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g {57) Abstract: A system and apparatus for controlled fusion in a field reversed configuration (FRC) magnetic topology and con-

~~. version of fusion product energies dirccily to electric power. Preferably, plasma ions arc magnetically confined in the FRC while
plasma electrons are electrostatically confined in a deep energy well, created by tuning an externally applied magnetic field. Tn this

= configuration, ions and electrons may have adequate density and temperature so that upon collisions they are fused together by the
nuclear force, thus forming fusion products that emerge in the form of an annular beam. Energy is removed from: the fusion product

a ions as they spiral past electrodes of an inverse cyclotron converter. Advaniageously, the fusion fue] plasmas that can be used with
the present confinement and energy conversion system include advanced (aneutronic) fuels.




very high. For exanple, the fusion rate can be apprecig@kﬁgk%oghe
tenperature is at |least of the order of 10 eV - corresponding roughly to
100 mllion degrees Kelvin. The rate of a fusion reaction is a function of
the tenperature, and it is characterized by a quantity called reactivity.
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n(2.5 V), D+ T-, a(3.6 V) + n(14.1 V), D + He' -> a(3.7 MV)
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PCT/ USR03 Chdies artiimdbeftaribls lappebiriseal @ Segleut erium T indicates tritium a

i ndi catesead: ra@dr isuna/murEléuse. n i ndicates a neutron, p indicates a proton
He indicates helium and B" indicates Boron-11. The nunbers in parentheses
in each equation indicate the kinetic energy of the fusion products. The
first two reactions |isted above - the D-D and D-T reactions - are '
neutroni c, which neans that nost of the energy of their fusion products is
carried by fast neutrons. The di sadvantages of neutronic reactions are
that (1) the flux of fast neutrons creates many problens, including
structural damage of the reactor walls and high levels of radioactivity
for nost construction materials; and (2) the energy of fast neutrons is
coll ected by <converting their thermal energy to electric energy, which is
very inefficient (less than 30% . The advantages of neutronic reactions
are that (1) their reactivity peaks at a relatively |ow tenperature; and
(2) their losses due to radiation are relatively |ow because the atomc
nunbers of deuteriumand tritiumare 1. The reactants in the other two
equations - D-He' and p-B" - are called advanced fuels. Instead of
produci ng fast neutrons, as in the neutronic reactions, their fusion
products are charged particles. One advantage of the advanced fuels is that
they create nuch fewer neutrons and therefore suffer less fromthe

di sadvant ages associated with them In the case of D-He', sone 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 i%4gﬁ§§¥ﬁgoduce sone
sl ow neutrons that result from secondary reactions bu ate " much fewer
probl enms. Anot her advantage of the advanced fuels is that their fusion
products conprise charged particles whose kinetic ener may be directly
convert ¥} @/8¥7%| ectricity. Wth an appropriate di rec‘fmgau“ﬁ?@&]/m conversi on
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 di sadvant ages, too. For exanple, the atom c nunbers of the advanced
fuels are higher (2 for He' and 5 for B"). Therefore, their radiation

| osses are greater than in tlhyemapireni ¢ reactions. Also, it is nuch nore
difficult to cause the advanced fuels to fuse. Their peak reactivities

occur at much higher tenperatures and do__not reach as high as the
reactivity for DTCO&}%SH;JEH RUMONIN A FIELBREYERSERe advanced fuel s thus

requires that |GGXFRSURATIER' AN RBCIENERTY OYNVigigatper e thel !

reactivity is 2 ------- ---- 24 May 2005 WO 02/082873 PCT/ US02108370
significant. Accordingly, the advanced fuels nust be contained for a | onger
ti me pefFiekibf thelnvention t hey can be brought to appropriate fusion conditions.
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and Tle is tgqelﬁi on-electron collision time. D ffusion according to the

cl assi cEMeT&H Sysiom peQsluets 9 RRTIGIY- cal | ed cl assical transport. The Bohm
di ffusion coefficient, attributed to short-wavelength instabilities, is DB

= (1 /1g}exetdhnd YRS Bvdtioh S the ion gyrofrequency. Diffusion according to

this relationship 1s called anonal ous tr_ansB_ort. For fusion conditions,
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snal | er nhdMitd Rike, Mi@fPRSive 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 fumction of the temperature, and it is characteﬁzed 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 - af3.6 MeV) + n(14.1 MeV),
D +He* - 3.7 MeV) + p(14.7 MeV), and
p+B" - 30(8.7 MeV),




In early experinments with toroidal confinenment of plasgp, .. s; Bﬁgt ai nment
time of At ?1DB was observed. Progress in the |ast 40 years has increased
the containment tinme to At =1000 rz/DB. One existing fusion reactor
concept is the Tokanmak. The magnetic field of a Tokamak 68 and a typical
particl WOSRH$B7%66 are illustrated in Fig. 5. For the B§38BAG30years, fusion
efforts have been focussed on the Tokamak reactor using a DT fuel. These
efforts have culmnated in the International Thernonucl ear Experi nental
Reactor (ITER), illustrated in Fig. 7. Recent experinents wth Tokanaks
suggest that classical transport, At = ’>/De I s possible, in which case
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products are charged pamcles One advantage of the advanced fuels is that they create

much fewer neutrons and therefore suffer less from the disadvantages associated with
them. In the case of D-He’, some fast neutrons are produced by secondary reactions, 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
conversion 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




Anot her proposed reactor configuration is a colliding Q@gﬂkrgggtor. In a
colliding beamreactor, a background plasma is bonbarde y beans of ions.
The beans conprise ions with an energy that is nmuch larger than the

t hermal plasma. Producing useful fusion reactions in this type of reactor
“has beeWO®RPOBEH bl e because the background pl asma sl &&37US Ot he ion
beans. Various proposals have been made to reduce this problem and
maxi m ze the nunber of nuclear reactions. For exanple, U S. Patent No.
4,065, 351 to Jassby et al. discloses a nethod of producing
counterstream ng col liding beans of deuterons and tritons in a toroidal

conf i neg&ghwﬁ}’ SA&B}dldgfgy WeSdvRatEmtls Mast b BRindPRr b Hngaidipetibd al -

el ectro netic ener Is inected to counteract the effects of bqu
equi | i bwhersinghexsambebragehtte apnl@mﬁte fusien cpaghtiopseci es. The tor 0| dal

confi nenent stemis jden f| ed as No.
4,894,199 toﬁéé’g?tall?ﬁlre nt e %]?Sl'lbaeﬂ r%‘gﬁeﬂﬁau um aréi i nJ ected and

t r appedgiehdion 4D SATFRIRCOEEcE ThE &mssioal RIEQf ieakfusionrebefficienr fi el d
reversed configuration. There is a |ow density cool background plasma for

the sol & Pur pdbe, ,otheteraistherign gyreradigsians 7, Thibe idvesiestyon eqlbisiondBause t hey have
a high tenperature, and slowing down is mainly caused by electrons that
acconpaRyffusiea apqerding tedhq dassical iHsiop sesffieem IWﬁ%@&‘{S’ééﬂ t§sroHe Thens i n whi ch

case th%l@@@%&?ﬂﬁ&éﬂ?méﬁ a%?{l tE@ﬂo shén- %ﬂvé\@%ﬂ%&{bmﬁé@ {92/ 082873

PCT/ USO none  of ese qevi Ces owever, does an equilibrium

el ectri @ f @he)BOAWRRYOASKE ion dytifietiincy.t Digfusioh sccomligitbéiipt to reduce, or
even consi der, anonal ous transport. Other patents consider electrostatic

confi nefwaﬁbnmp 1sea&damdna1¢uanamertcmaﬁsmnmgmens @ngn% (vs)®nt =of el ectrons.
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In early experiments with toroidal confinement of plasma, a containment time of Az

= /D, was observed. Progress in the last 40 years has increased the containment time to

At= 1000 F*/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 beams (50 to

100 keV), to heat the plasma to temperatures of 10 to 30 keV. See W. Heidbrink & G. J.

Sadler, 34 Nuclear Fusion 535 (1994). The energetic beam ions in these 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

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




of these patents consider electrostatic confinenent szfﬂﬁ&bbﬁgs and
magneti c confinenment of ions. Al though there have been many research
projects on electrostatic confinenment of ions, none of them have succeeded
in establishing the required electrostatic fields when the ions have the
requi r eWOdRWEHT3, for a fusion reactor. Lastly, none SCT{REM§0ents cited
above discuss a field reversed configuration magnetic topology. The field
reversed configuration (FRC) was discovered accidentally around 1960 at

t he Naval Research Laboratory during theta pinch experinments. A typical FRC
topol ogy, wherein the internal magnetic field reverses direction, is

T ustr atagdnd dndd Flerodfl Gofbibr, hhe a mAGHnRAE dyedi5dity, B they tepord IRC are shown
in Fig. 11 and Fig. 14. 'Regarding the FRC, many research prograns have
been suthpdbucte&ﬁdnmaltdt@nmﬁtaadn&m%es and Japan. There is a conprehensive

revi ew paper,on the theor erid . 559 1960- 1988.
See M Tusze%\%cﬁ'ilsf’ og@c’ﬁ%&%g&%@?}%n% &F%gg . tkgﬁm@ﬁagn%%ggg on FRC
devel opreat.gdaaeat.i bestotthie dinensa, cliie ITER 520 Greated 30 eeteryidgidat]i3éns for future
research. See . L. C _Steinhauer et al., 30 Fusion_Technology 116 (1996). To
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el ectrons each carry half the current, which results in_ a negligible
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lons a | ectrons.| i t I n al nost
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el ect r ofg camidrsithh ofﬁ{eﬁreﬁéfgfﬁzw/ééo‘ﬁﬁ&cg nSUEBeEHY o thainalstodess, Whichhiengtner gy of
fusion products to electricity wt hi gh efficiency. Summary of the
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provi ded a i LS . ' Ot |l ectric
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ions with an energy that is much larger than the thermal plasma. Producing useful fusion

reactions in this type of reactor has been infeasible because the background plasma slows
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 tritons in a toroidal
confinement system. In U.S. Patent No. 4,057,462 to Jassby et al., electromagnetic
energy is injected to counteract the effects of bulk equilibrium plasma drag on one of the
ion species. The toroidal confinement system is identified as a Tokamak. InU.S. Patent
No. 4,894,199 to Rostoker, beams of deuterium and tritium are injected and trapped with
the same average velocity in a Tokamak, mirror, or field reversed configuration. There is
a low density cool background plasma for the sole purpose of trapping the beams. The
beams react because they have a high temperature, and slowing down is mainly caused by
electrons that accompany the injected ions. The electrons are heated by the ions in which

case the slowing down is minimal.




by a plurality of electrodes in spaced relation with oggﬁngbagr and havi ng
a plurality of elongate gaps there between, the gaps €xX en i'ng along a

| ongi tudi nal axis of the cavity, formng an electric field within the
cavity having a nulti-pole structure with nore than two poles, and

decel er MAKY3BRe i ons through interaction with the eP&dUSPHISEIel d to
transformat |east a portion of the ion energy into oscillating electrical
energy. According to another aspect of the present invention, there is
provi ded an inverse cyclotron energy converter conprising a plurality of
el ectrodes formng a generally cylindrical cavity, the el ectrodes being in
spaced r el atj,QBnd FihdsD8eviceh Holdddr dbes 8 cqbiliBAGA LR BB BeIdPIE Ay bat ween, the
gaps extending along a longitudinal axis of the cavity, wherein the
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The field reversed configuration (FRC) was discovered accidentally around 1960 at

the Naval Research Laboratory during theta pinch experiments. A typical FRC topology,
wherein the internal magnetic field reverses direction, is illustrated in Fig. 8 and Fig. 10,
and 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

| experiments the FRC has been formed with the theta pinch method. A consequence of this
formation method is that the ions and electrons each carry half the current, which results in
a negligible electrostatic field in the plasma and no electrostatic confinement. The ions
and electrons in these FRCs were contained magnetically. In almost all FRC experiments,
anomalous transport has been assumed. See, e.g., Tuszewski, beginning of section 1.5.2,

at page 2072.
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charged particles, 1i.e., energetic ions, that can be ed in a
magnetic field and, depending on the fuel, cause little or n
radi oactivity. In another enbodi ment of the present invention, a direct
energy conversion system is used to convert the kinetic energy of the
fusion products directly into electric power by slow ng down the charged
particles thtou n.electro- etic field.. Advant ageousl he direct
Bner oy convaltopdhs BRubiE e pyie etbieR hine RSARARD RHE B, enci o,
par ti clgmue RALBYantikIf) 18NRE 6L indRk floRAlLORInSpRRIflidnk ¥nd etBiVAlbnt he frequency
and phase of the fusion output power of about 5 MHz to match the frequency
of an exergy peiveGinigystem thay wenrvers the engay oifuiiny pRUOGSs td Hectrigityefitiy r ed
enbodi rgf t.he fusion reactor's plasnma contai nment system conprises a
chanber8HHEERt i ¢ field generator for applying a magnetic field in a
direction substantially along a principle axis, and an annul ar plasma | ayer
that conprises a circulating beamof ions. lons of the annular plasma beam
| ayer dummarhefthelivantion contained within the chamber magnetically in
orbits and the el ectrons are.substanti all contained.in an el.ectrostatic
energy vel | AR RE0TRR G SRR Bt tERDS Bt et ¢ T ol o
gener atcehve@iBausiseprodudt Yhéreit ink®élbotriCaRiS adthptisitghBe S¥sd dnjédiing her
conprises mrror coils near the ends of the chanber. The system may al so
conpr i densglasgarheli¢ah path pathir pgencrfle eylindgeal cadinhaging Asyripesfomeedm i nto t he
applie net.i i i he . i o the force
caused%gg%%ﬁg&E%E%Feégﬁﬁﬁng%%g%?%gﬁﬂwBV%ggﬁg%ﬁgﬁd%gggégph%ﬁﬁfﬂi preferred
enbodi RRmpste g%}h&héiry bétaaed, e Bpcitadigtddhelilehgubayl H6 of hafoltpgy of a
field reversed confiquration. In another preferred enbodi nent, the energy
conver $oBHISYseleqiiic Berd Mihiasthe pavity having g ayuli-pela sEwiyre pitemeorg therr) coupl ed to
opposi US| Vv ow cylinder-1like
goonet 150 PO absRrap P REMEY el iRoh Wi e, BALLED
sen - CYdahsToiinh Srdbased ptio06REe WnteRergltd oscillatiag elbétrigglRiergxt endi ng there
between. In operation, an oscillating potential is applied to the
el ectrodes iAscarding|te anathariappect ofdg ppsent mycatian.dherg jsPreYidedpnE within the | CC
has a j.- st ryct ' At es and i ncreases
1 moar TV Ab S aret b fonk iR iy o B U R

generally cylindrical cavity, the electrodes being in spaced relation forming a plurality

aneutronic fuels, fusion reaction energy is al nost entiéJa%g&bgéthe f or m of
0

of clongate 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.

