ion beams into the FRC, the
- angular velocity of ions @, is determined by the injection kinetic energy of the beam W,
which is given by
W= %minz = %mi(mira )2 _ | | 2)
Here, V; = @r,, Where V; is the injection velocity of ions, &, is the cyclotron frequency of
ions, and r, is the radius of the null surface 86. The kinetic energy of electrons in the beam
has been ignored because the electron mass m, is much smaller than the ion mass m,.
For a fixed injection velocity of the beam (fixed @), the applied magnetic field B,
can be tuned so that different values of @, are obtainable. As will be shown, tuning the |
‘external magnetic field B, also gives rise to different values of the electrostatic field inside

the plasma layer. This feature of the invention is illustrated in Figs. 10A and 10B. Fig.
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set of values of Ba and co.. The horizontal axis, in Figs. 10A and 10B,
represents the distance fronlthe FRC axis 78, shomn in ghe@géap% Ln
centineters. The electric field and electric potentlaﬂ 1 eI'szcroéngly on
~toe. The above results can be explained on sinple phyS|caI grounds. Wen
the i opeopsate in the diamagnetic direction, the pofigs@fgsgonfined

- magnetically by the Lorentz force. This was shown in Fig. 3A For

el ectrons, rotating in the same direction as the ions, the Lorentz force
is in the opposite direction, so that el ectrons would not be confined. The
el ectrons | eave the plasma and, as a result, a surplus of positive charge

is created. his sets up an el field.that preventss other electrons
from I@f\/ﬁﬁ&s Kﬁ@ Hirtsetthe clogire g?ﬁg‘EtVPWCWWWB%WéBWWd@e‘HP“t his electric

field yad %lutmlﬁﬁns”b%tﬁfhesermﬂ&ém%ukmth 864 Madle@NfiQd pronent um  The
electrostatic field aV§ an_essential role on the fransport of_bot h

el ectirons ang,lotl ons. fﬁl%bﬂgg%(e&c"ﬁ'gld' ortg gécu%gpec elOEleéwr‘);nveml on is
ad

that [a strong €l ectros I's Cleat iMsite liayer 106,
t he neghrtude—of—this—pleetrostat+e—H-eld+s——controH-ed—by—the—val ue of

the applied magnetic fjgl-<2B k@hich can be pas+hy adjusted. As expl ai ned,
the €l ectrostatic fielld is confining for el ectrons if we > 0. As ishown in
Fig. [I0B, The deptn Ooff the_ Wel]T can be 1 ncreased 23% uning the agplied
magnegt i ¢ f| elé BO. ExicBptotdkCa very narrowredp "ﬁ%aﬁr theé null{ circle,

I I hiz 73
- PCTI yso02/ 083398 gyrora
fluctjuations Wth an
faCt, h\/! IJJ IIDlI TII. Oll II t G 1 U
The f on, product bei f muc her e | eave the plasma. To
mai nt a Vé‘r‘fﬁ? ea’d%‘é‘g?abw}"’a‘f’&?&tewg aﬁ%‘l? ibéleﬁﬁ‘st pul | el ectrons
out OfypblatiafRlit P> Wirldind BETY, STBREY £, ShirReeid %nseﬂ %@é i@k fromthe surface
of thepi) F‘lasma |"ayer rfgla‘tlybgf ’g+<ectrocns ato thle surface of the plasm
is veropuﬂtaﬁaamgnbtm dizectioh.eBigr tDiSshbWathelehaam pbtentig i(iaswlis)dbrtthe talve f usi on

products repl aged; ot herw.se, 0 ial well would disappear.
Fig. ot %tm-lﬁﬁ %f%v&&‘ﬁ@ Qﬁ'aﬁilma%og{aﬁ FJB%I“?EWS p ﬁa?@%"éﬁl?r?s(?ﬂ@theml y very PP
ener gefidince fbRGhd B0S akif %‘nsﬁ&ﬁl fndhd gr Q&ntﬂb?er%?ﬁ@@lécuﬂ'fﬁw dnuti on can

reach the surface of the plasma and | eave with fu5|on ions. The tail 160
of t heladirstpoidptidlidepend 8t2onigly ¢théis cont i nuously

The above results can be explained on simple physical grounds. When the ions

fore, electfgns,s to short-jwavel ength
y fast diff ‘gi O%l?%ﬁ@@T his diffysion, in

erce—the—fuston—+eacti+oAd occurs.

rdtate in the diamagnetic direction, the ions are confined magnetically by the Lorentz
force. This was shown in Fig. 3A. For electrons, rotating in the same direction as the
ions, the Lorentz force is in the opposite direction, so that electrons would not be confined.
The electrons leave the plasma and, as a result, a surplus of positive charge is created.
This sets up an electric field that prevents other electrons from leaving the plasma. The
direction and the magnitude of this electric field, in equilibrium, is determined by the
. conservation of momentum. '

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 ﬁgld is controlled
by the value of the applied magnetic ficld B, which can be easily adjusted. |
_ As explained, the electrostatic field is confining for electroné if @, >0. Asshown
in Fig. 10B, the depth of the well can be increased by tuning the applied magnetic ficld B,.

Except for a very narrow region near the null circle, the electrons always have a small
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created by electron-electron collisions in the region of high density near
the null surface. The energetic electrons still have mal | radi us,
so that anomal ous diffusion permts themto reach the?gﬁF?QE@g¥ég§ enough
to accommodate the departing fusion product ions. The energetic electrons
| ose t W&l q2/08288xr gy ascendi ng the potential well and leansowssie very little
energy. Although the electrons can cross the magnetic field rapidly, due to
anonal ous transport, anomal ous energy | osses tend to be avoi ded because
little energy is transported. Another consequence of the potential well is
- a strong cooling nmechanismfor electrons that is simlar to evaporative

cool i ng, I e e, ,for water,to,evaporat It .nust. be supplied the
| at ent g}?glglﬁ U5t "i(@eg%ggei ?3@'?’8%’{559??1??%8 1“%?"33‘5%%‘1)81“1 PR r ermi ning | quid
vat er  amghalduely Fas didfusich ige. TEGH diffusiod)inCact! Ke@is thh@biRahd oRntidltvell Y to a | ower
tenperature faster than the_heat transp_ort processes can replace the

H

ener gy°negithe fsipn fractio ocougy. ckhe fisvnn prodyet igws being of mugh highgesnereYi s equi val ent
to wat Rhveiht Ab&Y MRk HABOLlARl Ry i ly the energy
requi redvto giscend thenp(?tce%?i glﬁﬁﬁeﬁuﬁﬁ%’ﬁnﬁfgs@hg&%{é‘ﬁ?@g{t:ﬂgﬁ process that
r e- suppiksteons etiof thaplagya withiles, Majoheteking tielelestonstfaim thaeurficeofthons can

escape th | i.zatd on process thus.results. in | ower, el ectron
terrper%llifﬁIs J‘Iag,gy eé's%%n&ﬁnglgyn%flg %C‘ansstagfr%e suirﬁagﬁo%th?plﬁg% i Hayg?%@\é\g éh.e Because of the
mass  delédtenemhaidedve tiwgdanalviti thofisioR pRIRON0N Be repldied; obeFdle, tieansfer tine

fromprotons is a &)u,t 1800 tines less than the electron thernalization
time. RFe2LEA} vomd AS¥WEHi sm al so reduces the radiation | oss of electrons.

18 19 Sept qrHan sRRA5 MR AERATRBCTEMTURLRERT Onlyirp erefoel@! ti cul arly

i mportant for advanced fuel's, where radiation [osses are enhanced by fuel
i ons wiledtropsnirem dheiteil Hifdhe Maxyrellatisibutinmeanireach the shirfadihod thelpdasteost at i c fi el d

al so f k T LQr] of . particle.orbits in the plasm
| ayer a{fgggagg ‘éjltgreﬁfsg({nﬁglzspgrh% faflsi%ﬁ f‘g&lla ﬁg%’}e{t}%{lnl & @8? ??“é‘f“b%‘é‘? that is,
col | i sereanal bywdldetrors-elatttaardoligionsigltesre pieh vlidgh Shsiyakad 8 nult audfaghlange a

betatrn orbit to a drift orbit. As_described above, the direction of
r ot at i'g‘??e&?rg?%eeﬁ"&f'rf"?stsnhrhﬁwtaﬁ‘%aﬁlﬁ%msn@dhﬁiﬂ%m@%@ﬁ“ﬁ Bimfet ween the E x

B dri f&eﬁ%&ﬁ&%ﬁlﬁﬂbﬁﬁﬁt efbighlio ac'cgmﬁlbﬁ’atgthé d&ia?fxigfﬁlsimm; ffs, Lhe drift

orbit rotates in the diamagnetic direction. he gradient drift

domi nakhesnergetic elfcirons logsrthdir encigy ascendingitht petentinl wekk autl lnmsggrithtsiery  di r ect i on.
I PR, Al R BB e 1 on o

~anomalous transport, anomalous energy losses tend to be avoided because little energy is

transported.

Another consequence of the potential well is a strong cooling mechanism for

glectrons that is similar to evaporative cooling. For example, for water to evaporate, it

must be supplied the latent heat of vaporization. This heat is -supplie.d by the remaining

liquid water and the surrounding medium, which then thermalize rapidly to a lower

femperature faster than the heat transport processes can replace the energy. Similarly, for

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 tail so that the electrons can escape.

The thermalization process thus results in a lower electron temperature, as it is much faster

than any heating process. Because of the mass difference between electrons and protons,

the energy transfer time from protons is about 1800 ﬁmes less than the electron

thermalization time. This cooling mechanism also reduces the radiation loss of electrons.
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whi ch occurs at the point 172. The drift orbit continues to rotate in the
di amagnetic direction because the E x B drift dom nat Fi 1 shows
anot her 180 collision, but in this case.the el ectrosti?isgptfﬂlgfeﬁgq%ss weak
and the gradient drift domi nates. The drift orbit thus rotates in the
count ewdhcaiodpgreet i ¢ direction. The direction of rotateceusefossfoe drift orbit
determ nes whether it is confined or not. A particle noving in a drift

~ orbit will also have a velocity parallel to the FRC axis. The tine it

takes the particle to go fromone end of the FRC to the other, as a result
of its parallel notion, is called transit tinme; thus, the drift orbits

reach end of, t.he F i ti f the grder, of the transit tinme. As
Shown This Banhiy fmbgrant B Gvarghd BeRov i sfabSH i 5ot nf@ o as of the FRe
I s confuehioRgwidtnhryathfic nitinbéitZ gedertikanriozati.ng i n the di amagnetic direction. .
After a transit tinme, therefore, ions in drift aqrbits rotating in the

count er di amegl F‘&Stﬁi"rﬁé&qll%ﬁffﬁﬁ‘t%iofl &apsporthiThe paierl A H€H°158%‘ﬁ Hts for a |l oss
mechanjyg maglﬁﬁ lalv &Y Mc&k}?ﬂh Srbfi PRC tL%&etaﬂglg IE@II\__I‘ Siofic it 8dotiRiods | FRC

D6
experinme . I'n fact, 1n ese experinmen 1he rons carried half of the
cur r enwith prdttering aplesbateers S92and 188", chrechangroy betatioh orhitrfo aldaBerldondi ti ons t he

el ect T hcaLifld JAa! A 105 RAASIRBA RS bl fac Ay e oradi ent dri

al ways” dom na nce, a BT P Yorbit s produced by

| ar ge- angeRtisi etk cth RS EWE &ift SRthSEhBEntArikt! R F LB UBA dohliaRE, experi ments
reported’ion diffusion rates that Wwere faster than those predicted by
cl assi habrigpfbitrsiates incthe liamagnstic digectiony ISthstgemdizat driftdsnivgesQ thedgf873

PCT/ USQ2/ 08370 f there i n .ectrostatd.c field et x Bdrift
om ol RS s colBlefirlaBncc MR, BRSO Pirigs, 195l 1S § X

di amagrig! 126\ shotve § tradition Tohsa deddros lofbito aldeift@rbinduec®n N8Xtcbibisiond t h Fi g. 12A.
When these orbits reach th%p%&ér of the FRC, they are reflected back into

the refiighossprst Begnint |2t d bijportipues Grefatesn g dianasneiss, they remain
confl n{ﬁgecgiléng)éeg:gl{ o REF S dnﬁ@ngx'&a S 00 1 sl B, 1Pe Lolidioby 01 ng beam

system g Fong enoug es the
gr adi einfthislcdsé the cleotisstatic fielddd wedkrand tirtgralidnt &fifl derhinktee Feskigrorbivvoul d avoi d
iontrtgnsport,b elimnpating.this. ion | oss mechanism which is simlar to a

| oss clBHEOR#Fsdn P?‘ﬁ‘l‘er@!_é‘i}? He dgeetiter aspect of ion diffusion can be
~appr eci at edryR\ir&@on bfRkdi08 of he d:ft 580 deREmines whether it is confined or not.