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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In addition, the ICC includes a magnetic field generatf B%pr ﬁfplylng a
uni form wuni-directional nmagnetic field in a dlrectlon g@Q ially
opposite to that of the fusion reactor's containnment system At an end
furthest fromthe fusion reactor power core the |1CC includes an ion
collector. In between the power core and the ICCis a symmetric magnetic
cusp wherein the magnetic field of the containnent systenlnerges with the
magneti.c field of the |ICC. An nnu,ar haped el ectro tor is

ool £ 1 dRSEb I O rgenice e S B A ot § FRets b %@a{ff*fi@ Lo the ion

col | ectiBfersell BonigliraRSIAEREY. FOF ﬁé&rbﬁse%e%%ﬂi’ﬁbdﬁ%spoﬂ@&fé@& idH6iged and
charge-neutralizing electrons energe as annul ar beans from both ends of

t he redytteningrmsaternably epplicd magnetieticld toydevelop atioopeledine fidkdyrdiidghc cusp separ at es

| t i d to t Lr. i f.f 2005 WO
2! o6 et A0S BE o s G LR Se o Rnb T 558 et SHPLRH [ nos Lo ¢ he
el ectr @Ihsﬁl% hachPbe 1%@&1 wltﬁ' e 'pﬁ:@élt BaSifemd Eﬁidﬁllﬂastaﬂ@?rﬁéﬁparmﬂﬁlﬂeae ion

trajectories are nodified to follow a substantially helical path along the
| engt h toheutipaicl fods, bﬁhésggdmstage@ndymlﬁdp@&mh@i qr@ngm@smtﬂqdy Fopiral past the

el ectrode are connected.tp a.r irc The.l.oss of

per pendTEPaF o PGyR FERTETTS BeryPLaridy Mt OrRE HaRlBRidRer 0y i ons ¢ ha
i nitialiley efidrb@tielidisCingt @8 ®e nRinipliRtcdeh 8 elabAER FicldMMRY @epremﬁngbm&rl c fieldis
strongest. Qher aspects and features of the present invention wll becone

appar erfeclforesmlittieonso tndioaetiviy of the fol | ow ng description taken in

O awi ngs. pr ob P BR@RARTBAR bato: P A Rred P R RR ¢, and not

by way iffsed tol dBhdcithiinetic Rndr geotfﬂhequﬁ@sp@ductshﬁeagﬁﬂfn@@émb pewdbawi ngs, in
which i ke reference nunera refer to ke conmponents. Fig. 1 shows an

exenpl awwme@mrﬂmﬁgman@bpwmmehﬁ ﬁ%lén%dvgmtageomhg the2 shows t he
magnet i iel .FRC. . Fi nd ective t he
o anegrir e @R e pRGHE e op Rl o SRBRTS.falclncle)

tolerances and electronic ability to convert the frequency and phase of the fusion output ‘

power of about 5 MHz to match the frequency of an external 60 Hertz power grid.

Ga




Fig. 4 shows the colliding beam system of the present bgmgtjoﬁgn Fig. 5
shows a betatron orbit. Figs. 6A and 6B show, respectively; the nmagnetic
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 E x ]
drift in a FRC Figs. 8A 8B and 8C showion drift orbits. Figs. 9A and 9B
show the Lorentz force at the ends of a FRC. Figs. 1 OA and | OB show the

tuning of t electric, fi.el nd the electric potential in the colliding
beam ayst em MRy Sholifedt fRGak ool Ebith PORFMarBbstdon and’ 128 show
~transi tdoagisdd QR R6E2S ﬁﬁ@qe%%fd}gﬁ&a@? erfaB%giﬁgE&n iclild Ar0e- angl e,
ion-ion collisions. 8 24 May 20 WO 02/ 873 PCT/US02/ 08370 Figs. 13
‘show A, diBctién substak¥iallg tidhg @ prifgiple hsis\ did an afmildrphila ¢ayeihaCdonhtphisésO N
collisions are considered. Fig. 14 shows a neutralized ion beamas it is

el ect r i caichiatippbean afadnsh e pEthe pnmtdrpdpsma beomidyni axgsublstantidly. Fig. 15 is a
head-on view of a neutralized ion heamas it contacts plasnma_in a

confi ni$egtagisd wpidin the-phpmbepmpgneticallydn ofhite gnd s glegirons ags substadivlly ni ng chanber
according to.a preferred enbodipent of a start- rocedure., Fig. 17 is a
e videu dn Aesh e oBiRr R et SlBbaretPrl FESARERAr v of er red
enbodi = . ' f B-dot probe

i ndi ca'?}p1 %e&ié@l?%%xﬁe%@%b&n@@ 9%%%%8&?:539)?%%@?glﬁy%&%%egl pl asma-el ectric
pover goRfisknBRorid RaR BOEIE bitheghatbeC Thd dysleM@ndyaBBchuprisea begact or coupl ed

to an inverse cyclotron direct energy converter. Fig. 19B shows an end
vi ew ofinjetter fonmectig agyattabiveddon bamvstottier appediagneticditld, wherein the
beam enters an orbit due to the force caused by the applied magnetic field. In another
aspect of the preferred embodiments, the system forms a magnetic field having a topology
of a field reversed configuration.
In another preferred embodiment, the energy conversion system comprises inverse
cyclotron converters (ICC) coupled to opposing ends of the fusion reactor. The ICC have
a hollow cylinder-like geometry formed froml multiple, preferably four or more equal,
semi-cylindrical electrodes 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
symmetry 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, product 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.
7




Fig. 19C shows an orbit of an ion in the inverse cycl o%m Clpyerter. Fi g.
20A shows a partial plasnma el ectric power generation sys e conprising a
col liding beam fusion reactor coupled to an alternate enbodi nent of the

i nverse cyclotron converter. Fig. 20B shows an end view of the inverse
cyclot r P BORRFE ter in Fig. 20A  Fig. 21A shows a pdlAITEPEBMLit i nside a
conventional cyclotron. Fig. 21B shows an oscillating electric field. Fig.
21 C shows the changing energy of an accelerating particle. Fig. 22 shows
an azimuthal electric field at gaps between the el ectrodes of the I1CC that
is experienced by an ion with angular velocity. Fig. 23 shows a focusing

quadr upgheeld@tdas fllloweRtgneticl Mk lindd & BOEectdB col@Wr aktiht ioak Pass

magnetic-field-coil system Fig. 25 shows a 100 MNreactor. Fig. 26 shows

react or thpyshdhe cuspywhgsrihstion trjptoripy arg mogdified tfollavna substantialhelipal| si on system
9 24 Ma [gﬁé %qgjln % ' Penal JRihon of the

Pr ef erréﬁtﬁ%%g%gl%%ﬁ/s 8[lz"l%l E‘g’gljﬁgt e ?%%t (Ian I gﬁ?éﬁ@ea pl a‘!'sma- electric
power gelkeralks, ohichyst emafedtharesgrapisnatit.i Thedogsiof perpendicalaabhepgyi ncl udes a

col l'iding.,beam f usi eacior coupl e 0.a.direct ner conver si on
system 'R ewéﬁsﬁé%%@éfs{%rgyd@ﬁﬁhaﬁﬂﬁ%lxCF@g%tFSll%sestS%ees the problem of
anonal ogkctiddes) sberetihd eddctritaid is efignganid el ectrons. The solution to the

probl em of anomal ous transport found herein makes use of a contai nnent

system wi t h ‘Gtheeasaests aad feafusss of figprosgnt dnventigngvitl bgeamesppaediogur at i on ( FRO).

The ano : - i 3 i io;nement in the
H&ls%éi%ﬁ&rf m?ﬁ%!‘*";’%% dbRhpt .nstakeﬂ}(@édﬁﬁﬁi‘c@ﬁ WiRohe Eléc&g?ggﬁdg”

FRC in such a way majority of the 1ons have | non- adi abati c
orbits, dembngag t hem insensitive to short-wavel ength fluctuations that

cause agog@ ous LT a?éggrt .ofS adi abatic ions. In particular, the existence"
of are the magnetic field vanishes nmakes it possible
to have a plpefBedandininitare MushRitddbytway@f et@iplg dhdiaby ray ens. For
el ectrons, the anopal ous transport, of energy is. .. )
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 diamagnetic and the counterdiamagnetic
&irecﬁon ina 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 driftin a 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 colliding 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.




avoi ded by tuning the externally applied magnetic fi elflﬂ'vﬁ)i (}g&al op a strong
electric field, which confines themelectrostatically in 3 €ep potenti al
wel | . Fusion fuel plasmas that can be used with the present confinenent
apparatus and process are not limted to neutronic fuels such as DD

(Deut er WOROEBEBerium) or DT (Deuterium Tritiunm), bECTASEHHYvant ageously
i ncl ude advanced or aneutronic fuels such as D-He' (Deuteriunmhelium3) or
p- B" (hydrogen-Boron-i 1). (For a discussion of advanced fuels, see R

Fel dbacher & M Heindl er, Nuclear Instrunents and Methods in Physics
Research, A271(1988)JJ-64 (North Holland Ansterdam.) For such aneutronic

fuel's, the frisd ONHAAL!IB WarRITSb&dtrdnSorillsWish sRMl-bigé, Klettiontibg form of charged
particles, i.€., energetic ions, that can be manipulated in a magnetic

field apdlisienspearensideresh the fuel, cause little or no radioactivity. The

D-He' react | IRGKEL TR | bl s 1 difichModihdald bdiBrentiiing £NCr Gy Wil e

the p-B" reaction produces ree @gs I ons an energy.
t heor et todiningehahbeng for a fusion device utilizing aneutronic fuels, the

out put ener gnversion.efficiency may, be as, hi gh as about 90% as
descri bed b é.lg‘%%ﬁ‘?aﬁ-a?wew _aWaﬁgX@aw% tsipiasﬁﬁériaon Technol ogy,

19, 870cdnk3ddkhanitef. €xanpl e. Such efficiencies dramatically advance the

prospects faor aneutronic fusion, in a_ scalable (1-1000 l\{_lé% Q{fonpact,
| ow cost corffig. g sighview gehomatipgf axonfining ghamprragoydas RAPERHS 08370 In a

di rect %@J&%eﬁgpy&m{ggﬁggﬁﬁgss of the present invention, the charged
0

particles usi on ucts can be sl owed down and their kinetic energy
converted diRigdfliya side view echiemitid dfia. confihimgehagbensstording teeandiheect ener gy
conver si og sgstem of tﬂe géesent d nvention has the efficiencies,

He gt

particl B® ERPIREt SHA R BRI r onic ability to convert the frequency

and phase offjf N8 shotd thidesdfiHAEGt pRBWEIdicafinglhe Rirmbtidd 47 atRRQ1RL ch the frequency
and phase of an external 60Q Hertz paower grid. Fusion Containnment System

Fig. 1 illustigdfashewn earés plasmenlseits AT sereralion SHEm AN SPst em 300
o RS U Mg e 00 LT 20 o
t he chanber Hg.(9Bshewd dnred iviesd ofithe 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 to an alternate embodiment of the inverse cyclotron
converter.
Fig. 20B shows an end view of the inverse cyclotron converter in Fig. 20A.
Fig. 21A shows a particle orbit inside a conventional cyclotron.
Fig. 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.
.Fig. 25 shows a 100 MW reactor.
Fig. 26 shows reactor support equipment.

Fig. 27 shows a plasma-thrust propulsion system.




shape, with principle axis 315 along the center of the Rﬂn%bSSIO For
application of this containnent system 300 to a fusi on re ctor S
necessary to create a vacuum or near vacuum inside the chanber 310.
Concentric with the principle axis 315 is a betatron flux coil 320,

| ocat ed A #8372 he chanber 310. The betatron flux coiRCTABB/EWpri ses an

el ectrical current carrying nmedium adapted to direct current around a | ong

coil, as shown, which preferably conprises parallel w ndings of nultiple
separate coils and, nost preferably, parallel w ndings of about four
separate coils, to forma long coil. Persons skilled in the art wll

appreC'@e&xIEMEscﬁﬂianﬁTthetlfiéf@xME&ﬁlﬁm%'&satron coil 320 will result ina
magnetic fie I NSl atron colil 320, substantially in the direction
of the pri ncApﬂk@streéed ig ﬂgli'gwemmﬁmatqlﬁ@mmwﬁwn@ﬁmws@m&ﬁ@r wal | 305 is
an oute ﬁéﬁ (fggﬂﬁf I nst ant
rragnetl }“&g"ﬁg’%} |p?1-g xsn%[suggso"{ c!oll ara gﬁt&%ﬁﬂé&g a)ﬂhrgtfqpl e axis 315.
Thi s magrmgy mnfmrmbnisystmazAsmlﬂmhﬁl tb ybwy,rmede’al fhaion réﬁbﬁar amnsd)elpmiﬂemn that the
rragnetlcflel 0 h uter nst dpraIIeI to axis
9% Resiomalut pshiga ot o st dirrotio menebBREinaB polEm R “each endof
the Chaﬁﬁlﬂﬁal&%@rahs%oﬂféﬂnﬁ%%mrﬁeﬂtbéus@%@acdfﬁ*@mﬁhﬁ%ﬁfenﬁﬂith§m§ tigre adapted to
produce an increased magnetic field inside the chanber 310 at each end,

t hus beﬁalidrhgvmmﬁﬂ!égﬁ@rspécqniﬁeuram(EB§).TﬂvaanelnalOU%@a;lﬁpm ions(See Figs. 8 and
10.) As a@&f&gg%g%%ue&cmoﬁﬁ&%gf ﬁ%e'fﬁ'{\@BQu&f %Qﬁthgt'tﬁé xqﬁ ﬂ%i%rﬁs to contain

t he plasna a contal nnment region wthi'n the ¢ general ly
bet ween hivedargerinnmadialmitic orhi3 Andkyngphenhinsensitive Myrtwaoelemgﬂeﬂlmadat)Mer e it can

escape th conta| 2005 WO 02/ 082873 PCT| US02/ 08370 system
300. Thg‘ EWF%”P"@B %“%%W‘%‘ﬁﬁ%“ﬁd%[ﬁt Inpartys ﬁ%‘c‘?‘é“%fﬁeP #9884 nmgnetic
field athe HRTBwIRRSIhe lmagaeﬁweldexamm nliRé106bRsikRAYRavied pldda srhprisirpC| udi ng

i ncreasing_ the nunber of  wndings in the mrror coils 330, |ncrea5|ng t he

cur r ent 2@RIEHGH rton@dlr%bwcwmc Ep1 %ecgsmﬁ,-. the uanor@al@rswapmor@f e88EYHF nor  coi | s 330
1, ey R b 0 AR PR N B B RS0 o  Shour
i nsi de whehchdiveosthe@ klectrbstaticalyda a\db@rpfatemhd wethanber wall 305 is constructed
of a conduct I'*‘usmnrH}tl alsﬂqulas altjt%gn f;jle usg(F math the presg%%oxﬂﬁement apparatus and

process are not limited to neutronic fuels such as D-D (Deuterium-Deuterium) or D-T

(Deuterivm-Tritium), but also advantageously include advanced or aﬁeutronic fuels 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)]J-64 (North Holland 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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advant ageous to place the coils 325, 330 inside the chg&r‘g&r %@kl 305
because the tinme that it takes for the nagnetic field™t0 diTTuse t hr ough
the wall 305 may be relatively large and thus cause the system 300 to
react sluggishly. Simlarly, the chanber 310 maybe of the shape of a

hol | ow WA UZABSEYS t he chanber wall 305 forming a | ong PCAARMA®E70ri ng. I n such
a case, the betatron flux coil 320 could be inplenented outside of the
chanber wall 305 in the center of that annular ring. Preferably, the inner
wal | formng the center of the annular ring may conprise a non-conducting
material such as glass. As will becone apparent, the chanber 310 nust be

of sufficien k& eﬁé}?%c;cmg&@ioﬁﬁr ds 8P¢HE BRsGit n U] 16 clk8 BRrtigRaM or | ayer

335 to rotate around rinciple axis 315 at a given radius. The chanber
wal | 3086f firsign prodicty ¢an e dbwed dawreaniddheitHanatio gnaagheaphertpdgliredtlydo perneability,

such as el., Jl.n _such 10, d:nduced

count or S Softiliclef, BBt il SBVRRRn Heln of R pr b0 CFT
escapi nhasttheefibiamds partdldenergy asipranss amEledironic kbilityte calvartiler wal | were to be
made of _.a material haying | ow nagnetic _per i1t sych as pl exi gl ass,
anot her TERAFRYAnd phasg ghihg }OHQ“B’HBQWQH&I’P@%“ Wﬁ%ﬁ‘ ng}t?q'ﬁeé‘ﬁ%ssary. In
such a mm%ﬁgaﬁ.ﬁaﬁbm? erlogi@p, flat netal rings could be provided.
These rings, known in the art as flux delimters, would be provided within

the ouFesionGontainigent Sygtem out si de the circul ating pl asma beam 335. Furt her,
et iSh s » fRKrfla BELRAREN 6P Bl ALY Syor ol SAFALorklig 201 VO 11 U

delimters wo etermne urrent to grfeater
facilittie@resére imventionl Thecdntaimenagyseid I00fdonyrises & bhamttehevall 3Gtthdter 310.