A particle moving in a drift orbit will also have a velocity parallel to the FRC axis. The
time it takes the particle to go from one end of the FRC to the other, as a result of its
parallel motion, is called transit time; thus, the drift orbits reach an end of the FRC ina
time of the order of the transit time. As shown in connection with Fig. 9A, the Lorentz
force at the ends of the FRC is confining only for drift orbits rotating in the diamagnetic
direction. After a transit time, therefore, ions in drift orbits rotating in the
counterdiamagnetic direction are lost. |

This phenomenon accounts for a loss mechanism for ions, which is expected to
have existed in all FRC experiments. In fact, in these experiments, the ions carried half of

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

inside the plasma was negligible, and the gradient drift always dominated the £ x B drift.
Hence, all the drift orbits produced by large-angle collisions were lost after a transit time.
These experiments reported ion diffusion rates that were faster than those predicted by

classical diffusion estimates.
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smal | -angl e, electron-ion collisions on betatron orbits. Fig. 13A shows a
betatron orbit 112; Fig. 13B shows the sanme orbit 112 en small-angle
el ectron-ion collisions are considered 174; Fig. 13C gﬁgﬁg£¥ﬁgr%¥§it of
Fig. 13B followed for a tine that is longer by a factor of ten 176; and
‘Fig. 18Dogheress the orbit of Fig. 13B foll owed for apCirmsodossmger by a
factor of twenty 178. It can be seen that the topol ogy of betatron orbits
does not change due to snall-angle, electron-ion collisions; however, the
anplitude of their radial oscillations grows with tinme. In fact, the
orbits shown in Figs. 13A to 13D fatten out with tine, which indicates
cl assi cal qiffusion. For nat i on _of éhe.FRC_COnventional rocedures used to
h

form a FRC Ipiieteds # sipng glsrigptatin eldpthe £ nf st dopnates th @iy ocedure. In

this coRVENHPRBIs B the BarkleASi BRI Thisi vl dhdwh ABR ined by  ext ernal
coils surrounding a neutral gas back-filled chanber. Once this has

occur revgnectipewith Xig. 1 2A.1 Wilen thdseantbitstroash Hhecendnefheek R, théveareireflectéd ozen in the
pl as CUr P g t Ol ) S, ' versed and
Pho onssb i s lfertit ot ol By P en W el o it B v ool y
f r ozennlthewgstetio form the cl osed topol ogy of the FRC (see Fig. 2). This
formation. process is_|large irical and there exists _al npst no neans of
control | i n&Q?ﬁ]gc“?SHPﬁﬁFlﬁ%ﬂ‘%¥c‘ﬁlﬁnm“ SYFHem FRY (26 QU HTBLPY SABHr oduci bi lity
and n ' : |l . .S | Nt I: FRC formation

met hogis}é c%u %’E‘ﬁ;@g’g‘{eﬂ#ﬁh?ﬁ%ﬁ?ﬁt %E'aﬂl&gv&h glF &%%%Fléﬁ&gg?‘@gg SIE%Ind provi de a
much nesdd dvoidiep atuesport By dlimiepirpcthie idi 1essplicoh@tsn, whickfiasimjlattba FRC 20 19
Septeﬁber 2005 WD 02/ 082873 PCTI US02/ 08370 formnmed by the met hods of the

pr esenPSSi QU YHFEHN ' %Ge tuned and its shape as well as other properties

can be di r eglbihgr dspédt bFBR BRfuSn BRI bRidpRERRE bPEodsiaerinpEpefriceof i €l d applied by
the outer field coils 325. Formation of the FRC by nethods of the present

i nventsigHgnalesdectror-dag collisions embetdironpghitso Higol 34 phowsladetarprotbite| d and

pot entqi;gl p:welsly 4 i o i ] reover, the
presenltlah%pﬁlggséhgg%&gg@g%ﬁ%/P%‘%gééln%gg aflgl eﬁ%f:e'ﬁé er 3? @H%éﬁ%sa:ﬁc to reactor

| evel coasidereat EMsFigniBChshgis the ertgiyofRie 138 dellosved for adintt thalvolbhggbpusl y enabl es
the classical nfine f the iong.. Furthernore, the technique can be
erpl ooprpTien B sREE dabsbeasiond of ie, L BIEToLE: pime 168ty 1o

i Pl enEdtor of@vénti | T Tcall B8 sdoft MR the GoNRG oE béttdnrbifsUoed RAERAEe SYSt ens.

due to small-angle, electron-ion collisions; however, the amplitude of their radial

oscillations grows with time. In fact, the orbits shown in Figs. 13A to 13D fatten out with
 time, which indicates classical diffusion.
Formation of the FRC

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

“gas is ionized and the bias magnetic field is frozen in the plasma. Next, the current in the
external coils is rapidly reversed and the oppositely oriented magnetic field lines connect

- with the previously frozen lines to form the closed topology of the FRC (se¢ Fig. 2). 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. '

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

control and provide a much more {ransparent and reprodﬁcible process. In fact, the FRC
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In the present nethods, FRC formation relates to the circulating plasma

beam 335. It can be appreciated that the circul ating S e 35,
because it is a current, creates a poloidal magnetic ﬁgﬂg,gmg?% | d an

~electrical current in a circular wire. Inside the <circulating plasm beam
335, tweopmgsetic self-field that it induces opposescifgexizernal ly
applied magnetic field due to the outer coil 325. Qutside the plasm beam
335, the magnetic self-field is in the sane direction as the applied
magnetic field. Wien the plasma ion current is sufficiently |arge, the
self-field overcomes the applied field, and the nagnetic field reverses

I nside, the circulatjn | asna.beam 335, there formn he FRC topolo
as shofﬁﬁlq%ﬁyléedg?tﬁ_%isggﬁj%ﬂesﬁémf icﬁ%h%?f?%‘{?“@%mf’i%é’r"as ggﬁ/%‘c’ro & can bo
est i Mafr&ftrs bih B GieBl) iRNMRESA] by haiplldidh obihe BlaghdticifleldCapphady the carried by a

ring of mgjor radius ro and mnor radius a << ro. _The magnetic field at
t he ceavtes fieldfcoln2 Sy Famnation ahthe FRCby angthodg of the prgsent mventiops 50 Assune  t hat
.the ri = | el | Lhati; have an

anqul APRE e R or M Sl elaenh pofAld Wl e Band fBisehip@in 12 U6, 520,
L20 = defafllabuvel Bloteorercthe bresanomethndscpar he gasily erterslad toeiceslerate theddifet i c fiel d BO.

fTVNERAEET 2 TN KN T T T
andl  4)assicd YohfineMentlof thie iohb. Frtieanietheteciifife MO fISRA Tda PCT/ US02/ 08370
compact device and is very robust as well as easy to implement — all highly desirable
characteristics for reactor systems.
In the present methods, FRC formation relates to the circulating plasma beam 335.
It can be appreciated that the circulating plasma beam 335, because it is a current, creates
a poloidal magnetic field, as would an electrical current in a circular wire. Inside the
circulating plasma beam 335, the magnetic self-field that it induces opposes the externally
applied magnetic field due to the outer coil 325. Outside the plasma beam 335, the
* magnetic self-field is in the same direction as the applied magnetic field. When the
plasma ion current is sufficiently large, the self-field overcomes the applied field, and the
magnetic field reverses inside the circulating plasma beam 335, thereby forming the FRC
topology as shown in Figs. 2 and 4.
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 a <<z,
The magnetic field at the center of the ring normal to the ring is B, = 2nl,f(cr,). Assume
that the ring current 7, = N,e(Q,/27) is carried by N, ions that have an angular velocity €,
For a single ion circulating at radius r, = V/Q,, Q, = eB,/m is the cyclotron frequency
for an external magnetic field B,. Assume V} is the average velocity of the beam ions.

Field reversal is defined as

N, eQ '
B,=——>28, | (3)
r,c :
which implies that N, >2 r/&;, and
2% @)
;ra. . .

]
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where a = e2/ mc2 =1.57 x 10-16 cmand the ion beamenergy isi mVo . In
t he one- dinensional nodel, the magnetic field fromthﬁ %I agrrrrlg rent IS
B,, = (2n/c)io, where ip is current per unit of |engt AYr ever sal
requirenent is ip > eVjrcrOa = 0.225 kAAcm where Bo = 69.3 Gand Z m.W
= 100 wy.02bmm73a nodel with periodic rings and B. ispcaugizaged over the

axial coordinate (B,) = (2:1 ¢c)(l, Is) (s is the ring spacing), if s =ro,
this nodel woul d have the sane average nagnetic field as the one
di mensi onal nodel with io0o = Ids. Conbined Beani Betatron Formation

Techni que A preferred nethod of formng a FRC wi thi n t he confinenent system
300 described abpve_ is herein ternmed the conbined, ﬁgbet atron techni que.
Thi s a‘ﬁlﬁﬁfﬁ)&'ﬁﬂl’ﬁﬁﬁbi Y 1p {01 BERFETSTEY 3§ ag’ﬂﬁ Wt h betatron

accel erati on usi t he betatr flux coil 320. step in this

net hoodllngnstl%‘a]‘ﬁ?@gt W%%QEESWI@QWICW’EFW &&{F@ re gckgr ound

pl as Na; i 345. CQuter
coi | rﬂgg?fges a%?rlagégﬂul? ?ngslggl%qnm H{IQ ﬂ}nﬁbﬁjgfog%m i ch magneti zes
t he b@ﬁdf@.&pﬂ@3 Ol a8 o,V = 190 eVt Fbmmba&whpbmewsgydgm beans are
injected into the chanber 310 through the I njector ports 340 substanti aIIy
t  ansvgefged dvet the aBMtcBbmmklcy( B, pR(d/el MaYpas it ring epating, ify r,} he chanber

310. As expl ai ned above, the ion beans are trapped within the chanber 310
i n | aryis nivdeBbsuldhaye lictsamb yvetdpe snagngic dicldas theaind dinddneiond modblesiths may be
generated by an ion accelerator, such as an accelerator conprising an ion
di ode 'an&®a Marx generator. (see RB. MIler, An Introduction to the

Physi cs of dombﬁ@agemgm%fagsﬁFBﬁ{aﬁwt&hﬁgm (1982)). As one of skill in the

art can appreciate, the externally applied magnetic field will exert a
Lorent z fo&c@e@ﬁedm@hpmpﬁemugaBRCb@ﬁlmtégccs@@nmaﬁsyatemé@ﬁ ers the chanber