Qlelt ie;n'nf1 éflff\%/lgsl’ &3%0%@%&?‘3 ﬁZ‘#f%éﬂﬁﬁ*e%ﬁépﬁ%%ﬁﬂisﬁq%%ﬁjca lf‘];llgwp()l asma beam

335, CO&H&ﬁé,%ﬁ%ﬁnﬁBl%"aﬂi@@lPﬁBﬂ%iﬁb Béhter BPhe RRanftRPS . TRE apflitdtion of tes chamber 310
by the Lorentz force caused y the magnetic field due to the outer coil

325. Ascantpimment pystemoid tp p fusivn resctps fbis Becgpay3e cregts ayacuyEor2egs WO 02/ 082873
PCT/ USO . e hC Al - L0 t bits about
the {1 ulhinagiqeHiecR b cConclodic B aNTnk Bl s 0s R QAR A P,

- princi ptedl 329| Beaddwithin the chamber 810 cBhmbetajrecfiuxonil 380 tanfdds amr e al so provi ded
plasma ions to the cir asma, beam 3@5 in 1 chanber

320, | nelReA PR SR A e b B e 8 PR GO RS St ed o

I Nj €Ct @Mich preferably comprises parallel windings of multiple separate coils and, most
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 paralle] 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

11
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I on beam at about the sane radial position fromthe pr&gﬁhpgﬁ xi s 315
where the circulating plasnma beam 335 is contained (i~ vy 8 nd a nul
surface described below). Further, the injector ports 340 are adapted to
inject ion beanms 350 (See Fig. 16) tangent to and in the direction of the
bet at r oW®MI2HBI7Hf t he contai ned pl asma beam 335. Al sPGIB0EY are one or
nor e background pl asma sources 345 for injecting a cloud of non-energetic
pl asma into the chanber 310. Ina preferred enbodi nent, the background

pl asma sources 345 are adapted to direct plasma 335 toward the axial center
of the chanmber 310. It has been found that directing the plasma this way

hel ps t gg'%{ 3R ThEHﬁ'xrré}ioBilH%o%ﬁéﬁ@agt%@ﬁz [#B8hck SRRSrehRd MaBhdaGieladensi ty of

plasma 335 in the containment region w'thin the chamber 310. Chareed
Parti cl 8® ends by aFRdetFiofmethodHomwnan thagridn¢leding iarrgasiig the mmraberof The system
has cyl indsical et r i 1 h ' LS. FRC, there
are tm“&%ﬁ%%&mgﬁmﬁé Ret 3|3)£‘| #Icréer?ﬁqq Iﬁ%%ug{eﬁtotialéﬁg%Bﬁgﬁg € Fgég’ede]g‘sz. The

sur f ace otrlapsihgihe tth@ortoolls 33gvidnthe baterawil 328l t he separatrix 84. The FRC
forms a cylipndrical npull surface. 86 in ich the magnetic fie]d vanishes.
In the cent%"uffél:‘?ﬂ#’é %a%‘ﬁ%rqﬂﬁt%tor?ée%%é? @'%1’@?%“@’6"@5"“& change

appr eci gl farhbr WHE 368 halvevesl theGhdydR inste thd ha@BelS1801n dab8 wiRgRs i ¢ fiel d
‘does change appreciably in thé axial direction. The magnetic field along
t he centkambaxwall 305 is eansirentesl ofiacerduictive materiahguck peometalyfiredy b§i ves rise to the
term"R rsed" in,Fi r . ' ' | A, the
mgnet | S EnREus oy Hedp ! S8ty QHERE M S Bebangd Bt 1€ o
The magitedkies fof the Inthghetizifidl to ldeffieithrough ifeanall 304 mag be relativslydangelardi r ect i on 98

- opposite the irst. an ion nmpves._in, the directi 10Q, e Lorentz
force 3HURERFHIGe Bt ﬁ%? Fragt _WEP]HS Stpijarlyfhe Fhag]‘}ﬁﬁ@é’f‘@%e #Hﬁes is easily
appr eci a86oOynoRBR!cYlittr, kiechhmn Bl wal 308! foralrR-a 15, andadd bibg! BSsusb¥i ng in the
i amagnetic direction , e Lorentz force always points towar e nu
d tic d t 102, the L tz f | ts t d th N

sur f acec®a, therbeiatrop Hlux ik ropidibe émplp@ent@dplési%nftthmh@gbwmaﬂl 304 ed betatron
2 gl TR B Al SR RO (500 2007
ring may comprise a non-conducting material such as glass. As will become apparent, the
chamber 310 must be of sufficient size and shape to allow the circulating plasma beam or
layer 335 to rotate around the principle axis 315 at a given radius.
The chamber wall 305 may be formed of a material having a high magnetic
permeability, such as steel. In such a case, the chamber wall 305, 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 fhe 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
predetermined current to greater facilitate the containment of magnetic flux within the
chamber 310. Alternatively, the outer coils 325 themselves could serve as flux delimiters.
As explained in further detail below, a circulating plasma beam 335, comprising
charged particles, may be contained within the chamber 310 by the Lorentz force caused
by the magnetic field due to the outer coil 325. As such, the ions in the plasma beam 335
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Lorentz force in this case points away fromthe null s%{\@%?oagl Thi s
phenonmenon gives rise to a type of orbit called a dri I't; to be
descri bed bel ow. The di amagnetic direction for ions is counterdi amagnetic
for electrons, and vice versa. Fig. 4 shows a ring or annul ar |ayer of

pl asma POBOY828E i ng in the ions' diamagnetic directiRA/UYRIPhe ring 106
Is | ocated around the null surface 86. The magnetic field 108 created by
the annul ar plasma | ayer 106, in conbination with an externally applied
magnetic field 110, forns a magnetic field having the topology of a FRC
(The topology is shown in Fig 2). The ion beamthat fornms the plasma | ayer
106 has - . L B - § orm a

Maxwel | a&n@fgﬁ?@c&ﬁ %%1?:1-11}]&121‘? P?gfg(r?r%ﬁtrr%% %t&itsnéé)%glﬁﬁ% %fg?/egfrﬁgggﬁe gﬁ%&f)gr vel ocity
of the i30f wiichnre Bodllel ®ithayginopless? 15.008¢e of male beam pgactionpassi3tPes | ead to
fusion reactions, .For this reason he pl as beam | £ power core 106
is call &f °p&%‘ﬁl4qd6?rr?8&‘B§Bﬁ'frgﬁllé’%%tﬁeﬁué&a 2 nlﬂ%% eﬁ@%)rgrgfnntﬁé ype of ion

orbi t's icRantbet 910. ITH b pEEfRARMEYERENT) the idcRe perts J40taed ddaptedtolinjecthd 2. A bet at ron
orbit 112 can be expressed _as a _sine wave centered on the null circle 114.

As expl dmhsamabdwat the pancradipleositon fim Hegrineiple i35 #RPEME 114 vani shes.
The pl a@ﬁc@{ﬁtng%%i@a Blatn RE3s LchtadRh RS i duith @hull QurbRE dited B8loRS. the FRC. lons

in this or nmove In their dianagnetic direction 102 froma starting
poi nt 1 TFarthefrthe mjecionpats 346 prstadapteddo biject londeamp3 dBearig: 16 famganeiol | ation in

the radial. direction r pendi ¢yl to . t.he .null cirgle 114); and a
trans| aff qu%ﬁ ‘ﬁW@tl?%og(tl%fHe&%(?ﬁl Prg’ﬁé’?%fﬁ?m%f%i.pl%gﬂlaibseg% 3§$'aph of the magnetic
field 118 i nARo bRided i@ oi@br m&D badkgundpladmd doerceg34a(tbr inpptirgzent s t he
distance in centineters fromthe FRC axis 78. Theeg%% etic fieldis in

ki | ogauslond Enontraergeticilasgia gnte the charpler A B aipeeterred) hatitshes at the

nul | ci qnqﬁ]' 25 1M ed | ' i itagrnear the
nul | ci Pg%kgrow : seaes:bglQ Ssrg%i ent \%it%dG{B dng&? hagﬁﬁggsn{ea?{aﬁzd t?lé %?%Q%%i nting away

fr om t héherchithbes 319. al¢ bast@en fohws] thratgiirecting the pdasthadhis siapbelps adetiasl | circle is in

first directi 1 ile t ticefielda.kRns] Il circle i
M & seuuHn R She s S RE Ry PP e S Beon of &
gr adi entegitini vithin the GhavstRdr 0. the cross product B x VB, where VB is the

gradi ent of the nagnetic field; thus, it can be 14
Charged Particlesin a FRC

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

3

'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 direction 100, the Lorentz force 30 acting on it points fowards
the null surface 94. This is easily appreciated by applying the right-hand rule. For
particles moving in the diamagnetic direction 102, the Lorentz force always points toward
the null surface 94. This phenomenon gives rise to a particle orbit called betatron orbit, to

be described below.
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24 May 2005 WD 02/082873 PCT/ US02/ 08370 appreci ated %/M%gab& ng the
right-hand rule that the direction of the gradient dri I's"In the

count erdi amagnetic direction, whether the ion is outside or inside the null
circle 128. Fig. 7Ais a graph of the electric field 130 in a FRC. The

hori zonW8 024888 of the graph represents the di stanc@GISR# et ers from
the FRC axis 78. The electric field is in volts/cm As the graph depicts,
the electric field 130 vani shes close to the null circle radius 120. As
shown if Fig. 7B, the electric field for ions is deconfining; it points in
directions 132, 134 away fromthe null surface 86. The magnetic field, as
before, is iFigoqmamiv en iolinicvéig i@ R cddlerdidthagiesit diceciosl 1GUtEede of the nul |
surface_86. It can be appreciated b :ﬁppl Ing the right-hand rule that the
di r ect i bprept ferpgingthis cape geintsawpy frpm ﬂ¥%§l &Pﬁ%ﬁ&é’ et i§ Phefomenen YFS102, whet her
the iony i 16 1 £ : 8B show
2ot hor 1558 1 AR OR B (lE 15 Qe B The e P el O

or bi t s fBdons arcobmtenlipnmiguiticdfr eldomons dnd vingrviessee 114, as shown in Fig. 8A, or
inside it, .as shown i.n Fig. 8B Drifi orhits 138 rotate.in the diamagnetic
i rection | (FErEeheWRa g i Spyitclayer bt Ui i RisC ekt ey

di rect i afectibn 1672 Weatlg @06 islddalel adaid thaireld surfibes6. drtieiniaghetieifleR] B8 shown in

Figs. 8A and 8B rotate in the diamagnetic direction 102 from starting
poi nt ﬁreate«ibsaﬁhp pnvdyr glagma Qxerslﬁwmc? Ipgtien “gﬁ,aneéﬁmﬁﬁy ?H?EJE‘S ht of as a small

circle polidid@eR\eD, BrmsaShathbiHetd Rivgthe ©hSI6&Fof a IR GBIdpokky &l € 142 spins
ar ound {Il?gl{ alxi_g in the Ssenésagt([a1 144. 1t al seo bro%yleos aover thepgi gyci rcle 146 in
t he dirdwownonFigd). The point 140 will trace in space a path sinmilar to

138. Figs. and 9B w the direction Qf e Loren ce. at the ends of
2 orRC 191 (e e gRel Rt PR iyt e e R RearEiainet ¢ i rect on
102| W thel@cri]ﬁ@o@ﬁiﬁﬁm;if&gidI&[laX\ﬂelmi.gﬂlﬁitiioﬁ irf 4 frhile ﬂcﬁ@lf ing bf the averdge Sppr eci at ﬁd ﬁy
applying the right-hand rule that the Larentz force 152 tends to push the
i on bacROEUHF BelpHlY of dgilembegrm. QOB_@@&S Feur ippsd glifferqat vﬂ?%neSé%Qé? therefore,
the Lor aRjof rdaRfidiR, FardhisTeas@iite laelaaf,&_snh?&okgmercb@_iﬁsﬁ-cﬁaa an ionis
shown noving 1n the counterdi amagnetic direction with a velocity 148 in a
magnet i colliding beatystemt can be appreci ated by applying the right-hand rule

that the Lorﬁg.tsz sh]:)v% fne n%a?nzty})ee &qgn ct)rgitﬁﬂ%@olliding 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 gradient of the magnetic field; thus, it can be
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the ion into the region of open field lines. In this c%f/[ ggﬁgefore, t he
Lorentz force 152 is deconfining for the ions. 15 24 yaé' WO