310; h Vey t C us not enter
a betaeF’%ln orbt?lv%mh%reﬂ‘etf%}#ﬁ?ghelt%%% %eg%%g %%t?%ﬂqé?riﬁlfgébgnéﬂpl asma beam
335. ombitley wi dikigry bpdnaddf@imsmb foms with biretacmsacatlerati@uising thelethtnaht h el ect rons
and di ectﬁg hrough a substantially constant unidirectional nagnetic
field ntering the chamber 310. As illustrated in Fig. 14, when the

i on beam 35rﬂeﬁ%tsi G;;ﬁqm@ﬂlemhamg @ a ARRRARAIyahSulRURAlAyer 64 €l d, the _
positively charged ions and negaglvel char ed el ectrons. separate. The ion

_beam Inckerovnd plesma 01 the hambpct1 026108 thabackEDBg B R PERISHS). 0BEM)
coil 325 produces a magnetic field inside the chamber 310, which magnetizes the

background plasma. At short intervals, low energy ion beams are injected into the
chamber 310 through the injector ports 340 substantially transverse to the externally
applied magnetic field within the chamber 310. As explained above, the ion beams are
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, An Introduction to the Physics of Intense
Charged Particle Beams, (1982)). As one of skill in the art can appreciate, the externally
applied magnetic field will exert a Lorentz force on the injected ion beam as soon as it
enters the chamber 310; however, it is desired that the beam not deflect, and thus not enter
a betatron orbit, until the ion beani reaches the circuléting plasma beam 335. To solve this
problem, the jon beams are neutralized with electrons and directed through a substantially
constant unidirectional magnetic field before entering the chamber 310. As illustrated in
Fig. 14, when the ion beam 350 is directed through an appropriate magnetic field, the
_positively charged ions and negatively .charged electrons separate. The ion beam 350 thus
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acquires an electric self-polarization due to the magnetic field. This

magnetic field nay be produced by, e.g., a pernanent gnetgwgrgi)q/ an
el ectromagnet along the path of the ion beam Wen su &E’f 290993t r oduced
into the confinenment chanber 310, the resultant electric field bal ances

t he nagoebassforce on the beam particles, allow ng toheusenspgamto drift
undefl ected. Fig. 15 shows a head-on view of the ion beam 350 as it
contacts the plasnma 335. As depicted, electrons fromthe plasnma 335 travel
along magnetic field lines into or out of the beam 350, which thereby
drains the beamis electric polarization. Wien the beamis no | onger

electrically polarized, the beamjoins th irculatin | as beam 335 in
2 bet ASAUFFS 4R Biretra sl RRerizA o e fo fng raBusiye el s sosnglit AR ™1 (See
al so FirBducédd by, YBER pbintinbi: dERct BERMR tbmayet Slohdithe bath BEthatonon orbit, the

noving ions conprise a current, which in turn gives rise to a pol oi dal

magnet hegms dYken sphseqrenthpingpdised wta the cqnfieement shanghey 3 10), thsirepultaé chanber 310,

it is ' ' . 335, thus

i ncr eaés]i&ng meyarlr&é]g?ﬁ ‘Pﬁ%‘gg%ﬁ ¢ Fﬂ% Oﬁgﬁﬁa&?%&{%‘a&f% tﬁg{l%tg%g!opl asma beam
335 catrfemdefiifveed. Fipe 1Seipnetibcadsal Yiew pfihd idndehm 3§ axih oentgets thehe di recti on of

t he magnet i field a di al. di stances .f.rom,the axis 3 i thin the plasm
beam ?W@@%réggfplﬁﬁf%wggmtﬁ%ﬁﬁﬂﬁéé tiaggépoﬁgﬁ?gn?ci’%gvﬁﬁw It can be
appr eGigtop duttdf@e behrfl 358 iwHich thertdyairiiagtha beh’s lafifie pslarizatibte Whercul at i ng

pl asma beam 335 in the betatron orbit, it is n_(?c;if,sar to. i ncrease the

appl i ¢he betgrispe longeredegtricalbrpalarized thediear goips o el “PE@?;E}P%EW beam 335

i ncre ' | QG 3 b Prev gledid a5, mai nt ai ni ng
an apgs?’gg?%gﬁ%%glpogﬂ éeréundﬁhaggﬂet Fpgé ??%Iﬁg%cﬂlm{hggg gy@%?hagg%cﬁér r_yent t hrough t he
out er coi |l V3RS theAlasorarbmani 38§ (ravels is é€ bataironguibit theguivingmeydempsed t o provi de

the additiaonal. lied magnetic.field that .ls reguired t I ntain the

r adi us? We?th‘gi“ﬁﬁggw %veeﬁﬁg%%oarpghﬁaggmﬁeuf’ gelgﬁ%l& 2? g{og ° t%oﬂ?%cr ease the

vel ocitbyolédy withén e CEAsERE B 10g it RGemark enifit3ak thoveldoRy of thé plasthdre  bet at ron
flux coll 320 is provided. Referring to Fig'ﬂil@(s | t e%gn be appreciated that
i ncr edspng3s thusiraensiog thegmpgmitedeef themaspee selffieldhattheplgsm npere's Law,

i nduc Ajrial ' | b s : ﬁﬁ}gﬁm 10. The

posi tlej\::?gl%?/'u Sgﬁar ge ?gﬁéleﬁﬁytlﬂgeﬂ%ﬁggen%&g é?nﬁéég%c%&rhgo accel_e_?télfed by this

i nduc eftblddteadial dotantes|fvm the axls Atp withih thelpthsme beans 335 rgyersedegivng Beed above. Wien

190, 258 TRg: SsB050 e A0S, e M08 B Se TR IR BT 20T o

WO 02/)8afhRtililaddSbbam 333 th the betatron orbit, it is necessary to increase the
applied magnetic field from the outer coil 325 as the plasma beam 335 increases in
velocity. A control system is thus provided for maintaining an appropriate applied
magnetic field, dictated by the current through the outer coil 325. Alternatively, a second
outer coil may be used to provide the additional applied magnetic field that is required to
maintain the radius of the plasma beam’s orbit as it is accelerated.

To increase the velocity of the circulating plasma beam 335 in its orbit, the
 betatron flux coil 320 is provided. Referring to Fig. 16, 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
described above. When ion beams are added to the circulating plasma beam 335, as

- described above, the plasma beam 335 depolarizes the ion beams.

23




For field reversal, the circulating plasma beam 335 is preferably
accelerated to a rotational energy of about 100 eV, and_prefer in a
range of about 75 eV to 125 eV. To reach fusion rel ev.églseBtBWEF”?fd&ﬁs, t he
circulating plasnma beam 335 is preferably accelerated to about 200 keV and
‘pr ef erwolog/og2e73a range of about 100 keV to 3.3 MeV. BREUsoro¥sdei on was
successfully denonstrated utilizing the conbined beanibetatron formation
techni que. The conbi ned beanf betatron formation techni que was perforned

- experinentally in a chanber 1 min dianmeter and 1.5 in in length using an
externally applied magnetic field of up to 500 G a magnetic field fromthe
betatron flux il 3 of .to. 5 k .2 _vacuum of, 1 x.10-5 ton. In

t he experi rﬁé’ﬁﬁ?ﬁgﬁvgr%ﬁgw&pgﬂﬁgg p&srgg%anhag% lﬁpﬁgﬁﬁ%{ﬁ %chf;ra?é'm%m and the ion
beam watatiand) @ukrgpéf 66l 10§ dVOoaa prafaatly ifenhftbfabsfnseVyo 0I5 V. 2Tk 10" cm, a

velocity of 2 x 10" cnis, and a pulse length of around 20 Ns (at half .
hei ghtl)e.achrf%ware}eéwPgﬁln%éh%%@aﬁvwl%%ﬁméﬁs FSdF?FﬁltaP]é'ﬁceFEéﬁPﬂ( que Anot her

pref?“t%%ﬁoﬂ‘éb@ﬁéi/&idﬂr tib gerﬁE@p%Bﬁ'l@OkWt&?@M&%”‘?m system 300 is
herein termed the betatron fornmation technique. This technique is based on
driving th&Rbbrmationrwas seheessfilly demenstrateld ntdizidgythe wombined| er at e a circul ating
pl as he 35.using the. betatr f ] ux il 320, referred enbodi nent
bt ¢ hr e nkon iR o AP by Bflar Padror S Rulib R L Fs A g
except peifoahed dx@erini¢netlyiin f cimbeoMmdn diaggter aid loearis léngthieing anecessary. As
indicated, the main copponent in thqiélbetatr rmation teﬁggi gque is the

h ron . f ‘
bot at rSHHANEPRIEmagD BT AR 1 TP AR Hel HORIRRSARB IR o of e
chanber.: ' I s | 3 jqon, the coil
320 e%ﬁl:él%tggf‘@e@f l{(?)’va\l/h ?%Vugll?‘gr?giég xgﬁ,d?dljf\i\hql[elr?m cé(’)}g%l e%t,ﬁ@é‘%&%ﬁ%ﬁ%ﬂ&ate power
sour celasirachad a denwity 6f 10" hem o shedon beawhwasta neetnaizbéHydragindbenmnp up of the
current jn the flux coil, 320. Preferably, formation of {he FRC commences by
ener gi ARG 2RBSIE L Logalobensy velos SF 2 118 omjsnd gplse %P@bpgérgu% axi al gui de
fiel d Ry alHairdsigh@diRld (FRAMAEVAsObEdRlgd conponents near the ends to axially
confine the plasma’injected into the chanber 310. Once sufficient nmagnetic

field is edfettron Eomantio higa&k ground pl asna sources 345 are energi zed from

their own r s i Pl asma Jng. fr th un ans al ong the
axi ol gui ddop IS peRBRYmERe SR, ERRE S AL SOkl 30 87 "a " e
pl asnehefeipehna] theBetatol-finawion REhnidue. THis I&hSend ie bied o2 00%4ng the

betatron induced current directly to accelerate a circulating plasma beam 335 using the

betatron flux coil 320. A preferred embodiment of this technique uses the confinement
system 300 depicted in Fig. 1, except that the injection of low energy ion beams is not
‘necessary. ,

As indicated, the main component in the betatron formation technique is the
betatron flux coil 320 mounted in the center and along the axis of the chamber 310. Due
to its separate parallel windi'ngs consiruction, the coil 320 exhibits very low inductance
and, when coupied to an adequate power source, has a low LC 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
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
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- WD 02/ 082873 PCT/uS02/ 08370 chamber 310, a continuous, axially extendi ng,
annul ar | ayer of cold, slowy noving plasma is establ iéged. t ?bﬂi S poi nt
the betatron flux coil 320 is energized. The rapidly riEPRYSRBFY in the
coil 320 causes a fast changing axial flux in the coil's interior. By

vi rt uewofozisdisct i ve effects this rapid increase inpgrivgb2dimx causes the
generation of an azinuthal electric field E (see Fig. 17), which perneates

the space around the flux coil. By Maxwell's equations, this electric
field Eis directly proportional to the change in strength of the nmagnetic
flux inside the coil, i.e.: a faster betatron coil current ranmp-up wll

S et A e S O

ponder gladid iy estitBisied. Whi ch accel erates the particles in the annular plasm
| ayer. Electrons,, by virtue of their smgller mass, are the first species to

experi ence At4big ppintihs bespronFigx cpil 340 is presgizede e rapidhe HSIBg CHFRLIN ocess i s,

thus, @E P30 duddhS fabQhelgRtd O Fux inRNEHI] intedibd, FR VRN ofddiRli®y ati on tine
(around hundreds of mcro-seconds) will eventuall'y also lead to ion

cur r en¢ffecRatiierapidrinerease iHiagial flgx capsrs shecgeperatianofian atiputhabglecticdield es t he

el ectrons. ang.ions in o i | | . Js reach their
Cer m 1EE RO LD P bR (oo il IR ol BY NI SREGE R, 220

el ect rfaizzlecitie fieliiied dabuly@ropoftivpnaluo erhamgain stedgthwf fheenapndtiatflung pl asma gi ves

rise to.a self_ . magnetic field, The creatiaqp,of the actual FRC topol ogy
sets iWSI%@HC?‘hée‘sgfaFteh%‘i@Piceﬂcqrfe@fr&m@'r”(?é"f‘ M)}”?ﬁé"ng?fre?eémc in the plasm

| ayer fggones conparable to the applied magnetic field fromthe external
field coils 325, 330. At this point nmagnetic reconnection occurs and the
open fi el d Theindyctivelyromated glecirigificlsbd equples fothp ehsaed partisksgehe ¢ fiel d begin to

"cl ose f t i base FRC
est abl Iﬁg‘%ea(fg g?}’ “tS%leasp% Ee%ré%%g% %?f}g&lﬁéé Zeg%t@ntggﬁ%rﬁflc it%%%mgl% particle
ener gi issniallayer. aFlectioyf)ibg airtuy ofithicir amallee acbs arertied fviespeciape exgieriagepar anet er s.

However, . the inductive electrjc accel eration fijel ill persist, as |ong
as t heaoeslerplan, The migal cyeent F‘Bﬁlbmﬁ{ﬁ%’r‘%ﬁslls’%’ Wq%%smf”gc‘f‘w&r ease at a

rapi d f@bever, SifficRhf R6dleron thhS(aRuBE BHilrddS of Mitko-5ddendsPRAI S¥ntasly total
magnetic field strength of the FRC continues to grow. The extent of this

pr ocesalsoilead to fnpeurrenty Refaning toiFig. i &dhig plegtrie fipld Baceelpratep hgsteckenspl y, as
_ cont | na'ﬂﬁ?on@% 613{)%51% (ﬁ’lfect%ﬁs. JO?'LCEQ"G& ‘§£QE%E réadPReir terminal velocities, current is
. carried about equally by ions and electrons.

As noted above, the current carried by the rotating plasma gives rise to a self
magnetic field. The creation of the actual FRC topology sets in when the self magnetic
field created by the current in the plasma layer becomes comparable to the applied
magnetic field from the external field coils.325, 330. At this point magnetic reconnection
occurs and the open field lines of the initial externally produced magnetic field begin to
close and form the FRC flux surfaces (see Figs. 2 and 4).

The base FRC established by this method exhibits modest magnetic field and

. particle energies that are typically not at reactor relevant operating parameters. However,
the inductive electric acceleration field will persist, as long as the current in the betatron
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
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WD 02/ 082873 PCT/ US02/ 08370 current requires a nmassive enerqgy stor age bank.
However, it is, in principal, straightforward to accelerate stemto
reactor relevant conditions. For field reversal, the cﬂ?gﬁﬂgﬁl g 03 asma

- beam 335 is preferably accelerated to a rotational energy of about 100 eV,
and prwbet/edagy in a range of about 75 eV to 125 eV. pEousimash f usi on

rel evant 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. Wien ion beans are added to the circulating plasna beam 335, as
descri bed above, the pI asma beam 335 depol ari zes the i on beans. FRC

formation tut| Lizi n t he bet tron f ﬁat E:oen t‘%chnl vvas successful ly
demonsTIERdEIES # | SfVSIePWﬁ ?35%'9 ST 1npr1 Hum chanber di nensi ons:

about shraightfétwarieh @éceletatSthi @ydt@mtrbactor rdbetang doaditioay. | r adi us of 10 cm
Plasma orbit radius of 20 cm_ Man external magnetl c fi e roduced in the

vacuum c har?ﬁéﬁem/&’é’e'ﬁﬂ thg cirgiiatingplagtaa begn $354s Prﬁf?’ﬁa%acﬁ%‘ﬁia@ 150 s and a
mrr OrrofaﬁB a‘?e&féﬁéof%go& 108 SPULE ?ref den a faflel of a1 7?@@'% {gnword s).  The

-background pl a subst ant’i al rogen gas) was characterized by a nean
densi txyaohfﬂm@antevamtondmdns ﬂka cneuﬁatmg Idmp@rtmtuﬁés wfpr¢fe@blytaml¢ra1@i eV. The

expor (Bt 200 A LA PR HECCh L 1B6RY o DE MV, 2yneBROY St ed | the

experiments proceeded by

first Heameareiaddedao bnaekgﬂamg@lasinasm 335yss’d$gnﬁed\@bov&,6115pla§mﬁmm al cable
guns mopunted in a circular fashion inside the chanber. Each collection of
8 gun S3ngeraiBirrt B8 1PPeYAE of the two mirror coil assenblies. The guns were

azi mut hal | yrengaffioh 0tiRAn ML bélhdnABimdids MRl \Wasdlié Rkl Tyel ative to the

other set. This arrangenment allowed for the guns to be
si nmul tdemepsteted aaﬁdfqlhmmmrmmﬂ@dlsan annul ar plasma | ayer. Upon

establish t of this | t he tro l ux ,coi.l was energi zed. Rising
current | mﬁ‘&%g}ﬂﬁ'ﬁ’?fo‘iﬁmg%ﬁlqnsv&bﬂ‘& 8’5’ dy@rlel}%rease in flux inside the
coi |, whj ClBe@aYE coil 1adifs HO1(Bd.azi mut haI electric field curling around the

betatron coil. Quick ranp-up and high current in the betatron flux coil
producede® a Riastrtartgbléltaém@p Wdnm.el d, which accelerated the 26

s Mean external magnetic field produced in the vacuum chamber was up to 100
Gauss, with a ramp-up period of 150 ps and a mirror ratio of 2 to 1. (Source: Outer
coils and betatron coils).

¢ The background plasma (substantially Hydrogen gas) was characterized by a mean
density of about 10" cm™, kinetic temperature of less than 10 V.

¢ The lifetime of the configuration was limited by the total energy stored in the
experiment and generally was around 30 ps.

The experiments proceeded by first injecting a background plasma layer by two
- sets of coaxial cable guns mounted in a circular fashion inside the chamber. Each
collection of 8 guns was mounted on one of the two mirror coil assemblies. The guns
were azimuthally spaced in an equidistant fashion and offset relative to the other set. This
' énangement allowed for the guns to be fired simultaneously and thereby created an
annular plasma layer.
U;;on 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-typ and

high current in the betatron flux coil produced a strong electric field, which accelerated the
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19 Septenmber 2005 WO 02/082873 PCT/ US02/ 08370 annul ar plasma | ayer and

t hereby i nduced a sizeable current. Sufficiently strong pl asm current
produced a magnetic self-field that altered the externg? 5@]3%@ field
and caused the creation of the field reversed configuratlon Det ai | ed
measur gEnRjoss th B-dot | oops identified the extentperaisogegich and duration
of the FRC. An exanple of typical data is shown by the traces of B-dot
probe signals in Fig. 18. The data curve A represents the absolute
strength of the axial conponent of the magnetic field at the axial

m d- pl ane (75 cmfromeither end plate) of the experinental chanber and at
a radi al 0 cm , The data curve resents the absol ute

st r engf {aﬁ'é {c]ﬂ(?réf‘ ﬁ’@f‘? gused asfzeq %cwgh&u%%qqtl&slaon&plqswé chanber axi al

m d- pl anRnbRddarbd an{agﬁynakelpﬁaa §HaPReetld th@&t&u%lly-gﬁﬁplﬁ:ﬂ ¥R afd Sdka set,
therefore, indicates nmagnetic field strength inside of the fuel pI asma

| ayer @Bétwfbm&hﬂmeré@qmﬁxmatmﬂaml pasuremients with\Ped®iepas a set depicts
t he Qheféx?é ? %Jgﬁ:ﬂ%ﬁ%u&ﬂ&%ﬂﬁeﬂi(gt he fuel plasma |ayer. The data

- cl earl y | n cates nner “magnetic field reverses orientation (is
negat ive) bethamleedquﬁcaﬂ&tamdhai%lsythemadeeﬁmhet pmlﬁe&mgﬂalseh ngsl&zys positi ve,

not r verse orie tion tine of rever limted by the
e o] R RAE G reRrbep Bl PP ior e R BLOARAROF PEAPEREEr onched | n
t he bﬁélahnﬁ@aﬁﬂhﬁl Rgme(wwlm&ﬂ eﬁwre 1ateybfttﬁeeex§;bk%em1@ﬁmek auer starts to
decrease and the F rapi dly deca to nowthe lifetine of the FRCis

i mit et aggdipglpesitipmeigh csma:lfhe@aﬁ cpve ?m@ats ithe abprdutespenghvafitte aiad with the
i nj ect é@%gﬂfl{li P%ﬁ@ﬂ&'gﬂ& FERGh pig‘réﬂ {ritber 1418 ﬁﬁ}ﬁﬁ@hﬁ@& a rQ(ﬁal;bBQ&@[P&d to provide

| onger et mBoand acce tion to reactor relevan par anmet ers.
Over al 3§ crtLhThse duemm:datmeet rthdreford, mdmateﬂmemuaﬁddmomgthlﬁﬂﬂb ofubi fuelt i s al so

r obust .and stral orward.to | Most nt. | t he base FRC
cr eat eRfA¥RR ]PW;@": Egatatlg%coﬂ%dgggrpﬁg&glg&l@cgp&ﬂe@) g %@gi red | evel of
rot at lﬁﬂ@ien@ﬂaﬂg&‘m%ﬂ{bumiﬁecfuéllp%lﬂa ?a&réxemﬂédhta clé’di‘]yﬁnm&té%rtm i@l for fusion
applications and classical confinement of high-energy fuel beams. Fusion

Si gni finagARagpetic fipkdieversgs orieiondisaesatiye) blebvfml hlymaﬁtmi 47 Wlileof g
cont ai HOBRE: ficly Shi gﬂoﬁﬁg%?95§5e§ R&%&Ps%\éﬁemaf H‘ﬁ? ki Qf rebBalfESUl t i n plasmas

havi ng properties suit or causing nuclear fusion therein. Mre
parti chmmdltwtlwhmpﬁmfbmemm thybatiteaeoileOhadwak carentie raackedlipthat ed to any

desi 1 &l Y Shit He b3l LB in KBRS BOREINS aldr St AU N

rapidly decays. Up to now the lifetime of the FRC is limited by the energy that can be

‘'stored in the experiment. As with the injection and trapping experiments, the system can
be upgraded to provide longer FRC lifetime and acceleration to reactor relevant
parameters.