02/ 082873 PCT/ US02/ 08370 Ma netic and Electrostatic Confinenent in a FRC A
pl asma | ayer 106 (see Fig. 4) can be forned in a FRC by injecting energetic
ion  be¥A248%8td the null surface 86 in the di amagn®CrISEH8&EWLi on 102 of
lons. (A detailed discussion of different nethods of formng the FRC and
plasma ring follows below.) In the circulating plasma | ayer 106, nost of
the ions have betatron orbits 112 (see Fig. 5), are energetic, and are
non-adi abatic; thus, they are insensitive to short-wavel ength fluctuations
that caysgeadial dﬁsﬁir%&mmm rhfe iRt RleARERioh BY Bk olldfenf QIR fi8 @ FRC and
under equilibriumconditions, the conservation of nonentuminposes a

rel at i onouésrdiemsagneticedizentiom, whethes|thecipn is cytsideoninside themall cirele 126 gul ar vel ocity
of el ectrons.. The rel ati 1S o 14iakhle 20, = . mc In Eqg. 1,
Zis the ionFl\éﬁéaMs@ gﬁ@ﬁt?gr ,e %%cm? g ekdﬁgw@o%ﬁnésgl}e_lé?}l%gm@%mgfé%t ron charge,
:30 ihS t Beph epgREdtute disfindeie canfipleicadrom e FRICcaxfsi 78] The eleclric field isihe speed of
ight. There are three free paraneters in this relatiop:,the applied
magnet i ¥4 @ rhe g{aaléd@pc&{l}egﬁc n%ﬁﬁaﬁo\ng’&? ?195"'88?“”3’1&“?1% i on angul ar
vel oci t Yqts-126.f two of them are known, the third can be determ ned from
Eq. 1. Because the gllfasma | ayer 106 is fornmed by injecting_ ion beans into

the FRC, t heAsshegulicFig. /8, theieleptrs fielddprionsys deoeniinang dtHomswintijreetioas i nj ect i on
ki netic fot ' i [ = 2 =2 m (w
ra)Z (Z}ﬁ]ﬁé?%‘?% ;ongﬁl\?v?@ggﬂr}\%ee%%%%agﬁ ?t%eﬁ/eﬁf%%{%ﬁs Wépg%ﬁyt? y of ions, w
I's the diyelkiohs 20,124 agide anyoutdide of dreaullamdace 86. B crhise appréciaddy t he nul |

surface 86. The kinetic energy of electrgns.in the beam has been ignored
becaus e apphgngthe cighterndradsthatshs drentiorrofdhenE xdi duifh irin thegliampgnetisss m . For a

{1 xed 1 gh&Ghh 06h, YRbRG hooRs ulficRERMck tfl ke 1361 apP! i ed magnetic field
Figs. 8A and 8B show another type of common orbit in a FRC, called a drift orbit

138. Drift orbits 138 can be outside of the null surface 114, as shown in Fig. 8A, or inside
it, as shown in Fig. 8B. Drift orbits 138 rotate in the diamagnetic direction if the £ x B

drift dominates 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 circle 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, therefore, 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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can be tuned so that different values of we are obtain Ji’hfayzﬁ% w il be
shown, tuning the external nmagnetic field B. also gives rrse to different
values of the electrostatic field inside the plasnma |layer. This feature of
the invention is illustrated in Figs. 10A and 10B. Fig. 16 24 May 2005 WO
0210828 W9 12@§%803s02/ 08370 | OA shows three plots of tﬁ%@ﬂ@%@fﬂﬂi c field (in
volts/cm obtained for the sane injection velocity, w=1.35 x 107 s', but
for three different values of the applied nmagnetic field Bo: Plot Applied
magnetic field (Bo) electron angular velocity (co,) 154 B0=2.77kG tae=0

156 BO 5.15 kG w, 0.625 x 10' s' 158 B0=15.5kG we=1. 11x10' s’ The val ues

of we in themg@ieaﬁ@mardéﬁfi@caqﬁeﬁl@m@gmecordi ng to Eq. 1. One can
appreci ate that we > means that 120 > 0), in Eq. 1, so that_ electrons
rotate in thAiplasma dayee K6 dsesdigy Areanbe firmed i fRC by njectimpensrgsigionhe el ectric
potential, (] I f . . yal. . 0.3 The

hor i zont% 8 daag?%,ﬁ #eﬁhﬂisgtggg?gtﬁﬁggﬁﬁ?%‘? d%%g&rﬁgzoezg fslgifshg&qg?%dance fromthe
FRC axi slisésios hbdifferient rhdtkodg oAfolming thediRG andipdasma rifip éollewa btlowwd Tni el d and

el ectri otential depend. strongly on . .The above ult.s can be

expl ai ndif GruBk e TAS b mGR g6 o0 Hiis petiat POHS 117 GESiE Sk ne

di amagnehdrgetid] 4n8 afd Hof-adiabRicl MAS tRY GreGRRhditiRdo BREMDViVefaLth Ylubiatidag Lor ent z
force. This was shown in Fig. 3A. " For electrons, rotatl ng in the sane

di r ect i &t eayisq anemalopniganspdie Lorentz force is in the opposite direction, so
that el ect rofys i doyBPlad Gith b BRE and Thfer EhABHANSNbRGICHEN Pl asm and,
as a result, a’surplus of positive charge 1s"created. S sets up an

el ect r i corsei@httbntdf afomenteinciftipssed b hedatioa bewieenths adgulamvelecin ofdorislagand asma. The
direction and the magnitude of this electric field, in equilibrium is

det er m fegngijarvglocitefiplestrous .o lorelatighisnt um The el ectrostatic field plays
an essential role on the transport jof both electrons and ions.
Accordingly, an inportanty,aspget %f , Wb o wentd on is that a str@pg

el ectrostatic field is creatgd s de the plmgma | ayer 106, the magnitude
of this electrostatic field is controlled by the value of the applied
magnet i & Eq.d| disnbe ishatomicrumlise 76 isdhe ipn sdps. ¢ isdhie electron charge, B, is the

magnitude of the applied magnetic field, and c is the speed of light. There are three free

%

parameters in this relation: the applied magnetic field B, the electron angular velocity @,,
and the ion angular velocity @, If two 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

miVi2 = mi(miro )2 2)

Here, V.= ayr,, 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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As expl ained, the electrostatic field is confining for t sif we > 0.
As shown in Fig. 10B, the depth of the well can be in%zrﬂé@gggagy tuning the
applied magnetic field Bo. Except for a very narrow regi on near the null
circle, the electrons always have a small 17 24 May 2005 WD 02/082873

PCTI USOWD0RB#2873 gyr or adi us. Therefore, el ectrons respohd@Se2ys370

short-wavel ength fluctuations with an anomal ously fast diffusion rate.
This diffusion, in fact, helps maintain the potential well once the fusion
reacti on occurs. The fusion product ions, being of nuch higher energy,

| eave the plasma. To maintain charge quasi-neutrality, the fusion products
TSt PUlbA shidvR ko0 Bbts Ot the QlectiB il (S PRs/tnf Sorkifilfor B infodidng ¢ he

el ectrons Fromthe surface of the plasma’ | ayer. The density of electrons
at the seinfinee, ol.36 kd 0pd 'aburdor trew diffgrehionajueaofthe bgplicé megnetiofigldBgat | eave t he
pl asma w-t-h—t-he—fus+enr—produets—ust—be—replaced—otherw-ses—the—pot ent i al
wel | woul d di spippear. Fi gypplid mdpauke RRIMBOE! | bRl siiielocan(db2 pf
el ectrons. Only very engrgetic electrons fromthe tail 160 of thel Maxwel |
di stri pution can reach [he surface ol the plasma and [eave W Th Tusion
ions. The taill5#60 of th& drd¥kGbution 162 i $@mfs continuously created by
el ectron-electron colligsions in the region of high density near the null

surface. The gpergetic %ggtlﬁ pgs still have %)gré%:zls <Jyf oradius, sp that
s™ ne* sur

anomal pus di ffUsi on per emto reach t ace fast enoughlto
accompdate—the—departi-fig—iusi-on—product—ons—Fhe—energetie—etect rons

| ose their enersgy ascendigpgls.heGpotential wellp andiberve' with very] little
energy| Al though the el ¢ctrons can cross the|nagnetic field rapidly, due to
anonmal OUS TTansport, anomal ous enérgy T o0sses tend t0 be avol ded because
little ?‘ﬂgﬁﬁ%/es'o?m iy LEidvE wetNRchfihe FARSAMISH E]. 10T0deR@n POt enti al well i's
a strong cooling frechanismfor electrons that Is simlar to evaporative
cool i ngappréviatethard,>e0 méas thanQer «f i Bey hzo izt elections roats in their suppl i ed t he

| at ent heat qgf vapori.zation, This heat is supplied. by th emai ni n liquid
wat er  aRRpfeEHABRENERA HEFrHRp- r%il%h‘\miﬂ&qﬁlfwo%%‘ﬁm %ité) tf”é%FW toga I O\C/]ver
tenper aE%{cﬂr?nv hge?}ogko #ﬂ@?‘tp Jﬁ%{taﬂa&ﬁﬁﬁ@gg? 10X é}fae@ﬁ?ll%P{%eéﬁtsftﬁé)! ace the

ener gy. el ectrons, the tential we depth is equival ent
t 0 wat edisndedtomnthe FREY axxf78yshpwn irzthe gaph inldestimeters. The electric field and

electric potential depend strongly on @,.

The above results can be explained on simple physical grounds. When the ions
rdtate in the diamagnetic direction, the ions are confined magnetically by the Loreniz
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 equilibriurm, 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 field is controlled
by the value of the applied magnetic field B, which can be easily adjusted.

As explained, the electrostatic field is confining for electrons if @, > 0. As shown
in Fig. 10B, the depth of the well can be increased by tuning the applied magnetic field B,,.

Except for a very narrow region near the null circle, the electrons always have a small
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el ectrons supply the energy required to ascend the pot Qﬁ'ﬁ)ﬁ@v‘ opgl | by the
thermalization process that re-supplies the energy of the I\%axvvell tail so
that the el ectrons can escape. The thermalization process thus results in
a lower electron tenperature, as it is nuch faster than any heating
process.w%‘éz@ﬁﬁgré of the nass difference between el ectl’r‘gﬁéso%@/ﬂmprotons, t he
energy transfer tinme fromprotons is about 1800 tines |less than the

el ectron thernmalization tinme. This cooling mechani sm al so reduces the

radi ati on loss of electrons. 18 24 May 2005 WO 02/082873 PCTI US02108370
This is particularly inportant for advanced fuels, where radiation | osses

are enhapedify Thértlte, tlettfonytebibnd fo SbAW el aictdatdhenitiein t han 1; Z > 1.
The electrostatic field also affects ion transport, The mgjority of

parti cl agspapysly fast diffusion gate Shhis difiysion, iBclahedpyatinipindhe pateitipvelh

Large-a 1S , tril . b S ' . 'ﬁ'egg:angl es between
90 and ?g%ﬁh%%hmiéﬁég%bz Ozg gt%%e?gsﬁ&gér%?ltﬂ {Bgige%%ﬁﬁgf%gﬁb AS’descri bed
above, tldaze the plasina.oFo whintapt cipige quasi-neuitralityy thé fusimnipraducts naettpatini ned by a

“conpetitjon bet n the E. drift d the.gradient .drif.t. the k x B
ari Tt Sl R St STk ety i ey PR IS REN 0 instee ot B et om. 1 1
the gr agiaemi laghér fThe daRitnef s troid v thdisinffice 0Othb iplasi® isaleBSlow arkd figs

counterdj amagnetic direction. This is shown In Fi 12A and 12B. Fig. 12A

: S.
Shows. & ck SRt SAverhoRPaR Dl e BRIOBPEE BUS herrtcedHier s o a 1800
col lisi P&ent%a‘l‘@%ﬁ@oﬁ’lﬁ?l%?fpe% the point 172. The drift orbit continues to
nt

rotate e diamagnetlc direction because the E x B drift dom nates.

Fi g. 12B shokig. Hreboweas Megeelial distabwion 162i0f cl¢atronhi Gnly uerp endngetiel ectrost ati c
fieldis ak .and, t e dr.j f.t. .dam nates., JThe drift, orbit thus

ot at s SR £ORH A 80 Sithe Pler il B EaR R ARt SEBR ot ot on of

t he dri hiid leskivithdsier ishs) EFhewlib1 60T tHeldidthibution 1 621ie thud omidiousiyA particle
noving in a drift orbit will also have a _velocity parall ﬁl to the FRC axi s.
The ti Fsated by glretonelrstrongollisiqns in e rrgionof high densiy geas thepwll syfecet o t he ot her,
as are 7! ' i ldep L TS us, the
drift or %I?Pécgg%lﬁwéﬂﬁetgidﬁag}fagﬁgl %HR%a?IES’E@h{aFQNQHg Ht§ 'Eltéﬁ%)ﬂrnggermg? the transit
time. Athesttoweach the surface fisi emqughi to hedbingnodata thetdeparting fasion profiuetéansat t he ends
of the is confining onmly for drifi arbits.rotati i n_the diamagnetic
di rect i Gheensgaeif Stiphfbst Bei enedky Hicaiing HedrolfS el €W Bt s T ot at 1 ng

i n the little energy. Although the electrons can cross the magnetic field rapidly, due to

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

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

thermalization time. This cooling mechanism also reduces the radiation loss of electrons.
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-count erdi amagnetic direction are lost. This phenorrenonzggfgtgabé for a loss
mechani smfor ions, which is expected to have existed In

experinments. In fact, in these experinments, the ions carried half of the
current and the el ectrons carried the other half. In these conditions the
el ectri WGQ286%87 i nsi de the plasma was negligi bl e, and®GIHESOYIAW ent drift

al ways dom nated the t x Bdrift. Hence, all the drift orbits produced by
| arge-angl e collisions were |ost after a transit time. These experinents
reported ion diffusion rates that were faster than those predicted by
classical diffusion estimtes. 19 24 May 2005 WO 02/082873 PCT/ US02/ 08370
Tt her @his$s fhrtfdula@ Gim r&ﬁifbpﬁv&ideg fifelseWHere taRtibn YosBs aflehhdncéldy nat es the
gradient drift, and the drift orbits rotate in the diamagnetic direction.
Thi s wafiekioasuvitapostemicrumbegrpereatedhands > Fi g. 12A. Wen these orbits reach

e ends of PRSER IR MeSgt B A Bho Dol el g 1 ) ooed

field lines oren orce us In the
system thElp@smhmmrmta&tbetatrbn eibits 112 Itange- anglelcotihlsmgs, ajlisienn may be strong
enough, so that X h drif om nat es ent r.ift. Thus, the

ol ot r 0¥t srademengies et 5 ard i ot st b t2adBBH0hy el | m nat i ng

thi s i oAsliefibdiRGba) the Wircotioh 6 rotabion bfhk aﬁﬁbﬂmas ddté?ﬁﬁleﬂ%]@ inamrror
devi ce. Anot her aspect of ion diffusion can be appreci ated by consi dering

the eff earnpeuﬁon batwtdn-thn §ixeB, drift eret tho gradient deiftl [f the dhsB aniftsletanatasn or bi t s.