Overall, this technique not onlj produces a compact FRC, but it is also robust and
straightforward to implement. Most importantly, the base FRC created by this method can
be easily accelerated to any desired level of rotational energy and magnetic field strength.
This 1s crucial for fusion applications and classical confinement of high-energy fuel
beams. ‘

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

can be accelerated to any desired level of rotational energy and magnetic field strength.
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27 19 Septenber 2005 WO 02/082873 PCT/ US02/ 08370 This is crucial for fusion
applications and cl assical confinenent of high-energy fuel beans. In the
confinenment system 300, therefore, it becomes possi bl elggeﬂ?@ge‘é?ﬁfﬁconfi ne
hi gh-energy plasma beans for sufficient periods of tinme to cause a fusion
react i wop oztobmrewi t h. To accommodat e fusion, the FRC g@armsesoddy t hese net hods
Is preferably accelerated to appropriate |evels of rotational energy and
magnetic field strength by betatron accel eration. Fusion, however, tends.
to require a particular set of physical conditions for any reaction to
take place. In addition, to achieve efficient bumup of the fuel and

obt ai n+a._posi t.i.we energy,.bal ance, . the.fuel ha e ke in this state
subst arrl;ﬁllséﬁ clrk}malé‘?fciﬁ%{%%h?agl?mp?‘ F%?ﬂ%%‘b“f@??%&@ OBﬁgﬁ"Fﬂ%@P t%“ﬁ# s is inportant,
as hi gbeakisn&i the coreipMERisidtém 300) tefofore1Eb@Ymed Wssbl & irgfand chiflieon rel evant
state. Creation of this state, therefare, requires, sizeable input of
ener gy isisReaY plagmahaaps fu spificisuidiceds of timsde cajpe ¢ Asiopgeactiqinder goes f usi on.
As a cgRsesyence, the confinenment tine of the fuel has to be |onger than

i'ts bumtime. This leads to a gositive ener gy bal ance and consequently net

ener gy out pla accgmmpdasé fusionrthe fommad by esetthgghgsis eseferablyventi on is that the
confin ' ' eip ane ca |l e of |ong

cont 1 ninggerepE LBR AN 1Rl RR AR chbral Bpd R, BT SEARAME, “bum ¢ Pres. A

t ypi cabetsttontaecelapatiohLiBusivn, howevirmesds t6 kauire s partiaga sbyofiphgicaf ol | ow ng physi cal
condi ti ons. ich tend to vary based. on fuel, and_operating _node): Average

i on te?ﬂS‘B’r“&%‘%ﬁ’é?ﬂﬁ rgackiop ipfake Fﬁ%ea itigy, tp gchjexs e%%‘%ﬁp“éh‘éfﬂ]b‘i’é‘f Q’Fab! y in a
range gbl A0QukindhdsRive bRrdAAIHNeY VR A8eo Bk REJ P Mid £APSbALMEEy 1N @ range
of about 30 to 100 keV and preferably in a range of about 80" to 100 keV

_Coher evfichanged y pelongpéparigds oftimagrslhis in jreoriant, adhglbldnetis tempkratimecul at i ng

P 2 e Pl O Ll o SR ke 200
about sizkable inpul Aenke@y avidctpraabelydb racovetedif hsige thedfliclamddigoed Fusion. 120 kG (with
the exiernally,dppiieditleld L & 3008 of 0, falid S fkC 2"
This leads to a positive energy balance and consequently net energy output.
A significant advantage of the present invention is that the confinement system and
plasma described herein are capable of long confinement times, i.e., confinement times
that exceed fuel bumn times. A typical state for fusion is, thus, characterized by the
-foliowing physical conditions (which tend to vary based on fuel and operating mode):
| Average ion temperature: in a range of about 30 to 230 keV and preferably in a
range of about 80 keV to 230 keV
Average electron temperature: in a range of about 30 to 100 keV and preferably in
arange of about 80 to 100 keV _
Coherent energy of the fuel beams (injected ion beams and circulating plasma
| beam): in a range of about 100 keV to 3.3 MeV and preferably in a range of about 300
keV to 3.3 MeV. |
Total magnetic field: ina fange of about 47.5 to 120 kG aﬁd 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 fo 15 kG). _
Classical Confinement time: greater than the fuel bumn time and preferably in a
range of about 10 to 100 seconds.
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Cl assical Confinenment tinme: greater than the fuel bumtinme and preferably
in a range of about 10 to 100 seconds. 28 19 Septenber 2005 WO 0 2/0 8 28
73 PCT/ US02/ 08370 Fuel ion density: in a range of about? 2608mbg 3083s t han
1016 cmi and preferably in a range of about 1014 to 1015 cm . Total Fusion
Power : woreehesably in a range of about 50 to 450 kW aorfusoxess7eper cm of
chanmber | ength) To accomnmopdate the fusion state illustrated above, the FRC
is preferably accelerated to a | evel of coherent rotational energy
preferably in a range of about 100 keV to 3.3 MeV, and nore preferably in
a range of about 300 keV to 3.3 MeV, and a |evel of rragnetic field

-~ strength pr ra n.a ran ut 4 4205k fore preferably
in a rang USﬁOQBgélWQ’ﬁ'atrﬁng‘f atf?('itﬁg g@n? vgpsm‘%ﬂ %ﬁrab Kétdy ion beans
can berahgg sfabad 10%t010"tdae’. FRC and trapped to forma plasma beam | ayer

wherein the pI asnma beamions, are mag ically confined and the plasnma beam
el ectrons araal é’reet?%qraar?ferablvynem%? Hgfﬁ"’“t ﬁﬂr‘%f‘gﬂé‘m"y‘ &PWE"H?FeCt ron

tenperaﬁgf&ahgchgr%&h yas low as practically possible to reduce the amunt of
brenmsstrahl un lation, which can, otherwise, lead to radiative energy
| osses. Thél‘oeiceqmmmqh@ &lseneﬁa@yliumiedebowhbe BR@MGferaleent i on provides an

effect| Vele npeg ta ke}{lel o?co%%re 8tsag cﬁe?éf%ei:ggﬁlygg Qrt gérgie{b%ﬁtl%% k' v Pr ef er abl'y

kept a FEVE at” provi I’Nce the' fus

Cross- faecIMeﬁ dnd nforé pmﬁabmn@frangemfmmoademtes 3IM@h afld b &kl adner gy of t he
to provr e classical tr .di scussed in

fuel ion bea t
tﬁr s ;rameeafﬁﬁerfe@@se%ré Y i rrrarrg%fé P& &9 f@c‘f‘% apd anSpoafIsra Viies on t he
fuel %@efaﬂ_&ﬁ ITRANBUCE Atithlsd Idvels, lﬁ%br%&%be\ﬂn.% Bari tRGnje@adinkOt at i on

energy s partially created by thé plasma beam(self- field) and in
turn piheERGegdtrmeétquunﬁphﬁuab@ntleyqrovhmwh@pﬂesqzﬁl@gmaomm on the desired

or bi t .0 C power core

pr edorrl1mr11%'n1 aﬁyn‘lenéﬁr%ﬁiéd tﬁgﬁﬁg sur R@%a}e elgm\?’\ﬁgt?cgﬁ)f ﬁ&ﬁtng?rrer ge by diffusion
t owards t h@rﬁaﬁﬁyﬁhé electia tc(n&ijbﬁatllr_rb gskeansadSWJ ag¥racticdlby ﬁosmbledmlfbdh@ col i si ons
with el ectrons_(as coI | i sr ns Wirghl ons _do no’eaghan e .the center of nass

~and t HBF #PgE offreresral! SRR AT load A TAUEY Y BE@kuse of ¢ hei r
hi gh k&8 i The electrostatic energy well of the present invention provides an effective means

of accomplishing this.
The ion temperature is preferably kept at a level that provides for efficient bumn-up
“since the fusion cross-section is a function of ion temperature. High direct energy of the
fuel ion beams is essential to provide classical transport as discussed in this application. It
also minimizes the effects of instabilities on the fuel plasma. The magnetic field is
- consistent with the beam rotation energy. It is partially created by the plasma beam (self-
field) and in tum provides the support and force to keep the plasma beam on the desired
~ orbit.
Fusion Products
The fusion products are born in the power core predominantly near the null surface
86 from where they emerge by diffusion towards the separatrix 84 (see Figs. 2 and 4).
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 ene}gy than the fuel ions), the fusion products can
readily cross the separatrix 84. Once they are beyond the separatrix 84, they can leave

. along the open field lines 80 provided that they experience scattering from ion-ion
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energy (product ions have nuch hi gher energy than the fuel ions), the
fusion products can readily cross the separatrix 84. Once they ar e, beyond
the separatrix 84, they can | eave along the open fiel & Perigab Qﬁuﬁﬁovrded
that they experience scattering fromion-ion 29 19 Septenber 2005 WO

02/ 0828632/042873US02/ 08370 col lisions. Al though this eellukeiemal process does
‘not lead to diffusion, it can change the direction of the ion velocity
vector such that it points parallel to the nagnetic field. These open
field [ines 80 connect the FRC topology of the core with the uniform
applied field provided out si de the FRC topol ogy. Product ions energe on

different.fie ch they follgw with a distri n of energies.
Advant% Eﬂ!?%l@fh‘t“ﬁ tbosr natHﬂ%es msertgrﬂ&éoél P‘?’éqqaﬁf’ ctrons energe
| N thegifepfidh &fftheneﬁ atrb% &Lgueﬁ thQﬁ@ﬁtﬁntfs r?&mrétrztthe ﬁﬁgt%u@tﬁerdherhesfeuel pl asma.

For exanple for desi g p-B" reaction, these beans will have a

r adi usopef figlddines &!b:omt thnﬁR@rtgpm OéﬂteWP@Wr’t@stbe whifogpgoplieddicklent | neters. I n
t he st f typically

ar ounc 10 SRR FRC il Bid: ik Sl b BB RARAN i, Wik V0, 01

gyr o- rthebr follow atith\aalistitmitibs ofienargidsn Advantagasusty, (e peddocttiorts and pharge-a maxi num of
around am for the nost .e etic product ions. .lnitia e product ions
have IIE?HE qirgrfmgse%qmﬂrg Wt%ftc?tg angplar hrgms érﬂ%?rbé’gteé"r”i%(#tg by % Mvp"

) 2 andky@fi1d¥ind P k6D ckapie ot al 5o NIedeih BEA P8 rRtioN ithede BRARGIRhSE AV th
rotation around a field line as the orbital center. Since the field |ines

spr eadradiug ofbew 50 CP@W‘%WWWWﬁBPO‘HfIOPW tIBHAHEYE the rotati onal
ener gy, nt. This is
a consnel%éé&ﬁ%%él%fﬂﬁﬁl 0%?%% I'a tt’%‘a‘.&’%%‘?’gm{ a?élﬁ? ﬁgo Rﬁgﬁl‘e}??cgﬁr]r%;rlrﬁnt of the

pr odudiave amassocidted distaiipition lofigymo-radit thdteaxmstﬁohimhnmhangekic phaboitcl es  orbiting
in.a m netrcfrelghav(ﬁ% ﬁaqg n% géociated with their notion. In
t he @adt‘axb‘ﬂt“flr frawsbt iy quofée%gr%q FoERE Y ng nmagnetic field, there
al so exi st snigflly thélprobat icﬁshﬁ%%ﬂgﬁﬂﬂmﬂfastvhﬂfamtah@rﬁhlém@yi bed by''/2 Mvp"

p) 2B. The product lons_orbiting _around their respective field Iines have a

magnetdbarapteyiged by é(nM(‘Sar)c ﬁlda'fq Wlﬂdﬂﬂf@ Mpdpds thig2imphAk velosiy aBpateR™ifi t h t hei r
ggﬁ Ieg | ng’bl{lo%&tﬂﬁ acféf | nes 1?a1 E&? 0$1|n9é thé‘hﬁg{im%ﬁ) ééa\?\nqin]cﬁlre{lege\?\nys te hgec rease
by abdedving tRe vidinitg of thbyRC m@otogyethe fotationa doargy fendssto decréagewhile thhe uni f orm
- field region thei.r rotati ess_than %of their total
ener gyP ' FIOBR BRI AORATY ABaEs Sl eyttt fpros of i
magnetic moment of the product ions. It is well known in the art that charged particles
orbiting in a magnetic field have a magnetic moment associated with their motion. In the
case of particles moving along a slow changing magnetic field, there also exists an
adiabatic invariant of the motion described by % M(vpe,p)le. The product ions orbiting
.around their respective field lines have a magnetic moment and such an adiabatic invariant
- associated with their motion. Since B decreases by a factor of about 10 (indicated by the
- spreading of the field lines), it follows that v,,,, will likewise decrease by about 3.2. Thus,
by the time the product ions arrive at the uniform field region their rotational energy would
-be less than 5% of their total energy; in other words almost all the energy is in the
longitudinal component. |
Energy Conversion
The direct energy convetsion system of the present invention comprises an inverse
cyclotron converter (ICC) 420 shown in Figs. 19A and 20A coupled to a (partially
illustrated) power core 436 of a colliding beam fusion reactor (CBFR) 410 to form a
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| ongi t udi nal conponent. Energy Conversion The direct energy conversion

systemof the present invention conprises an inverse cyclotron converter

(1CC) 420 shown in Figs. 19A and 20A coupled to a (parﬂ¥§Pﬂ.’f9mb?1]310@§trat ed)

power core 436 of a colliding beam fusion reactor (CBFR) 410 to forma 30
19 SepwoniveszsB005 WO 02/ 082873 PCTI US02/ 08370 pl asnmpcghreediss@ power