when snieRRgNCopie & PammpReliFeeCpy ol T sl b BAeS ROl o 13C

shows tmlt%tbteém%emerdia%ﬁgﬁaﬂcld@é&ﬁnf crms@sahbwmm%é 124 sh@myer by a factor
of ten 176; and Fig. 13D shows the orbit of Fi B followed for a tine

| onger Big. 12A shews & frapsition feam g betatn orbit @alrdnﬁereg@w te ndE0%aellisiodpol ogy of
col 11 51 SahBhR £8EDREL 2 PR oo falR bR ABMBRHT I s wi th
\tmlq me. | BirdcA6it beckil® 1R Dk B5drSihoMinktes. FHi %51 2B fvd Dothd soakdBHoRBLt Wi th  ti e,
i ch indicates classical diffusion. Formation of the FRC
~in this case.the electrostatic field is weak and the gradient drift dominates. The drift orbit
thus rotates in the counterdiamagnetic direction.
The direction of rotation of the drift orbit determines whether it is confined or not.
A particle moving in a drift orbit will also have a velocity parallel to the FRC axis. The
time it takes the particle to go from one end of the FRC to the other, as a result of its
parallel motion, is called transit time; thus, the drift orbits reach an end of the FRC in a
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 E x B drift.
Hence, all the drift orbits produced by large-angle collisions were lost after a transit time.
These experiments reported ion diffusion rates that were faster than those predicted by

classical diffusion estimates.
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Conventional procedures used to forma FRC primarily eﬂ@hﬂ%&bh t het a
pi nch- field reversal procedure. In this conventional a bias
magnetic field is applied by external coils surrounding a neutral gas
back-fi | nber. Once this has occurred, the gas is ionized and the

bi as m&’&e@“ﬁ”?’ eldis frozen in the plasma. Next, tHETERPTEAL in the
external coils is rapidly reversed and the opp05|tely oriented magnetic
field Iines connect wth the previously frozen lines to formthe cl osed
“topology of the FRC (see Fig. 2). This formation process is largely
enpirical and there exists al nost no neans of controlling the formation of
the FRC. T heIf'ElﬁPé’i@QstRﬁx%e%‘%stitﬁﬁeﬁﬂﬂ:@'@*k'&ﬁﬁﬁﬂﬁnﬂ@sthé’é%hdﬁ&]t‘aﬁﬂab' lity as a
result. In contrast, the formafion nethods of the present i nvention

al | ow f &rd therpiild orbiferefatein thmiamagmim@reathmcﬂﬁmms@h@mﬁwame nt and

reprodugi bl e. 49 kN 0 2873

PC'Ip' I USO%I@@%?B Wt?%? i I%A b;}h? ﬁtth%é'%} cf% e %%r\%és/g%e %FK/MQ{C%gé]tngan be tuned
and it sbaddgie legegia ¢f chsedfitld ﬂmesmymhﬂrdremfommhbg tigbyrreadinh yorifinéd uenced by
mani pul atjon of the nmagnetic field applied by the outer field coils 325.
Forrnattll:‘?rfi"?t)’??"S e FRC by methods of the present inventions also results in
the formati ofpeQicchrb@atR!MRids in the boIRbitly Béich HokRAMhdyde sWBhd enbliph BLmBRNNET
described in detail above. Mreover, thé preséent nethods c¢an be easily

ext endethetHx &odrift dondnaestthegmdent dtia. ﬂ‘hmﬂﬁlelebmdtzc}ﬁardwfﬂte%memnd hi gh- ener gy

fuel curr and advant ageous enab] es the ssi cal .confinement of the
i ons. FWPﬁHéY%rOé‘trana byt %g@éfﬁmb‘@“éﬂiﬂh@}}%w chyis simlantod  devi ce and

IS Ver ylgkPias tn Afintelévi@s easy to inplenent - all highly desirable:
characteristics for reactor systens. In the present nethods, FRC formation

relates to tAwother pspastaf iongliffisioniean beappresd by pensidering the sfpat efi at ed t hat t he
circul al:&l#i?%q% gaagarogqgr{@gfl)’lf’s?ons%ﬁ%?ﬁ@ 4r$1ts' %1£1€H ﬁ&:@stat be‘faﬁr%ﬁ%x%?t _a poloi dal

nmagneti C an elec circular wire. Inside
the ci tm,llFBgt l@smmmmeamta?nﬁwhéﬂlﬁnﬂb@g&teﬂe@trﬁnﬁloh—cbllﬁﬂoﬂs sbhat it induces

opposes t ex aII |ed eti leld due to the outer coil 325.
Qut si decct“ﬁ’gerﬁ‘ii 182, beis theqpit o rléﬁlfeﬁowﬂfforf% tipgithads ey sane
directi 9&cﬁ>§oﬁt9@1ﬂi@%d 5. mms{vg ﬁlet)fb@cldiplgv\lmf&u%ed ﬂiram Ibﬂg@ rgHrrent is
sufficiently large, the self-field overcones the applied fiéeld,” and the

a factor of twenty 178. It can be seen that the topology of betatron or 1ts does not change

due to small-angle, electron-ion collisions; however, the amplitude of their radial
oscillations grows with time. In fact, the orbits shown in Figs. 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 neutral gas back-filled chamber. Once this has occurred, the
gas is ionized and the bias magnetic field is frozen in the plasma. Next, the current in the
external coils is rapidly reversed and the oppositely oriented magnetic field lines connect
with the previously frozen lines to form the closed topology of the FRC (see 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 transparent and reproducible process. In fact, the FRC
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magnetic field reverses inside the circul ating plasm t her eby
~formng the FRC topology as shown in Figs. 2 and 4. T%gﬂr%éﬁ??enents for
field reversal can be estimated with a sinple nodel. Consider an electric
current I[P carried by a ring of major radius ro and mnor radius a "rQ0.

The magWeti2@8287%| d at the center of the ring nornmal (PETURRASIMg is BP =
27¢c4Pl (cr0). Assune that the ring current IP = N e(lld2n) is carried by NP
ions that have an angul ar velocity 520. For a single ion circulating at
radius r0O = Vd0O, QO = eBdmc is the cyclotron frequency for an external
magnetic field BO. Assune V. is the average velocity of the beami ons.

Fi el d r eyQesg) mb ﬂsﬁémﬂi B iNR8fon 8 be nfnd)d andltd Répdds Weil aflothep! i es that
NP >2 rda. ard TP>evo (4 preseh al%}{P21_ S S s 0508 75

PCT/ USOgrop88&0an W direstlp influemed hy manipulation of theonagnetin fatdiapphed dothe beam ener gy
Is 1 mV2.. t.h - di. nensi I fiel.d fromthe

pl asma & Frr%e#{] °°|11§ 9%? rﬁonfl%?o@/og%e%ﬁv&@ %ﬁ+dps oﬂh 2 pg%glﬂzéﬂeﬁ%{an% gllﬁ%it of | ength.
The fi elegulfsel tieT@inatiegof thesietc ficld arml potentifl/veellda fhemddnaAesckiBédcini , where B.
= 69.3 G and s W =100 eV. For, a del, with _periodjic, rj and B. is
aver age@etgl&iove. wéor%eélthedﬁ???&iﬂﬁ&}ogs %aB;I)% easily sxien |t91aqc§1frate§ﬁ$@§@ he ring
Spaci NGjy redctor fevel ﬂa?ametérmlgi HiROSkrg Y FiH] BurtiakSardi@vaRdBRoRWahades thmgnetic fiel d

as the one dinensional nodel with in =1,/s. Conbined Beani Betatron
For mat i dlassifelsdonfiepmenpoitheivns. rRyghermoreothe fchnignedande smpisdinehi n t he

bean betaRieh D EE R ey ML SRR ALARE ke By AERTRGA0E, o OF bl asma

i ons W tHardestistios @t reeetebwtendsi on using the betatron flux coil 320. The

first step in this nmethod is i nj ect a supstanti.ally annul cl oud | ayer
of P In the present methods, FRé f%rmation relates to ecuclqlatmg plema eam%ES y

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-ficld 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 @ <<r,.

The magnetic field at the center of the ring normal to the ring is B, = 2n//(cr,). Assume
that the ring current I, = N,¢(Q,/2x) is carried by N, ions that have an angular velocity €.

For a single ion circulating at radius r, = Vy/Q,, Q, = eBy/mg is the cyclotron frequency
for an external magnetic field B, Assume ¥, is the average velocity of the beam ions.

Field reversal is defined as

N ,e)
B,=—t—">2B, @)
7,¢
which implies that N, >2 r/a;, and
1> 4
P ra,

1
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background plasma in the chanber 310 using the backgroupdiR!®8§a sources
345. Quter coil 325 produces a magnetic field inside the chanber 310,

whi ch nmagnetizes the background plasna. At short intervals, |ow energy ion
beans are injected into the chanber 310 through the injector ports 340
subst ant{&{A %28} ansverse to the externally applied AS0283%% el d wi t hin

t he chanber 310. As expl ai ned above, the ion beans are trapped wthin the
chanber 310 in large betatron orbits by this nagnetic field. The ion beans
may be generated by an ion accelerator, such as an accel erator conpri sing
an ion diode and a Marx generator. (see RB. Mller, An Introduction to
the Phygnes £ oA pl2n387 s Gethd s foh Gbfin BRAEIs 10lPB82)0 the dife-One of skill in

the art can appreciate, the externally applied "né_g"n'eti c field will exert a
Lor ent Z 4fn@hien? thol1Ethb Hiagr%ii@ﬂelﬁ%nﬁﬁ@gl‘aﬁﬁa aRRA: 88, & [2m/@Ntvese f ke chanber
310; however, it is desifed that the beam not deffect, "&nd thlis not enter

a bet at cwrenbpdsiubit ofiangth. Thedicidmevdrshreqnisandness i *helV birya w0225 kd/cpl,asma beam
335. To solve this prpbl em _the ion beg&s .are neutralized with el ectrons
and di r BBers o T169 3 g daz Bl <t APt Va Foy 2 mogelvithperiodie Hpesed Polfal magneti ¢
field before entering the_ cha Er 310 Af illustrated.in.  Fig. 14, when the
i on beadverezed peer dereial eardinne (B 4o ks (s 1ithe TRggARINg) IS 3T, t he

positively charged.i ons and negati vel har ged el ectrons separate. The ion
Doam 35BS ARHST YOLId Foyaie SOSEvEr s R e PR BER ARG ¢ o5 an
electrig=gglf-polarization due to the magnetic field. This magnetic field
may be ‘pr duced by, e.g., a_pernmanent nmagnet or by an el ectronmagnet al ong
t he path of BD11GSh ALOMEerNAIQRIeAIME | vy | nt roduced into the

confi nement { {ADihi ' ' ances the
magneti c for%g?egér?\%?ﬂ%&%gaoing%gflg?c es,%ﬂg&%\%ﬂeﬁéﬂsﬁ%ﬁnggﬂ%m to drift
undef | edésexribedbeye idherah trvaedthé eambingd betmiberafron teehricme. MRianp@Bdthas it
contacts the | asma 335. depi cted, electrons .fromthe, plasma 335 travel
o ong. niRghiEes Aoy Parey beams of PhRao e t4rE SR IREIE YIRER ¢ hor oby
drai ns fhecdepnl s el ectric polarization. Wien the beamis no |onger
electrically polarized, the beamjoins the circulating plasnma beam 335 in

a bet atron oftisifirstalep im@istreshodris tedhipete substantighsnnpler dowslipyeraf Fig. 1 (see
al so Fi Qackérl)té%dﬁ%ﬂ\atigﬁle%M3fﬁ%%%@%n#%&?@*dﬁalégsﬁm's&ﬁc&%ﬁt b orbit, the

novi ng I on rrse "a current, ves rise to a pol oidal
magnet i cois3A5fprdduedsd. mapaetieriiztiliosidd the cliaBer 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 beam reaches the circulating plasma beam 335. To solve this
problem, the ion beams are nenfralized 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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topol ogy within the chanber 310, it is necessary to in S e velocity
of the plasma beam 335, thus increasing the magni tudeﬁ%s&tyﬁgbgagnetic
self-field that the plasma beam 335 causes. \Wen the magnetic self-field
is large enough, the direction of the magnetic field at radial distances
fromt hWo®R0828%15 within the plasma beam 335 rever seFCIENErise to a
FRC. (See Figs. 2 and 4). It can be appreciated that, to naintain the

radi al distance of the circulating plasma beam 335 in the betatron orbit,
it Is necessary to increase the applied magnetic field fromthe outer coil
325 as the plasma beam 335 increases in velocity. A control systemis thus
provi degeduRts diRIdrR! I PSladhtiaR BiAD meaﬁ%n@&mdl@dmmg@ﬁm fiellinay 8 dictated
by the current through the outer coil 325. Alternatively, a second outer

coi | maproduced duc-g.» neroancalanagnet oa by pe plesromagyas Ploag thewghef the 190 el d that i s
require | | | | Bt Rarsid | s it is

accel erg?%rg.w@glah%ﬁgegglgﬁ}t{?ggdvegﬁgghe&&g Enhg%t Cl rcu%@i%ﬁéﬁ{ltﬂnﬁ beam 335 in
i ts or belegtrit field bhletices the maizhatix foroé dn B2 Beanspastices ailooking¥ht emrlieargtdt o Fi g. 16,
it can he_appreci ated that increasin current, throu the betatron fl ux
coi | 323‘,“%@@&%@ Jig 1%5@2‘”%%6 '82V‘&W%fg?i‘%'%ﬁ%35§|"%§t"8‘i‘qﬁ°ﬁ‘iﬁﬁl d, E inside
t he chaphgha 350-As Uapic@%ldciri! Hontihe puiSHa 33D eaveltidganagtiashien eam 335 are
accelerated by this i nduced el ectric field, | eading tq field reversal as

descri b essbef thepram 358rwielhthsrehy draing Hedeam's eleatrie pplagratienn Mt asma beam
335, as i : - . i i on beans. 23
24 ey S5O RSB Ry BB e SR Ty et g bl |

ci r cul a3y abeasomornbit arudBhe pengiple fxds A1, ys siowe lireFigt (et dsaFigr4t at i onal
energy of about 100 eV,. an referab in a e of. about 75.eV to 125 eV.
To reach fu‘gfzﬂﬁh&i? B‘%‘Fﬁm&gﬁ&ﬁaf‘ﬁ%%%s)é?tﬁ@orb?rf’@[] HPPHEE PPasEP BRam 335 s

pr ef er apkraa€ SRR hedgivésisa Roapol a8l nkgietRidifFie”l opbddicd the @BRCange of about
100 keV to 3.3 MeV FR% formati on was successful |y denpnstrated utilizing

the contsipaledy wiskinasbamber GA0.fils Renessary to Ecrasedhevelasy of BKHaT®a beant bet at r on
fornmati hni BB ' 1inin

di anmet eg&g‘gﬁl{'ﬁgﬁ flﬂﬁre%%% %ﬁg‘% %ﬁﬁgﬁgﬁiﬂﬁﬁg{g?er na%l(%lt&hggg})l ed magnetic field
of up t B8356fses Whentigmeighaticfseléifidldfis brpetehmghghadirestion bitke magictic 320 of up to

° kG aiqgld%t r‘é (z::lu&{gpan%];s &c’m% tﬁé a:lcgsilg \?vri}hinltlge ﬁlgs?na )égrﬁ%g?e%fseé Eﬁm@%‘éé( ground

to aFRC. (See Figs. 2 and 4). It can be appreciated that, to maintain the radial distance of

~ the circulating plasma beam 335 in 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 orhit 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.
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pl asma had a density of 10" cni' and the ion beam was §4Rﬁ§,t2roggi zed

Hydr ogen beam having a density of 1.2 x 10" cni', a velocrty of 2 x 10
cnm's, and a pulse length of around 20 ps (at half height). Field reversal
was obswv&&&z Betatron Formati on Techni que Anot her preferred nethod of
form ng ® PRE®M thin the confinement system 300 is H&TEHMAEPred t he
betatron formation technique. This technique is based on driving the
betatron induced current directly to accelerate a circulating plasm beam
335 using the betatron flux coil 320. A preferred enbodi nent of this
techni que uses the confinenent system 300 depicted in Fig. 1, except that
t he i nj ecti oFordikld revwral) eiedyrcilatingddani bean B3R is prBa el adcyleratdd to 8di cat ed, the

mai n conponent in t bet atron formation technjque I s_the tatron fl ux
Col | S20RORReEEEY BTG 19DV e PAHRIoy s R SHAPRM P SVifp 2T 910, Dute
toits ?e%&ﬁﬁ@ibﬁrd?e%%ﬁ’t‘cbﬁditi&ﬂs?ﬂb Bl AR BladrhildaRiB35 i frefebly s3cler@¥i Dits very

| ow i nduct ance and, when coupled to an adequate power source, has a |ow LC
time cofssabarit200\eY erd preferdblydte arange of abawil 00 ke¥to 3.8MeMurrent in the flux coil
320. Prefer K .on. of <t E QITERSES b nergi zi ng the external
field coil sﬁ%&nﬁlg@#(@%&sﬁ%@f&%&g&t axi éﬁ?nggtﬂ? %goem lFeéiI d as well as radial
magnet i beah/idtatron dopatianteshniquesThetch@bmediscaindbetition fdnhatankthakut has pl asma
injected iLnto,the.chanper 3

0. ce sufficie magnetic field is
ot abl | BTG B PO0AGTBIORS hi 1o Hfiels S 56 TERENGITEER | 1 om ¢ hel r
OWN  POVBerftRRipb RS mdgnaf Rel£5BPAS SOG4 AMBnbMeH Q8 BOmShé G FueNY the axi al
guide field "and spreads slightly due to 1ts tenperature. As the plasm

r eac hescaih20mf dp 19l 2k@, aof a vau@pf 1.2-x 107 torr. In the experiment, thobackgrou@005 WO

02/ 082873 PCT/.US02/.08 chanmber. 310, a contjnuo axi al | y extendi ng,
annul ar DRSRAHEA SRSRITAT (0] Gt GumiGyon Boinbr iR Lgd BYgREeieah A thi s poi ni
the betﬁdv'h%”h&ehmydf‘?!z'xﬂ)'mcnﬁa@él@éi@'ol}“QQ-IOT&ﬁls,rﬁaﬁla%}égﬁdn%%a&Hﬂd ent in the

coil 320 causes a fast changing axiral flux in the coil'S interior. By
virtue g (@ohadfthcight). Efelduevessal wassobserpédd i ncrease in axial flux causes the

generation %et%n%ﬁ%fonﬁlecﬁﬁ eet ric field

Another preferred method of forming a FRC within the confinement system 300 is

herein termed the betatron formation technique. This technique is based on driving the
betatron induced current directly to accelerate a circulating plasma beam 335 using the
betatron flux coil 320. A preferred embodiment of this 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 windings construction, the coil 320 exhibits very low inductance
and, when coupled to an adequate power source, has a low L.C time constant, which
enables rapid ramp up of the current in the flux coil 320.

Preferably, formation of the FRC commences by energizing the external field coils
325, 330. This provides an axial guide field as well as radial magnetic field components
near the ends to axially confine the plasma injected into the chamber 310. Once sufficient
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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By
Maxwel | 's equations, this electric field Eis directl p onal to the
change in strength of the magnetic flux inside the coil, i. a faster
betatron coil current ranmp-up will lead to a stronger electric field. The
i nduct | Wé182/0888at ed el ectric field E couples to the FRAGELHArticles in
the plasma and causes a ponderonotive force, which accel erates the
particles in the annular plasma |ayer. Electrons, by virtue of their

smal ler mass, are the first species to experience acceleration. The
initial current formed by this process is, thus, primarily due to

electro %beif?m?y @Jntim?dﬁfs,fa'xﬁll? Bk torfittg hitfuft lger dfichm, {ewigundingundr eds of

m cro-seconds) wll eventually also lead fo ion current. Referring to Fig.
17, t hi plagh®isestaldishédel d E accel erates the electrons and ions in opposite
directions. ' r L L L erdy : kideaBin CUrrent is
carried abou%ngﬁag%?@5§§gﬁgﬁ§“é§@§2?%Eﬁ? ﬁ%f'gkqﬂﬁﬁggkggg%gﬁgﬁhe current
carri edtayoil B20 ¢ansedtaifmgchahgisgaxigifue in the seil’s mtaxios eBY virtmaghieductivé i el d. The

creation_of the actual ERC, ol o ets | n the.sel.f nma tic field
cr eat ed SBSFis T‘B’Eﬁ ’In%rﬁi‘sei"haxﬂ"hgﬁ%f’ ‘%{Féﬁ? %ﬁ%’}aﬁ% SHeEmugial ety %‘q&o t he
appl i edg (5RINEY VL which peindehtedht fRcexbeidnas i @il ByQhevelAquatidis, At this

poi nt magnetic r'econnection occurs and the open field lines of the initial

ext er natiigelestrindlicleR isgirgaib preporiiemabiopheghangedn sigqngthol iednagsstin i¥e FRC f1 ux
surfaces Fhas.. a t1aby ks met hod

exhi bi ténséritg)ggesc? il%;egﬁe%s?éég?t?%qncfx g%‘c’i@&%garnfﬁ% ‘gﬁlé?]%rtgi%gg&%gﬁﬁlwgﬁe typically
not at fieldctor rel evant operating paranmeters. However, the inductive

el ectric acceleration field wll Si s as | on s the.current in the
betatron fl %@ﬁcf‘veéé?fe@?fﬂ‘?l‘?"mfe%&f C?Wi‘?ﬁé%ﬁjﬁ cg?g%lagagbcﬁ]ealq’{k e. The effect
of -t hi s,REREERITahs®s b PeidelolRiivERReO¥hicnskcbiotfl tHXpamieles th the #indlast rengt h of

t he FRCpcontl nues to grow. The extent of thi rocess is, thus, primarily

hi s
| i mi t edplasma lagerf Elextronsi by yioweof theirmpaller pass,@gnthe AisbEpeeiss 0PEpeyicBs 25 24 May
2005 WO 02/ P / - sl LSS \hEorRNer gy
st or agea%’g%f?gg%oafm%v@ﬁ{ﬁ Egrlﬁst‘%l%%gﬂl%%%eg% 1,s ’ tgl?s?glﬁlgﬁ%l?g{r?@vgr%g%t&% accel erate
the systiuwever, sufficiem bcoektativmtine Goowhid hundreds of aricrbisedodds) siibewatually he
cireul atallsg %ag ‘lcoaigrircl;ﬂurll?e%t(f1 nkgfgr?mlg ?0 ﬁé.elfle{h%bell%m%ctfeﬂ Egc%te@gatés?heaelectrons

and ions in opposite directions. Once both species reach their terminal velocities, current is

E (see Fig. 17), which perneates the space around the é hi.
AE@X(\Q@%
e

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

25




rotational energy of about 100 eV, and preferably in aj eopk about 75 eV
to 125 eV. To reach fusion relevant conditions, the circulFating plasm
beam 335 is preferably accelerated to about 200 keV and preferably to a
range of abput 100 keV to 3.3 MeV. Wien ion beans are added to the

circul atNhg P4 e beam 335, as described above, the FSTASR38Wam 335

depol ari zes the ion beans. FRC formation utilizing the betatron formation
techni que was successfully denonstrated at the foll owi ng paraneter |evels:
Vacuum chanber di nensions: about 1 in dianeter, 1.5 in |ength. Bet atron
coil radius of 10 cm Plasma orbit radius of 20 cm Mean external

magnet i ewténetequiprs@dussice ¢norgyRRraga dmkmHdvarireit ispsprinpiphlp 100 Gauss, with a
ranp-up per.iod of 150.is and a mrror ratio of 2 to 1. (Source: CQuter

coi |'s afBUPYEd P @8‘?1?@?.%‘6 Wﬁ@“ﬁ%@ﬁﬁ?rdg]ﬁ%?%ﬁﬁm('subst antial ly Hydrogen
gas) was cChap@HeRfrevddi, M dircllBii plabfia beind 394 ispRPMALI Beccelefiled to Ki Neti c

tenperature of less than 10 eV. "The lifetime of the configuration was

| i m t edreigtionpleenergy af abowel0§ v Vsargrsefeiably imerangs@fabpytgaeVand2iyeheFal | y was
ar.ound : SXR ri P ' I ' gr ound

pl asma ?%&%‘F“S‘gg??m %ggéig&}g?thgélg%ﬁgﬁg ggﬁ%gégﬁsasﬁ%%rﬁ%}eggﬁ%ﬁ@eéggﬁcuI ar

f ashi ontd abeutd0 kbé andprefoeably tEacdnge obdbloectiidmV od 3.8 MeWhs Wies ioamount ed on one

of the two mirrqr.cojl .assenblies.. Th un re,aziputhal ly spaced in an
cqui o s e Al e i SRR et gas A8 despibenere Bepltnbutl s, angenent
al | owed33DdepblifzedwSot beah®. fired simultaneously and thereby created an
annul ar plasnma | ayer. Upon establishnent of this |ayer, the betatron fl ux
coi | was. encfRff fsaatiqnuiligige thebetarpn formatigadechaique Wassueesssiullyf ndi ngs caused an
i ncreaseg. | l0.Sd : ' ,ch gave rise to an azinuthal electric
field cg? (lghrﬁghgﬁr(%tﬁ%?oﬁ(ﬁghgg%@?éﬁ%ﬁe%'I. Qui ck ranmp-up and high current in

t he bet at reorvViduting ch@hber pinetlsiodatdust malignedrels i lendthel d, whi ch accel er at ed

the 26 24 Mag 2005 . WD 02/.082873 PCT/ US02/ 08370
. etatron coil radius of 10 cm.

Plasma orbit radius of 2G cm.

¢ Mean external magnetic field produced in the vacuum chamber was up to 100
Ganss, 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 eV.

¢ 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
arrangement allowed for the guns to be fired simultaneously and thereby created an
annular plasma layer,

Upon establishment of this layer, the betatron flux coil was energized. Rising

“current in the betatron coil windings caused an increase in flux inside the coil, which gave
rise to an azimuthal electric field curling around the betatron coil. Quick ramp-up and

high current in the betatron flux coil produced a strong electric field, which accelerated the
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e Lnaihlih. i Faniliid. Lt

annul ar plasma | ayer and thereby induced a sizeable cu%%ﬁ?t opY fficiently
strong plasma current produced a magnetic self-field a gl ered the
externally supplied field and caused the creation of the field reversed
configuration. Detail ed nmeasurenents with B-dot |oops identified the

ext ent , W R2EB§TH and duration of the FRC. An exanpl e F6TUS)3988A data i s
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 md-plane (75 cmfromeither end plate) of the
experinmental chanber and at a radial position of 15 cm The data curve B
re rese?&ﬁﬁ f e magnetic
fI2|d a %ﬁﬂ%EQ&H%Qﬂ%#%ﬁ?@h&?%ﬁg&%ﬁaﬂg%ﬁgSPa |a99§§§1tﬁg%@of go cm
The cur vereht pratiaed emagmdtle saf-Gelé ﬂlat alttraldhestoeadiyeupplied lﬁellddn@ equsalgt h i nsi de

curve: st G R Gt R or Do bR W Bt T e

pl asma @yefied tﬂ'mtdﬂ.gtsge[fgtmﬂldmm&dbﬂmegct hat the inner magnetic field
reverses orient atlon IS neqatlve bet ween about 23 and 47 s, ile the

outer field 4rgpmplrefityicpbdaiy lséh"w’bl%@e Hases PER-Eptrobs signalsdR Fi8nls-The time of
rever salpyegata b r@%nt% A% h 'ti{eraﬁm cdnfpoh&if oP@k alabiccoi | . Once

peak current is reac I n t beta ron coil, the induced Current in the
fuel pl fiskat thaydal sideins (’lhmlécme&lm endhplatehef tFRGpenimpritelchamfiee avds. Up t o now

the | I fel Irg?@o\%&?%ofﬁcn? sfhec ac%g/e ?en%%eraggolﬁtg%ergﬁ’?s Or ed in the

experi mé 1Pon and experi e system can
be upgr asigsbnts o the \adfeticdietien tefdharhber e:halrmdq:ﬂuihe aﬁctalaeracaallpmmmoﬂ eact or

rel evant paraneters. Overall, this techniq of o [ a conpact
FRC, buB0fm. The gurecy® dafp s thersigre, gxdfcaﬁeﬁwm%ﬁ?la sgene f@wﬂg fighot
| PO t agiolits I BRLAASR v AR e S OB Gl BEpigb! Y accel erat ed

to any desire rotation erflergy and magnetic field strength.
This i smagm,ad:lp &bldfsbenglhmlt@ttf: ofjtd fuciplastn fayan dhedatsdealyl indientsithas thent  of

hi gh- f t | f
For m ng BovReSiEH A ayses of P R e Rl e AR Ed A PR 0, Ohe

li ke, cgieouRBHtlH stafs ;iblsmséma Beus nogrepreeichthtid. Jhitiakelof revbmil icausi ng nucl ear
fusion therein. Mre rtlcul ar | the FRC fornmed by these nethods can be

accel er Hmged bbthafﬁyflﬁj‘éé? cagent aibe g?f? el Paerncalsriareglis s59hsddg st i c fiel d

St rengt Betatron coil, the induced current in the fuel plasma layer starts to decrease and the FRC

rapidly decays. Up to now the lifetime of the FRC is limited by the energy that can be
stored in the experiment. As with the injection and trapping experiments, the system can
be upgraded to provide longer FRC lifetime and acceleration to reactor relevant
parameters.