- generation system 400. A second |ICC (not shown) may be disposed
symmetrically to the left of the CBFR 410. A nagnetic cusp 486 is | ocated
between . the CBFR 410 and the I CC 420 and is fornmed when the CBFR 410 and
| CC 420 nmagnetic fields nmerge. Before describing the 1CC 420 and its

operation i etail, a review of typi cal clotron accelerator is

o v e leci et eetafon Gt 408, MaRkeBR oG LRIl one. it

vel oci diRsedigmpRRal¥odhe lef oBthBEBFRIA10, Ik tfc@ﬁsatti% isocgtbd sebvesn The orbit
radius of the energetic ions is determned by the magnetic field strength
and t HBg CBER#1Q and e Hels 42¢ %ﬁdilb@m%‘ﬂhqﬂﬁ’&‘éﬁg%élwqg%épﬁﬂgﬂ%\ever , the

r ot atiﬁ)@dsfrﬁe@%yency of the ions is independent of their energy. This fact
has been expfoited in the design of cyclotron accelerators. Referring to
Fig. 21A, ®Bcfowndeotibiontie [CHd2binddts operatédngn detail, atedewnts uwsl t wo i nor

I mge C-shaped .el ectrodes 710 form ng m,rror i e D-shaped cavities placed
o SERBIbRGHEHRE LRy Mo eh s ek R e BB af e cul ar Lo the
el ect neitiegeloditicd perpeidicully t®inaghetid fidld rotdtéin dilc RAETHYS orbit adn@@Ethe An osci | | ati ng
electric potential is appljed bet,\/\gen t he C-shaped el ectrodes (see Figure
21 B) .enpigpiac ipnsis determingddyy the agngticligld steengihaad theirshpngerto-wassadio, of t he

cycl ot QihcAlks wiltendRINEv Ser in8kdlatiAGrebRenf bRt Rhks RAnddpeidchii rotation
frequency of the ionS matches that of the electric potential and associ ated
el ect rther ¢rierglydThis fact ks beemrexploidedon gheslesiprofyaplotdadselerten t he C- shaped

el ectrodes ,710. 1 he ne . djirection,as _that of.the ectric field, it is
accel erat e&e}eﬁ’ﬁ%?@- %?%’tal cr?ave[nﬁlgnai %:lq?tonfa%cseﬁaéﬁ%rﬂ bnéclll'%le% $it radius

i ncr easieror Miuge Ctdhapddelechiodes V1Rfoahiag mindrdinbgcDishiped anvitidspideed inanci ng no

I ncrease in energé) .t _crosse tlhe gap 730 aggi n. Now the electric field
"bet weé}‘?nloﬁ‘é‘%%lﬁg}ﬁ ?jﬁe]él"%(&l’?"b‘%ﬂei"ldn‘t?s Rergendiplar ipthe gleptendes slane fhe ion | i s

- agai n gmaRhkernat et | N BhciliStine Welele beg Process is

r epeat ed eﬁ’r@ ’?ﬁ’ %ﬁgﬁgﬂ%gﬁggr ossggﬁénﬁed%g%%%égﬁ%r%%@gg%bég?%e? rotation

f r equdhet-shaped ehaciedes GeaFiguh 2t Malonsl are mnitsd dioid asdurag phicedinithes fi el d (see
Fig.

center of the cyclotron 700. The magnetic field 720 is adjusted so that the rotation

- frequency of the ions matches that of the electric potential and associated electric field. If
an ion I crosses the gap 730 between the C-shaped electrodes 710 in the same direction as-
that of the electric field, it is accelerated. By accelerating the ion I, its energy and orbit
radius increase. When the ion has tr‘;weled a half-circle arc (experiencing no increase in
energy), it crosses the gap 730 again. Now the electric field between the C-shaped
electrodes 710 has reversed direction. The ion I is again acc_eleratéd, and its energy is

* further increased. This process is repeated every time the ion crosses the gap 730 provided

its rotation frequency continues to match that of the oscillating electric field (see Fig.
21C). If on the other hand a particle crosses the gap 730 when the electric field is in the
opposite direction it will be decelerated and retumed to the source at the center. Only

| particles with initial velocities perpendicular to the magnetic field 720 and that cross the
gaps 730 in the proper phase of the oscillating electric field will be accelerated. Thus,

proper phase matching is essential for acceleration.
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21C). If on the other hand a particle crosses the gap 730 when the electric
field is in the opposite direction it will be decelerated and returned to
the source at the center. Only particles with initial 198ppemnppic05

per pendi cular to the magnetic field 720 and that cross the gaps 730 in the
properwphasesaf the oscillating electric field will poanmen®bmer at ed. Thus,
‘proper phase matching is essential for acceleration. 31 19 Septenber 2005
WD 02/ 082873 PCT/[JS02/08370 In principle, a cyclotron could be used to
extract kinetic energy froma pencil beam of identical energetic ions.
Decel eration of ions with a cyclotron, but w thout energy extraction has
‘been observed.for. proto descri bed cgginBl.och and Jeffr.ilgs I n Phys. Rev.

80, 305 ( 19BBTCIEIRE PPREOHLSIPedEeq thexireLbinglic i dom ke B t hat 1 hey

ar e. brgryaaticdl Bhdgatic i6HRC Bkel@htiod®f PSS RRYAbIME biitGvitHoet easgy| | ating fiel d.
Al'l of the ions would then reverse the tra e_ctorfé T of the_accel erating

i on s haAction by been ohserved forprrionsgasdesariged boRiockiand Jeffries IR PAaR¢ on with t he
el ectrg | | | b Savki | fmkd 4 ati ng

el ect r%(%Béedngrb g? ?ﬁgi egdeu eceltl?l"lle@e(gﬂ%ttl}{: ? a%t?%\?\ﬂ{tgﬁq%ﬁe&%%%? r '(t)dnd is part.

Di r ectdeceleratingphase ehativeto diet ascitlatngdielly Mbof the tvas worlid ¢hasdeverseiti ng t o occur

with very high.efficiency. | n pract.i . the.ions ,of .an i;on beam woul d ent er
the oy BibiPE R S etaodl Fitny for ot B . ‘Aiine BRP Rl Bllp Yl on ouL
conpernisgfsetiod With the elebigic field] Weir RinetidverRy i @insimediatofoscillitiighe of the ions
woul d be accel erated and the other half decelerated. As a.result, the

maxi rACEERRETEY i ihe gleptre ciEcit ot hish dhesyrlolen isdat. BECHEIBVERdByer t he
annul ' ] ' of an unsuitable
SRR RAEHCL 0 ORBID o8 IO oAl Enatlye!

geonetry fo : \ ) cyclotron. 'scusse _greater detail
bel ow, t he In p@Ectide, thkenpotandon béamaeonld emer theeysiotron avithsllpbssibdhnul ar char act er

of the,fusi rooduct. beans. exitin F of .fusion t,or-. power core,
ond o rebera SRRy BF Yt ing BEHTE A ool Ttk B B8 pecl R s POVl BOTC
of t hajfthesTetiedbmSwouRebedctéiagteld ankihé other Il dbOAerated. pAS  tegult, éfe a power core
436 of the CBFR 410 ifﬁ‘ illrﬂa%trated on thg | eft side, wherein a plasm fuel
cor e BEIMYM COMETFROPIPGENGY deftectivelygl’s Mergeer th@muWerr 050y neti ¢ fi el d

appl i edo i igH badniiQidcb Qblatiot b3 819'2[511115{5'%14: P for R HABEfE 0sed field

i nes 482, a separatrix 484 and open field |ines 480, which, as noted
above,cydetreit.mi nes the properties of the annular beam 437 of the fusion
products. -H:];%is% S in greater detail below, the ICC of the present invention
accommodates the annular character of the fusion product beams exiting the FRC of fusion
reactor power core, and the random relative phase of the ions within the beam and the
spread of their energies.
Referring back to Fig. 194, a portion of a power core 436 of the CBFR 410 is
iflustrated on the left side, wherein a plasma fuel core 435 is confined in a FRC 470
- formed in part due to a magnetic field applied by outside field coils 425. The FRC 470
“includes closed field lines 482, a separatrix 484 and open ﬁéld lines 480, which, as noted
above, determines the properties of the annular beam 437 of the fusion products. The open
field lines 480 extend away from the power core 436 towards the magnetic cusp 486. As
noted above, fusion products emci‘gc from the power core 436 along open field lines 480
in the form of an annular beam 437 comprising energetic ions and charge neutralizing
electrons.
The geometry of the ICC 420 is like a hollow cylinder with a length of about five

meters. Preferably, four or more equal, semi-cylindrical electrodes 494 with small,
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field lines 480 extend away fromthe power core 436 towards the magnetic
cusp 486. As noted above, fusion products energe fromthe power core 436
al ong open field lines 480 in the formof an annul ar BR2afREEPeIPBri si ng
energetic ions and charge neutralizing electrons. The geonetry of the ICC
420 i swioizes2a73hol | ow cylinder with a | ength of aboutedrivsezosmt ers.
Preferably, four or nore equal, sem-cylindrical electrodes 494 with small,
32 19 Septenber 2005 WO 02/082873 PCTI US02/ 08370 strai ght gaps 497 nake up
the cylinder surface. In operation, an oscillating potential is applied to
the el ectrodes 494 in an alternating fashion. The electric field Ewthin

the c [ [ | e rugture..as indi.cated in.the end view
ilr ust%%!%‘gé&ﬁ 4%?%?%@%@"%@“@”@% Fr ?réol‘fefaélf)ﬁ’aﬁo\§céﬁ$§‘ﬁé’gte€tﬁaﬁ the symetry
axi s agplichwrkodesrolésnoani s aMetnatingRsHiad i TR electiddicldcRiitmalhee i s at the gap
497. | n addi hi on, 1tllrr'.lle | CC 420 includes outside field coils 488 to forma
uni f or SAOVFIESE fas agupdrupele farciurgasindieatedoi tha and yerat illystatrdin fig- B ause the

cur r enfhd diaid AP HhitHiS oh FHE sythinelPa:8PiddindS8es 1hedt] E@E }ﬁfamsopposi te to

the direction of the current Tunni'ng through the leld coils 425, the
field thenesk v4lpg ig g thetgep #¥L 420 run in a direction opposite to the

direction 0 i I;nes. 4 . FER 410... At end furthest
fromthe pggméém%noglgqgggﬁg& c[uﬁigs %ésll—%qile%?("]tsﬁ%%c%’"hﬁﬁm for%l%gdes an ion
col | ecwithin #82CClshol@t eximdern deemEBF Betdike drectutrtet rhidshrédgh the1GC symetri c
magnet n field lines 480 of the CBFR 410 nerge