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

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 24 May 2005 WO 02/082873 PCT/US02/08370 This is c? g)m,l obgr fusion
applications and cl assical confinenent of high-energy fue 2be In the
conf i nenent system 300, therefore, it becones possible to trap and confine
hi gh- ener(;;%/ gwasrra beans for sufficient periods of tinme to cause a fusion
reacti oNVO P88 t h. To accommpdate fusion, the FRC fRSIHS824%§7% hese net hods
Is preferably accelerated to appropriate IeveI s 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"hﬁ@ﬂrhdléd@bﬂﬁﬁéﬂﬁ)pﬂ@dﬁ%ﬁ@@d clabeﬁcai tudlfinfyAént bOhipk-chee@l fubln this state
substant iall %'F unchanged for Srol on eriods of_ tine. This js inportant,

as hi gh bgamse il the cepfinsmant sy gem %ﬂz?re Bt RRomeRostible fq e R LORdINgn r el evant
state. %e@p %énéé @%%&%&ﬁmﬁ&ﬁh@éﬁfﬁm&@%é @ﬁmoﬁ'reaa%?ﬂ e input of

ener gy, |ch c n e recovered nost of the fuel undergoes fusion.
As a cotiweyitsnce, the confinenent time of the fuel has to be Ionger than

its burn t| This .|l eads t ensr ala nd consequently

net energy ou? %u?mﬂd¥e§‘31°P1t§ %tw?im at{gge ot &%{%% re%lgaﬁ I nvention is that

t he conhécelerapdtto spiﬁé;ﬁmeaams dir@aivaaldnagy bdagetiefield aur@gmmgabl e of long

confi ne nt ti ., confi nemeglt tines that excee anag bumtinmes. A
|

typi cal ! Ptéct"é'c? atf‘l!i‘sf wipn; howaver, endsdp z5a8(e 2 pariadenset of owi ng physi cal
condi ti eaiito tng RRGich ® Mﬂéma&awﬁdmanftu%m@mﬂ%w Bichip of@e) : Average

ion tenperature: i'n a range of about 30 to 230 keV and preferably in a
range oftehisuiabta8oa P@E\ﬁvs@nﬁz&obﬂl@wﬂwefu@l@es felbeé(@m@nﬂmfe&m%mstentéllyl n a range

Conor ontodusef i SPotfage PGP BERE Pidis biboofiet BB Bne AP oriie ot i mg
pl asma aﬂﬁiﬁt&réhergy thadacteriRg® fugion adivaht sfabc) Gt%ﬁoh@fﬁus%td\zﬁ%e@éf&ep@@ﬁﬁﬁ ably in a

range of, a 30 keV to 3.3 V. Total,.magnetic, field a range of
about 4?12@ ot e nehiph eyeqowral i megeot ﬂaﬁﬂ%}a@éffrg%?%se?nizo KG (with

the ext %Moﬁ%qﬁ’éﬁ%, ieeohfifdntnt fin@of BOQE HAE tARAMgef than tPbukR il

Thus 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 burn times. A typical state for fusion is, thus, characterized by the
following physical conditions (which tend to vary based on fuel and operating mode):

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 arange of about 100 keV to 3.3 MeV and preferably in a range of about 300
keV to 3.3 MeV.

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

Classical Confinement time; greater than the fuel burn time and preferably in a

.range of about 10 to 100 seconds.

28




. A

and preferably in a range of about 5 to 15 kG. d assz@g Cgp& nement tine:
greater than the fuel burn tine and preferably in a &y about 10 to
100 seconds. 28 24 May 2005 WO 02/082873 PCT/ US02/ 08370 Fuel ion density:
~in a range of about 1014 to less than 1016 cmi and preferably in a range
of abouWO1RA®PEIp 1015 cm 3. Total Fusion Power: pref &CABISP48370a r ange of
about 50 to 450 kWcm (power per cm of chanber |ength) To accommbdate the
fusion state illustrated above, the FRC is preferably accelerated to a
level of coherent rotational energy preferably in a range of about 100 keV
to 3.3 MV, and nore preferably in a range of about 300 keV to 3.3 MV, and

a | evel of o Bitul 1 7 B1165 &ah Y0¥ B @addieerablly impout 45 to
120 kG and IFrr{girgffe&ﬁtdlﬁ\stie{rglbﬁdmﬂeo a range of about 90 tdgﬂllg (13 At these

| evel s, rmggtbfabnlérlgvto tW’ dmans can be injected into the FRC and trapped to
forma plas [ netically
confi ned ande(f ﬂﬁﬁpﬁgﬁerb%a%ag % ghg@gﬁtﬁb‘?g%d Q‘?ﬁ:tn?@ Wf:{ﬁgonfl ned.

Pr ef er aphf ciafitbeclefthy on tenperature is kept as |ow as practically possible
to reduce the anmount of hrensstr.ahl un adi can, otherw se,

|l ead to radlaqwgn@ﬂéﬂt"g?e‘bqsﬁ’%@?‘ Heate péctvprtggbg{}%p E#?@P’By wel | of the
present adc@m%'t&g16%1%\fb5h%§en%ta%ﬁa%ﬁérgfpr@me@ in @kan@6 604WRL1 1W0kEY this. The

ion tenperature Is preferably kept at "a | evel that provides for efficient
‘bum up_ tos3. T Vi rel there proferadlvingrenserof shout 300keN i dBiMeV.and pdavekdnper at ur e,

,lt_hr ggsgg@g&ggﬁg&ﬁ% esgjthoﬁ @raPlBﬁrﬂir g%joiba%gﬁ?% {3 f@l?@%ﬁ Hord eigtraelg/' ife cl assical

I'SC I'S appl cation dlso mnimzes the effects
of i nst akingé df abBut@0 té hES KGE eAt thésatavals, E[glemmnat beamt cad ek injsctedbssi st ent with

t he beamrotation e I S |aII ated by the plasnma beam (self-
field) %ERQ?HPWPPGB g%"aéé’ aﬁlﬁébgal?b’:ﬂ ‘?rtw 8?1313“? R ¥he pl asma E)eam
on the gesi eﬁ@ﬂlg c@ﬁﬁl‘leﬁanfﬂi@ bﬂﬁnﬂéﬁﬂf&éa&oﬂdﬁe ElustiostricllpdanHnsd.ar e born in the

power core predomnantly near the null surface
. Preferably, the electron temperature is kept as low as practically possible to reduce

the amount of bremsstrahlung radiation, which can, otherwise, lead to radiative energy
losses. The electrostatic energy well of the present invention provides an effective means
of accomplishing this.
The ion temperature is preferably kept at a level that provides for efficient burn-up
since the fusion cross-section is a function of ion temperature. High direct energy of the
* fuel ion beams is essential to provide classical transport as discussed in this application. It
also minimizes the effects of instabilities on the fuel plasma. The magnetic field is
consistent with the beam rotation energy. It is partially created by the plasma beam (self-
field) and in turn provides the support and force to keep the plasma beam on the desired
orbit.
Fusion Products
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 energy than the fuel ions), the fusion products can
readily cross the separatrix 84. Once they are beyond the separatrix 84, they can leave

along the open field lines 80 provided that they experience scattering from ion-ion
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86 fromwhere they energe by diffusion towards the sepgy pfx i2§0§4 (see Figs.
2 and 4). This is due to collisions with el ectrons (as ¢Or st ons with

i ons do not change the center of mass and therefore do not cause themto
change field lines). Because of their high kinetic energy (product ions
have nmuW® 80388 energy than the fuel ions), the fusiPER/UNNHEEEt s 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 fromion-ion 29 24 May 2005 WO 02/082873 PCT/ US02/ 08370
collisions. Although this collisional process does not |ead to diffusion,

it can glighge el o | | ; chapediehat it points
par al | eftht 0 thgmﬁn%u né]%l ?gél%lél?e agémél'éﬁigtggH%t\ggir?q‘fg?gﬁélﬁﬁﬁ%%g gaglgconnect the FRC
t opol og¥irestion disheion selogityvettorsugh fabit noints paraliel td the dgnabic dglddddiessut si de t he

RC I ' |ff ' i , i ch h
Fol 1 ow W 1e€B0 fante? B PR aRSp e Bl oo g bt S PR SR G o

and chap@eidedeuiidetht FROgoploge! Pradsct éore emerge on differdnofiehl thesy whiah i ng annul ar
beanms from l?oth ends of the_  fuel plasma. For exa%le for ghSO MV desi gn of

ap-B" r ey fallgw withpdripionof gheraics, Adxantageousty, the praduclionsand g8t i net ers and

a thi ckpassfhy AReYhs chtrsean e Bl bSotalifly 4RBlaSEdaRis Grom B¥@\&dk 6f the el ds found
outside the separatrix 84 (typically around 100 kG, the product ions have

an assofichplesthad iFor exampleifors MY designafip p-B ' 1raactipnythese beamswil havedi num val ue
of about_ .1 t X] f.Qr. getic product

I ons. I’f?ﬂuls 3%9)91“&103:6%?%%%%@ d?%tﬁ%k%gggfﬁ%gﬁgqp tcglgllnrrlég S'z:ﬁs)l %(l/\?eﬁ%{aﬁ%s rot ati onal
ener gy mehrtafelds fonsdouniddife dpaptiix)82 (apidally 20uvdQ8 k(3),2he prodditt ioss t he

azi mut hal vel oci t ssocjated with _rotation around a fie | jhe as the

o1 bi | vt amocist BampHIonf B b Ve e St BRpdae phaborkE e

Vi Ci ni t ¥m @f 2 BambRerhRA Do forlthemba kadb o plodaitas@y tends to decrease while
the total energy remains constant. ThisS isS a consequence of the adiabatic

i nvari ance dhitiglethe proguct ions hasriergitudinalian el porptational ALY 1t is wel | known in

Ll o bl SE MK W O R TR Sl

movi ng flAiog amuad Hfielé indgi thgorbite) dedtérc Sincethd feldimeespadadoutaiest s _an
one. or setine e ierg e RBEH TS e B Fbor sney e ionaress YL T ¢ moment
and s “CQtaﬁ‘ Bnefgl) 12Rghs ConbMAHANRE a consequence of the adiabatic invariance of the
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(V,)/B. 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 conversion 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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associated wth their notion. Since B decreases by a f [ about 10
(indicated by the spreading of the field Iines), it (RF MR O i
| i kewi se decrease by about 3.2. Thus, by the tine the product ions arrive
at the uniformfield region their rotational energy would be |ess than 5%
of thei Wa®B0887%energy; in other words al nost all the P&RAISHA088% in t he

| ongi tudi nal conponent. Energy Conversion The direct energy conversion
system of the present invention conprises an inverse cyclotron converter
(1CC) 420 shown in Figs. 19A and 20A coupled to a (partially illustrated)
power core 436 of a colliding beam fusion reactor (CBFR) 410 to forma 30
"""" 'gragma-élecn%‘élpd\@e&‘ géRRBarioNGstal A2 A/sodrid TCE PR /sBS W) naybeasma- el ectri ¢
power generation system 400. "A second | CC (not" shown) may be di sposed
symmret r igpdstd/symanetieally & the et of the GEBR4 191 &\ megnefisgnewt48e isdasatpd bebBeR s | ocat ed

bet ween R | €C j | FR 410 and
| CC 420‘hﬁ§§2"&$§ aﬂ#@ﬁ@?%@?ﬁ“e‘% 8@?‘%‘9@3@%@% %92%%@8%3@nd its
operati fieldi merget ai | , a review of a typical cyclotron accelerator is

provi ded. |In_ conventj.onal cl.otron accel erators, energetic jons wth

vel oci ti es p%"rfﬂéﬁEﬁCE‘BIPfé%‘ﬁlgﬁézﬁrﬁ@%&qpera?‘?”emﬁeﬁagtaa"te?é‘eWr? Ebfpbqa'L_s. The orbit
radi us ofcididf acRREAEES brovitied) Sin bnveRidREITyDIBEoDcEIBatoRR Bitedeti6 idns €] d strengt h
and theiTt charge-to-nmass ratio, and inCreases with enerdg%.éafHowever, t he

r ot at i owith velgeitesoprpendiewla o a magnesc fipld spata degitcless The epbitya 8. This fact

has been i | N ' Q’EEB’ o t O erring to
Fig. Zliffe?%a‘égjﬁ%/%%[e{legwé?f@e@%}g gﬁé gglgg#e a?%lp Oh?{ﬁgft(gglgsésrfﬁ\% mrror

i mage CastiapedesligcénenyeEowder, flemotatian frequemy of tha gens B mbeppadtntatfvi t i es pl aced
in a honpgenou neti.c field 720 having.field |lines perpendicular to the
el ect r othé¥ n%%%@’gg%t ﬁ%%h?ﬁ%?xrp ,lteg?“éhe, ‘%PWB%B?Y&E}??OBPC ﬁc’éat ige. An oscillating
el ectric potgsidial to g 20R| 4 Eshvafionefclottdhiclel TP igdledes twsles (see Figure
21B). lons | are emt%ed froma source placed in the center of the

cycl ot r wirrorgoage rehapetpientiodest L@ fumiponirrer impge Brsbapessavitienplacadindot at i on
{ reauengy ol fSds AR AN D% Rvibd Rha Bhespiporliaihd hoRRkRlek HangBe assoc at ed
symmetry, i.., the plane of the page. An oscillating electric potential is applied between

the C-shaped electrodes (see Figure 21B). lons I are emitted from a source placed in the
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 tréveled 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 accelerated, 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 returned 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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an ion | crosses the gap 730 between the C- shaped el ec%%j 5206;0 in the
sane direction as that of the electric field, it is acce rated By
accelerating the ion |, its energy and orbit radius increase. Wen the ion
has travel ed a hal f-ci rcle arc (experiencing no increase in energy), it

cr osses WHR/gWEH 730 again. Now the electric field betRd&HIIAETIC- shaped

el ectrodes 710 has reversed direction. The ion | is again accel erated, and
its energy is further increased. This process is repeated every tinme the
ion crosses the gap 730 provided its rotation frequency continues to natch
that of the oscillating electric field (see Fig. 21C). If on the other
hand a parti S i n the
opposi te di r]gl(?t%ll1 h%%%waﬁge de%%gde%{e}%&an é%@lr#e\ogi%gén?%g%urce at the
cent er . ofidénticalpaergeted iess. Wetdleratinn dfadns wathaaiytiotren, et widreut thgstr to the

t fiel h f th
oaci 11 aEHHE oS PP e USLEPEpIER el snes B7AREReP 200 ©F 11
mat chi ngo,i3es el@sejtt’trhalloﬁ‘s@ﬁulabsi@tﬁeereatnt@ﬂw c&aity%écMyt RS e briMpd AtdB82873

PCTI US02/ 08370 I n pri nci tron c d be u to extract kinetic
ener gy flecslerating e ¥31"6’éf§ﬁ’tth%?s°’rﬂéé‘tﬂ %%IA%H g{nﬁ(\}m}l%,{geﬂrgj@s&% ation of

| ons W {hy e&oﬁﬁ%f%éb&eex itlg i%h §HORMtn BRSOV A%Et&@tmraoaﬁau@@en observed for
pr ot ons, escri % é och and Jeffries in Phys. Rev. 80, 305 (1950).
The |onmtarannbnlwmhthqql®m0éiﬂd, ﬂ'teu kinetic ensgytiy trensédmoedinto espidlgting e brought into
a deceleratin g f the ions
woul d tﬁlg %’ggﬁteheéec raJ %ﬁ]tl/éht}ﬁo&f tJon‘?st cagl <]ajrulae?g cgnvef%é]n ghown in Fig.