LG, CU 486 ..wherein the op
o o i FOBRSE i et orbpsiein TR Aectisd of e DPAIRE SHSWRINE | oot T on
col | eatBFR A8 cb¥s 2GSMhE 01 1MBAIS ih (R I0RADE hinGin & B tiofl SFpRMothect ri cal |y
coupled to the ion collector 8. As discussed below, the magnetic field

49
of t hedireptipmenfithe apan feld Aiges 48098 the (GBRRH 02 4t ah endefughdst fromthetposvebeam 437 to a
rotati | ] ' ffilcl Fl 9C illustrates a typical
i on or‘%@Bgf;ﬂlﬁ%IW#Whg@ IQ%%Q%&%?&@B@%%&%B@% 410 has a cylindrical
“symmetry. AabéttveenoheCBFR 430 arithé ICGT 420 ip awanmeinic enagdedic cudpt486a f usi on pl asna
core 435 coptained.in a 47 tic fiel )| ogy i whi ch the
s or B e gre e ncs 0 i CoRBAR mefasavif e il Bnerclbsrot s
char ggerend! ahiaidé shifled elebRIMcoBERIr IS0 SoSHBA hut 1hE a¥Bndk3 fufy oM bot h ends
-of the fuel plasma 435. For exanple for a 50 MV design of a p-B" reaction,

t hese 486 andselpgtrigally soupled tp Heiiopcablpctatfi§t As discussed below, the magnetic
field of the magnetic cusps 486 converts the axial velocity of the beam 437 fo a rotational

velocity with high efficiency. Fig. 19C illustrates a typical ion orbit 422 within the
converter 420. '
The CBER 410 has a cylindrical symmetry. At its center is the fusion power core
436 with a fusion plasma core 435 contained in a FRC 470 magnetic field topology in
which the fusion reactions take place. As noted, the product nuclei and charge-neutralizing
- electrons emerge as annular beams 437 from both ends of the fuel plasma 435. For
example for a 50 MW design of a p-B" reaction, these beams will have a radius of about
50 cm and a thickness of about 10 cm. The annular beam has a density n = 10-10® cm’.
~ Forsucha density, the magnetic cusp 486 separates the electrons and ions. The electrons
follow the magnetic field lines to the electron collector 490 and the ions pass through the
cusp 486 where the ion trajectories are modified to follow a substantially helical path
along the length of the ICC 420. Energy is removed from the ions as they spiral past the

electrodes 494 connected to a resonant circuit (not shown). The loss of perpendicular
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50 cm and a thickness of about 10 cm The annul ar beam has a density n
=10'-10" cm . For such a density, the magnetic cusp 486 separates the

el ectrons and ions. The electrons follow the magneti c'?SePEMPEId5t o t he
electron collector 490 and the ions pass through the cusp 486 where the

i on trwoachesies are nodified to foll ow a substanti @diwshedss@al path al ong
the length of the I CC 420. Energy is renoved fromthe ions as they spiral
past the electrodes 494 connected to a resonant circuit (not shown). The

-1 oss of perpendicular 33 19 Septenber 2005 WO 02/082873 PCT/ US02 /05370

energy is greatest for the highest energy ions that initiaIIy circulate

el 052 LRnb e gkeR th T VASE Bt i SRUILERL Sl degBbdgnaest - The

ions arri € rotational energ
appr ox4datvaibry thesstpeaic fieb it heongesttl al total energy, i.e., (VQM/V - | 2Mvo.

There is a gistribution of ion ene ie&l and .ion initial rad|| ro when the
i ons reach THFaONgghEeRf e El?g‘be“&%sp dhe rofafignal pRergYAPPIOXISLY r o t ends to

be a nals n F adi al
rragngf&%%%m "ﬁwﬁ%‘tﬁﬁ & r}?e{?oglh%lglspér/‘g ugﬁeﬁo\{lo g{neen?‘gm or ce in the
azi Wtﬂﬂ'wnﬁnﬁti’aﬁﬁaﬁh?%heﬁ% m'tﬁe&hﬁbﬁkﬁk hé@%%&r%@uﬁ%s not change

the particle energy converts the |n|t|a axial velocity vp = vo to a
resi duailii zpdends to/kd aperovcynately progotdinnal £ the initzel Vele¢lb’mot Yheaadiallhere vo = v' + vi

.. The val el.ocit er m fromthe
conserv;‘il %g%ﬁélg%%(g%lomdggf)&%%n ﬁ{ em,Lor%E%E) ell% e(ﬁmt“%jl Pe 0 1' 2c 2c

Abeam difgotien tEhe sndgheticlfiefd at iirrdspsdSdeload ndt Hengeithp pdfilewhdrfiy Bt = Bo, v, = vo

'vl=0 andr =ro0. .lt enmerges on the right hand S|de of .the cusp 486 with

r = rccongertsthe ingygl axjl velomtysbmyowpermakﬂzﬂ Lvelacity vy apd angzimuthy = 1.1 ovoo |

-(6) where 520 ="9B,is,the cyclotron frequency.. The rotation frequency of

t he i otedocity vj, h’VhﬁfeVﬁ/E Vi aivge The valepelithe azimuthalyelogigy, sraabe deBimyngdn 2 of about

5-10 which is the fr enc at whi ch power generation takes pl ace.
Wzm the conscrvatslon of canon(iac% momgnmm P g P

gBry _gBy

B, =Mryv, ~ &)

2c 2c
A beam ion enters the left hand side of the cusp 486 with B,= B, v,=v,, v,=0
and r = r,. It emerges on the right hand side of the cusp 486 withr =r,, B,=- B, v, =

gByy/Meand v, =vi-v

Yo 1_(@2) (6

where Q, = ﬁﬁ% is the cyclotron frequency. The rotation frequency of the ions isin a
¢

- range of about 1-10 MHz, and preferably in a of about 5-10 MHz, which is the frequency
at which power generation takes place.

_ In order for the ions to pass through the cusp 486, the effective ion gyro-radius
‘must be greater than the width of the cusp 486 at the radius r,. It is quite feasible

experimentally to reduce the axial velocity by a factor of 10 so that the residual axial
- energy will be reduced by a factor of 100. Then 99% of the ion energy will be converted |
to rotational energy. The ion beam has a distribution of values for v, and r,. However,
because r, is proportional to v, as previously indicated by the properties of the FRC based
reactor, the conversion efficiency to rotational energy tends to be 99% for all ions.
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In order for the ions to pass through the cusp 486, the effective ion
gyro-radius nust be greater than the width of the cusp 486 at the radius
ro. It is quite feasible experinentally to reduce thi 9 asptambercd08éi ty by a
factor of 10 so that the residual axial energy will be reduced by a factor
of 100wobhess9% of the ion energy will be convertedcrigoiiRsat i onal energy.
The ion beam has a distribution of values for vo and ro. However, because
rois proportional to vo as previously indicated by the properties of the
FRC based reactor, the conversion efficiency to rotational energy tends to
be 99% for all ions. 34 19 Septenber 2005 WO 02/ 082873 PCTI US02/ 08370 As

depicted in tI’IC el ectrode struc the 1 CC 420 of
t he prese Glﬁ\%@ﬁ Bﬁ% MWC lshe Wﬁ?“eé%fél?clf%&fgg gg‘ﬁ A tank
circui ﬁrce(cﬂﬂhv&h@ﬂ\ﬂ%fdra%ly ﬁ@ﬂ&&%ﬁ@le&@o&e@@ﬁ'&%k@ﬁi&uts(hét‘éﬁ&\%ﬁ)% 494 so that

t he i nstant aneous voltages and electric fields are as illustrated. The

vol t agesnaestedite thetelpatode; sfraetiges Mométﬂ@ ipgtanianpeusyiolisgey akeliioc- 520 . The

d
o o s R A e Blelof@lant IS SRR ey ENAY S 4207 et veon
el ect r gfles,ifharnddchfeld & &l de s|4§’f‘1s 1@1?&9&5& 55193%11?&:% atigs W th angul ar

velocity 520. It is arfparent at 1n a conp revo I on he particle
wi | eXolpsteates thegleciic wlcbhyhmpﬂ%’rmﬂm elactl:bddeéféil asd ghei fiald amiomn or der

d d b h hal el
el d Epatpges feoPyB el Epoibl 0F: it aprapone i Swds s hal el d £
|'s maxi, clnr{hé ]%kﬁc Icf}(gg @01 {ewaera% &ng%eée?éiﬁtiﬁg 198{:&3 ses. Fig 22

assunes e par es nal n alrrni’ng a constant ecause of the

gr adi edeteninihed bethe Inﬁﬁilrphssef reddditioh o tﬁeaﬁfnathat dlevirioidldl @th&mds aldoan nat e over
the acceleration. The accel eration phase nmakes the ion radius increase so
that whdial dideerid fiehd EneXbe smmuathal feldsEAs decieluar iatthegape Heandidecrtdsed d the ion
radius will be |arger. The deceleration phase will dom nate independent of
t he i resthegpdiphdpseeasss. Fﬂs@2uaéwm9é&13m@0km@atcmmatangmmmﬁmt reding he azi nut hal

el €0t 1ol S e Bl BRI LRIPAI Y SocsBiuifn AR by AN BLSIPeCONVer si on

effici'ency rs n & phase prolem
assocmt@ﬂamnt The aaleation pinat maks et ivwradius fiveeasd Rahativhed thelich E, i s al so

important. It alsp osci.llate prod ces net ef i n _the radial
di r ectieRFIEoHIters & "ﬁf’lﬁ’é‘t‘%ée %ﬁ%’ Fhé 1@"1 lagen Fi‘t;&‘i?&‘i“'fa“?‘édu us with

Zero ‘iﬁh&%ﬂlﬂoﬂn&akhﬁ‘d@&ﬁﬁﬁt &%@Qﬁﬂﬁﬁ';ﬁﬂd&ﬁf tHeCioﬁ DRadt i rAfialigladidn®- 19C. The
process by which ions are always decelerated is simlar to the principle of

st r ongftizceisiutl elbettic figld o) isalwaystpositivd. ok amesulp therepergyranyemioer at or s as

described in U S
efficiency is not limited to 50% due to the initial phase problem associated with

conventional cyclotrons. The electric field E, is also important. It also oscillates and

produces a net effect in the radial direction that refurns the beam trajectory to the original
radius with zero velocity in the plane perpendicular to the axis as in Fig. 19C.
The process by which ions are always decelerated is similar to the principle of

strong focusing that is an essential feature of modern accelerators as described in U.S.
Patent No. 2,736,799. The combination of a positive (focusing) and negative lens
(defocusing) is positive if the magnetic field has a poéitive gradient. A strong focusing
quadrupole doublet lens is illustrated in Fig. 23. The first lens is focusing in the x-
direction and defocusing in the y-direction. The second lens is similar with x and y

- properties interchanged. The magnetic field vanishes on the axis of symmetry and has a
posmve radial gradient. The net results for an ion beam passing through both lenses is

focusmg in all directions independent of the order of passage.
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Patent No. 2,736,799. The conbination of a positive (focusing) and negative
| ens (defocusing) is positive if the magnetic field has a positive
gradient. A strong focusing quadrupole doublet |ens i3S FptEEpsrA%98 in Fig.
23. The first lens is focusing in the x- drection and defocusing in the
y-di r ewDiooms2sBhe second lens is simlar wth x and yciprsapesio es

I nt erchanged. The nagnetic field vani shes on the axis of symmetry and has a
positive radial gradient. The net results for an ion beam passing through
both Ienses is focusing in all directions independent of the order of

passage. 35 19 Septenber 2005 WO 02/082873 PCT/ US02/ 08370 Simlar results
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collector end of the ICC is again annular and of similar dimensions. The axial velocity

would be reduced by a factor of 10 and the density correspondingly increased. For a single
particle an extracting efficiency of 99% is feasible. However, various factors, such as
perpendicular rotational energy of the annular beam before it enters the converter, may
reduce this efficiency by about 5%. Electric power extraction would be at about 1-10
MHz and preferably about 5-10 MHz, with additional reduction in conversion efficiency
due to power conditioning to connect to a power grid. _
As shown in Figs. 20A and 20B, alternative embodiments of the electrode
structures 494 in the ICC 420 may include two symmetrical semi-circular electrodes
- and/or tapered electrodes 494 that taper towards the ion collector 492.
Adjustments to the ion dynamics inside the main magnetic field of the ICC 420
may be implemented using two auxiliary coil sets 500 and 510, as shown in Figs. 24A and
* 24B. Both coil sets 500 and 5 10 involve adjacent conductors with oppositely directed

ccurrents, so the magnetic fields have a short range. A magnetic-field gradient, as
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MHz and preferably about 5-10 MHz, with additional reduction in conversion
efficiency due to power conditioning to connect to a power grid. As shown
in Figs. 20A and 20B, alternative enbodi ments of the el®eentegabe: 2907 uct ur es
494 in the 1CC 420 may include two symretrical sem -circular el ectrodes
and/ orwbapedred el ectrodes 494 that taper towards thecraRegmRsigect or 492.

Adj ustnments to the ion dynam cs inside the main magnetic field of the ICC
420 may be inplenented using two auxiliary coil sets 500 and 510, as shown
in Figs. 24A and 24B. Both coil sets 500 and 510 invol ve adj acent
_~conductors with oppositely directed currents, so the nagnetic fields have

a short nge c-fie r adi as. 36,19 Sept 2005 WO

02/ osfﬁ‘?%“ﬁﬂ%ﬁﬂwﬁwggﬂ 2o Pedss ‘iOPF‘?}%‘N“afEe@H"r‘ICHQ‘ﬁeHg;O A& will change
‘the i ofytiQlo %ﬂeﬁdﬁa&l%@%ﬁeﬁﬁﬁtmﬁﬁﬁe&a& inMyY. bitB PRl rdmReMKincRing €l d, as
schemat | cal 'y illustrated in Fig. 24B, will producé bunching, as in a

| i nearasate binesr aaceleratoReactor Fig. 25 illustrates a 100 MV reactor. The

,generaﬁ%tput away illustrates a fusion power core region having
supercvemEJ‘th"ctlng coils to apply a uniformnmagnetic field and a flux coil

for fornmatiRKm 26ﬁlhmtrattwganBIO|Manem:ttcd Wt perferagir dut awagibhstateopisiogy.  Adj acent
~opposi ng ends o he fusion power e reqio are I converters for
o P ec et e Sionanne rsRrdieecodR sy S At Rasresn M ar o Lo ol cotr i
pover . flukh@il FeHToMHidktion BFinPERAE ﬁél@mtﬁtf@m @vdrﬁaaqémogys Adjdesifit rated in Fig. 26.
Propul sion System Fig, 27 illustrates_a plasma-thrust propul sion system

800. TImRosiga:ends Py the fusiva poyer e eMaE I%reeergﬁe@wrt%f%ﬂlre&tf usi on fuel core

835 i i gb&{s energe in the
form %Pﬁ%&g%&r}ﬁﬁar eam&%gpﬂ‘gﬂg%@@tﬁ?éﬂ;& &Jé.r(l)éc rel?gp%sg coupl ed to one
end ofequipmepidoesuck oraactopisihghaed m Ig26l e 850 is positioned adjacent the

ot her ?End!()f $h§ Eovver core. The annul ar beam 837 of fusion products stream
from e fusion power core along field lines into the ICC for

ener gy conwgs ST dhstrddéich flisaii thiust p@cs;imcrﬁssr@temfsoo NEneRp30&T irclides 41 ong field
| ines out of the nozzle for thrust he invention is susceptible to

var i odRGieryrer cers B3¢ msvhiphya fision f"f?b?‘?@ §3$ B Pﬁlﬁam%fl ang fromn pqti ense #fpl e t her eof
has beaRSAGYR ploBudi\Gnd b AN dMROrA Bflad dnfiGY Keafh 6395 AhiTPEdndBy det ai | .

converter 820 coupled to one end of the power core. A magnetic nozzle 850 is positioned
adjacent the other end of the power core. The annular beam 837 of fusion products stream
from one end of the fusion power core along field lines into the ICC for energy conversion
and from the other end of the power core along field lines out of the nozzle for thrust T.
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 alteratives falling within the spirit and scope of the appended claims.
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-1t shoul d be understood, however, that the invention is not to be [imted
to the particular formdisclosed, but to the contrary, the inventionis to
cover all nodifications, equivalents, and alternatives?Paptembegr 206hi n t he
“spirit and scope of the appended clains. 37 19 Septenber 2005 CLAIMS: 1. A
met hod of converting fusion product energies into electric energy,
conprising the steps of injecting ions along a helical path within a

gener gl lindrical cavity having a surface forned by a plurality of
el ect LT, spaced relation with one another and having a plurality of

el ongate gaps there between, the gaps extending along a |longitudinal axis
of the cavity, form réanogn el ectrj{u% field within the cavity having a
mul ti - pol e st r uch Bethogiof Gonyesine fugion nrogichencagios ipiclgelsiaeBF8Yi ng t he i ons

thr oyggmigﬁgﬁg@@gtﬂﬁow th the electric field to transform at least a
portion of the ion kinetic energy into oscillating electrical energy. 2.

The net hod igkctaigapms dong ahelial path withis a genearslly sitlimgdricd] capipt yi ng an

illati i al t | it f el des. 3. Th t hod of
or ai meging sBitsqioted bg piFnly Af Sleridasbon b el iR B a2 mut nal
el ect héthtd RldthaemizQSTutais) & dididate dap9 theB@B&wedn, i @paRkRAGingf clainms 1

t hrough 3, wherein the injecting step includes converting Substantially
al | orlangea lppgigdingk pxip obWercgyity,o rotati onal energy. 5. The nmethod of cl ains

1 through [ el he. | re injeGt i.n_the forman _apnul ar beam 6.
The et hod%%?‘mgg %I?ﬁ%c%%&e ﬁ)‘&gﬁ{%’:{ﬁe %rﬁ'&l&%’dﬂgo%ﬂﬁléﬁ’ OA% SEREIEPAY of  directi ng

t he a'lﬁmﬂb&ranb@a@btear@dgh a magnetic cusp. 7. The nethod of claim®6, further
conprising the step . of collecting charge neutralizing electrons fromthe

|
annul ar be&Rrdainetheienshigngh rierrerion wisly fherslectsic field to frarsfot t he magneti c
cusp. 588,33 tpﬁgtﬂ;srg[ed;gﬁ% %&%ti%‘enyé? iHBtOQQiﬂaf?lflg abakis ehertgg}.r ough 7 further

conprising

2. The method of claim 1, further comprising the step of applying an

oscillating potential to the plurality of electrodes.

3. The method of claims 1 or 2, further comprising the step of creating

an azimuthal electric field acrogs the plurality of gaps.

4. The method of claims 1 through 3, wherein the injecting step includes

- converting substantially all of the ions’ axial energy to rotational energy.

5. The method of claims 1 through 4, wherein the ions are injected in

the form an annular beam.

6. The method of claims 1 through 5, further comprising the step of

~ directing the annular beam through a magnetic cusp.
7. The method of claim 6, further comprising the step of collecting

charge neutralizing electrons from the annular beam as the electrons follow

magnetic field lines of the magnetic cusp.
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. collecting the ions once a substantial portion of their energy is converted
to electric energy. 9. The nethod of claim8 further conprising the step
of conditioning the electric energy converted from thé® Peemberl§05t o mat ch
exi sting power grids. 10. The nethod of clains 1 through 9 wherein the
plurality of electrodes conprises at |east four electrodes. 11. An inverse
cyclotron energy converter conprising a plurality of electrodes formng a

general ly gyl i “@Iﬂﬂe‘fﬁéd? f Q¥imstinGrdel ﬁeltﬁlﬁﬂ&%n@gﬂsiﬁg thcﬂsté;Pé«Ped relation
formng a plurality of elongate gapg t here between,” the 'gaps extending

al ong call¢atingithaighnehceadubstahtidl pertmanafithyeir eneegyeis cobvretepteiclatiricy of

el ectrodes conprises nore than two el ectrodes fromwhich a nulti-pole

el ect FM¥8¥i el d having nore than two poles is produced, and a magnetic
field generator extending about the plurality of electrodes. 12. The
converter of claim1l1l further conprising an ion collector positioned at
one end of % he phamathadofalain§ budsr cogprisitgsthe giep@f cendiddnisg aim 12 furt her

[+Si I I it dj d of th
o ur a R PoE sl babe i lon BROH GRS S BRI RRBYS o The el cctron

collector is annular in shape. 15, The converter of clainms 13 and 14
wherein the electron collector and jon collectaor are electrically coupled.

16. The conifert dhegrcthadpfipdaims 1ithroggh R vibsrein thepluralipmefrslegtiedess t ank

Ci rcuj I lity of electrodes. 39 19 Septenber 2005 17.
The cgéll\?gﬁ%ra?%étg‘?%&n%&%%f}hr ough 16 wherein the nmagnetic field generator

conprises a plurality of field coils extending about the plurality of
el ectrodes.  18. . The converter of clainms 1 | through 17 wherein the

plurality éf eIA_é]c‘PYféfaee%YC "_s";?ﬁ‘fgé(tWE%II‘?r “PGPUIRE converter of clainms 11
through 18,yngamhdrblenpidtainhihy a YenerflFESIHIGRR dabit), U Slectrodes

being in spaced relation forming a plurality of elongate gaps there between, the gaps

- extending along a longitudinal axis of the cavity, wherein the plurality of electrodes
-comprises more than two electrodes from which a multi-pole electric field having
more than two poles is produced, and

a magnetic field generator extending about the plurality of electrodes.

12.  The converter of claim 11 further comprising an ion collector

- positioned at one end of the plurality electrodes.

13.  The converter of claim 12 further comprising an electron collector

positioned adjacent another end of the plurality of electrodes.

14, The converter of claim 13 wherein the electron collector is annular in

shape.

15, The converter of claims 13 and 14 wherein the eIect_ron collector and

ion collector are electrically coupled.

16.  The converter of claims 11 through 15 further comprising a tank

circuit coupled to the plurality of electrodes.
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- four quadra-cylindrical electrodes formng an elongate cavity, the

el ectrodes being in spaced relation formng four el on?ate gaps there
bet ween. 40 9 September 2005

17.  The converter of claims 11 through 16 wherein the magnetic field
generator comprises a plurality of field coils extending about the plurality of

electrodes.

18.  The converter of claims 11 through 17 wherein the plurality of
electrodes are symmetrical.

19.  The converter of claims 11 through 18 wherein the plurality of
electrodes includes:
four quadra-cylindrical electrodes forming an elongate cavity, the electrodes

being in spaced relation forming four elongate gaps there between.
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