21A. ASel%ditﬁc EribRgy Mm%d&mvml&nMg tol d%t:t&rvaﬂi\reqnhlgh Eﬂﬁciehnfy electric field,
their kinetic energklhls transfgrrred IE C|Ilat| ﬁlectrlc energy in
the el ect ri cR@FcHes, thedpnspf prign beaz woul eF%"l‘ﬁ'ES’Pt thigllpodsble onver sion to

el ectri ghRaen e hvarvi pﬂﬁ%& Y %dnpe‘h%éﬁ' B8inltRe HEEH O We titItRIYhdM Oh

efficiency. In practiCe, I ons an ion beamwould enter the cyclotron
wi t h al bf thoskthbiops wpﬁd@egccebm@stsd ﬂtq@tlwaha}f degelphigdeds arasulsdipensat ed for in

t he design of the cyc ron, accel erated
and t he™BHEM™ ¥4V rﬂé’é @Flg?cgtvgodl %ec ve eqotg/f I{dﬁx%otze?m@)f(el a\ﬁnﬁ%&ﬁ%ﬁé}ar si on

ef fi ci epydustisnl Rt dieqisied abovelare cﬁ@ﬁ’md\ﬁlﬁtﬂ@g@tne&héora]lmheambmﬁl on product

i on beans di scussed above are of an unsuitable geonetry for the

convent PRI cycl ot ron.
As discussed in greater defail 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. 19A, a portion of a power core 436 of the CBFR 410 is
illustrated 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 field 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 emerge 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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As discussed in greater detail below, the ICC of the pﬁfﬁﬁ 20bglventlon
‘accommodat es the annul ar character of the fusion produc E&IE> exit | ng the
FRC of fusion reactor power core, and the randomrel ati ve phase of the
ions within the beam and the spread of their energies. Referring back to
Fig. 19WO®8%73ion of a power core 436 of the CBFR 4/§S§2/0837q ystrated on
the left side, wherein a plasna 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
field lines 480, which, as noted above, determ nes the properties of the

annul ar sbﬁgmgéﬁﬂszmak@ﬁpfhu% e A 18 opcHliRnORCRcilirRdichiines 480 extend

y from ower core 436 towards the mag netic cus not ed

abov_e faplicd to qbcgldqtmdss‘lﬁ‘lengealfmmlg f?éhl%v@eeé@mf a’lltblﬁghfbpen field

[ 4 th t d
s e rbbF bR e koA S iG ekl RpELRAE] £ e an
hol | ow Q¥ ElBeise ﬁmmamsheemgtﬁe sg;fnnﬁtrpams ﬁxid/xﬁcreamtlhresﬂy witetheraddlsy, four or

nore equal, sem-c ndr i el ectrodes 494 with small, 32 24 May 2005 WO
02/ 0828 1% Pegisyalig ‘d&%"@ Sz'trai ght gaps 497 make up the cylinder surface.

In Operat'Onmaﬁ&u@ﬁ%éllc@tcu@%d%ﬂfe?éﬁth@é fié1@ coiBRIBS tPMih Q uhildinBhiet r odes 494 in
an alternating fashion. The electric field Ewthin the converter has a

quadr upafitbingbe i uedowsylinder gaemetsy-i Becange tbﬁﬂm@méws thioygh thaleld in Fig. 19B.
he el 1, | |
T tehe " ﬁg%r;da 115 48% i Fﬁlré/c?igﬁ §;§]:.%§1 10 tﬁehﬁre?ﬁﬂﬁéﬂﬂe%uﬂ%%mﬁ]% hrggglﬁﬁoes tlhge?rCCy

420 i nclOMRsﬁehittcﬁlsdE theeﬁdﬂ limes 196 48 10C 420|rmmaLdmad':tmnmppmsﬁbtb thei t hin the

| CC hal Il ow ¢ nder Be he cur hrough the | CC
fiel 3 c F‘F%‘\‘,’VIAS %’Hpe& @?‘ﬁ a%ﬁ’fé‘?ﬁfg@if gld o‘\&aﬁgnéjﬁ%e&t t& current
runni ng c48ug6tthé OBFR 9B, fthe 108) 206 d8s 4ian cdileBof #e). d |1 nes 496 inthe |ICC

420 run in a direction opposite to the direction of the open field |ines

480 of the OpPRwrentheAiB lérmdtlmlﬁlﬁé%@ isfarsymRITeHis IpABREtic CuBR#ES 436 of the
CBFR 419@%1’8{?1;‘1‘-@(&%5@%@ s}ingscisdy%?ﬁ}e%hﬂ@ﬂo%ﬁ{ é@wﬁﬁl‘i’ﬁw%g@ém%@ztd%e&f‘fﬁee” the CBFR

410 and rc magnetrc cus
ICC 420. An annular shaped electron collector 490 is position about the magnetic cusp

486 and electrically coupled to the ion collector 498. As discussed below, the magnetic
field of the magnetic cusps 486 converts the axial velocity of the beam 437 to a rotational
velocity with high efficiency. Fig. 19C illustrates a typical ion orbit 422 within the
converter 420.

The CBFR 410 has a cylindrical symmetry. At its center is the fusion power core
436 with a fusion plasma core 435 contained in 2 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 ¢, The annular beam has a density n = 107-10° cm’.
For such a 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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wherein the open field lines 480 of the CBFR 410 nerge Wa& gag field I'ines
496 of the |CC 420. An annul ar shaped el ectron coll ec%or & is position
about the nmagnetic cusp 486 and electrically coupled to the ion collector
498. As discussed below, the magnetic field of the nagnetic cusps 486
“convert WARESEI al velocity of the beam 437 to a rot RCOTEHREYE3Wel ocity with
high efficiency. Fig. 19Cillustrates a typical ion orbit 422 wthin the
converter 420. The CBFR 410 has a cylindrical symetry. 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
not ed, bh@eyois erbuest fETURd mgheamlef(‘fbaér@%am&ﬁttamg\lciraimgcloas 16 @Heleludfodeger ge as

annul ar beans 437 fromboth ends of the fuel plasna 435. For exanple for a
50 MV dé4: gresttheelesing ficldis stronggst: t hese beams will have a radius of about

50 cm and a isknNess . 1 nsity n
=10'-10" cm mll@gsr Sucaﬁ&g%ﬁ%ﬁcﬂc%f{@ﬁﬁﬁ&%@%kﬁ%ngegéﬂiéyg?ozcggaéfigt es the

el ect r osguabedhd iahial tofbhenesdypicd. o Me; =i/l n\Wherdeds adighribation of icaledergienes to t he
el ectron coll ector 490 and the ions pass through the cusp 486 where the

i on tr apmtibo initid radiie, winalithe ieds teachfthd hnaguetic susp48@ftomalbdrytheplitiatal path al ong
the lengt.h of the |1 CC 420. .Energy.i§.renmoved framthe ions, as they spiral
past thg“d"@?té’é sg%‘a%g}opwgn%gﬁﬁ@@%@n@{)o ° I Hgﬂ‘fl{?cv‘r ' 8l(qwt shown). The

| oss of nﬁ%ﬂdﬁe fefidGHE & radital beam velocity produdda Miint2 f9& in R Biddu@iaP 873
PCT/ US02/ 08370 energy is %reat est for the highest energy ions that
¥

i niti al figectip cTheanagneticdisld at she qyap ¢iocioes i ekangorthe parfiplscacighite| ectric fi el d
is stro - r L ] : | )(\HQ e rotational
cner oy Soe e el 808 B0 G, 24, o ielRANGH SEHAR, g attahyblle, | BB 00,
There igs_a.di stribution o i-Qn_gnergies. ion.initial ;radi.i 0 when the
ions re ?:lﬂmg’ﬁ’é"?‘rb& Yati ‘e +%&S&%ﬁ§ ue ?ﬁh%i‘%&?,@tﬂgﬁ’sﬁﬁﬁi Y4 %aln%erd EG] "merdo tends to
be appr @xi . i initial velocity vo. The radi al
magnet i %é#@%%h%rﬁﬁﬁlﬁgf%@?%hm%glgénﬁ@el ocity produce a Lorentz force in the
azimuthal direction. The magnetic jogfl dgBlr?t he cusp 486 does not change
the particle energy but cdhven%: t rAfpral axial vel ocitPlv, = vO to a

. . . C
residual axial velocity v. and an azt%ut haf

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 =ry, B,=-B,, v, =

gBy/Mcand v, = Jvé -v:

Yoo 1{@) ©

Vo Vo

where Q, = QFB" is the cyclotron frequency. The rotation frequency of the ionsisina
¢

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 7,. 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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velocity vl, where vo = v~ + vl . The value of the azi@ykﬂgbogglocity vl
can be determined fromthe conservation of canonical nonentumP 9 = M v
4Bo o __ 4Bo oz (5) - 0 1- 2c 2c A beamion enters the left hand side of
the cusp 486 with B. = Bo, v, =vo, vl=0 andr =ro. It energes on the
right h 29888 of the cusp 486 with r = r0, B. B0, PCIUSHHBIW Mc and v, =
vo - vl z (6) vO ( 00) where Do = ?Qis the cyclotron frequency. The
rotation frequency of the ions is in a M 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,

Lhe ef fect | vgs hafhucin g 68,46 syiibirclRIGHBE Sfuckidt ddtecuindbhug! the cusp
|

486 at the radius ro . I's quite feasible experinentally to reduce the
axi al vptesapt inyerifipn grefexahly incluflesifoursiectrodes 49h oA tankictrert (nehshewn) iener gy will be

e 50 A8 A5G B SRR ol “onver

to rota |ona? ener eam has a es for vO and

r0. Howgwles are adiia&tsfed. TEE voltagdl M SHetthrbrvadeuit 65cilRteds a Be@MhOUE] &= di cat ed by
the properties of the FRC based reactor, the conversion efficiency to
r ot at i orizie asmathglel¢otniifield B abthe 8G¥619 Dis ilishrated neFig 3WB2hd Wigy 22008 WO

02/ 08287.3. | US02/ 0837 epi c in Fig. 19B h trical el ectrode
struct uzgﬂﬁfgaltﬁ ﬁe&féglfz%kﬁ%tg PS %t'e gﬁetenfﬁﬁté?f@fg#f‘ﬁéf%é%gwo?ncl udes four
el ect r oggerididds asht roffls withlafiglildr velosity ©NOYIY apparenGAMIEE baRbIE the el ectrode

structures 494 so that the 1nstantaneous voltages and electric fields are

as i || ugvolatienthe porticly okl axperiapealichaitdpadselerationiard desalérhtioatie ambrder f r equency

of w :.8 . .The azimuthal electric field E at the t(;ilaps 497 is illustrated
in Fi g. detgmingd by thegnitigbphage, dn addition to the azimuthal electric field £, there is also a

radial electric field £, . The azimuthal field E,is maximum in the gaps 497 and decreases

as the radius decreases. Fig 22 assumes the particle rotates maintaining a constant radius.
Because of the gradient in the electric field the deceleration will always dominate over the
acceleration, The acceleration phase makes the ion radius increase so that when the ion
next encounters a decelerating eIectﬁc field the ion radius will be larger. The deceleration
| phase will dominate independent of the initial phase of the ion because the radial gradient

of the azimuthal electric field E,is always positive. As a result, the energy conversion

efficiency is not limited to 50% due to the initial phase problem associated with

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

produces a net effect in the radial direction that returns 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 positive 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

positive radial gradient. The net results for an ion beam passing through both lenses is

focusing in all directions independent of the order of passage.
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22 illustrates the electric field in the gaps 497 betwsg il Rpkrodes 494
and the field an ion experiences as it rotates with angular velocity Q.

It is apparent that in a conplete revolution the particle will experience
alternately acceleration and deceleration in an order determ ned by the
initialvﬁhé%@””?n addition to the azinuthal electric PGEVYZB't here is al so
a radial electric field E,. The azinuthal field E,, is maxinumin the gaps
497 and decreases as the radius decreases. Fig 22 assunes the particle
rotates maintaining a constant radius. Because of the gradient in the
electric field the deceleration wll almays dom nate over the

accel er at i ongimifAereflEHa R Trkh RPofdATSEr BERINGS: gh § Adbridhit datiey ease so t hat
when the ion next encounters a deceleratln electric field the ion radius

will beC‘PIH?lg’@g a styong st epgtetic fighd andongsatingin the dBni medeseentrspltetit of the
initi al g?g&r cé@@aﬂeﬁ gﬁg@dﬁsﬁl thgﬁlllzgéélth&re 11 nlr&%ﬂ &Sgtglﬁil&z' mut hal

electric yS positive resul t, ener gy conversion
efficie mayem ig whizh thej ehactre:cﬁdldiias Q%ddlp@letsgmmww Thetresalts p’hqszdltq:owdbl em

associ ated wth copventijo atr, The el is al so
o or t anal o'sime e EhktaoRy ferdh T and Mo faf e ieicer T | ot n

di recti @ rbddndnce eivity KmidhdarRedntize a0t 1ngtd, dhllBp@itegit@aduch r adi us Wi th
Zero veI 00|t in the plane perpendicular to the axis as in Fi 19C. The

pr ocesshigh E‘FPWWW@‘*@M&@“H@E@I(EQE} Energy extyagtiqngfron fh elhlﬂg principl e of
strong Erg&&é Je??eéul're% AT ERE S R %@&l’lim‘?oﬂhe lﬂ:ﬁé:ﬁltjer ators as
e 99.

describ at ent No. 2, 736, ne conbl nation of a positive
(focusi n@rlmmfmgmslmﬁmten@dﬁm@mmgﬁ iohsis pamire sovigus froblere, bwbgnet i c

<5111 QBRI bl oGl Shigua i il e o Brogeg 5 RSB0 Fect P on

and def ocusi Aginle ;iahﬁlewﬂsit 4RGbi DfhrticldWitlEe A1ACI420%s illgstatedin Fig. W th x and y
propertles i nt erchanged, The magnetjic fjield vanishes on the axis of

symet r ¥9 %ﬁlansffa@ltawasab@m@ql brécmwemsmghl@anémasnnﬁérrﬁ@ﬂt wasobtaingd f or an i on

of tho- & durbeh BB ELRab eI s Sy Ol o DS oo AR IEAY) cacro

Si m | ar afier3esingshdmial toéadional epgt @dvérgns taa pelahenreasilayf tl’aemama gakdna r esonant

mode {sbetbuaka ol dE R o RN LR P di RS B8 " L e
TE, , , nbdepeniént bLHO Rkl pkady bd thathflpasicRE e d8celerated. The beam at the ion

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 510 involve adjacent conductors with oppositely directed

currents, so the magnetic fields have a short range. A magnetic-field gradient, as
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waves in which the electric field has quadrupol e syrme% KA 3 results are
qualitatively simlar to sone of the results describe ei'n. There are
guantitative differences in that the resonance cavity is nuch larger in
size (10 meter length), and operates at a nmuch higher frequency (155 MHz)
~and magM 288871 d (10 T). Energy extraction from t h&@diEa2088Hequency waves
requires a rectenna. The energy spectrum of the beam reduces the

ef ficiency of conversion. The existence of two kinds of ions is a nore
serious problem but the efficiency of conversion is adequate for a D He'
reactor that produces 15 MeV protons. A single particle orbit 422 for a
particl ghainhiially tlﬁ@udt%%?é)zm will ERASiEE @b ﬁﬂl rbtatidd ﬂeqlueﬁle%ld piise A esul t was

obt ai ned by corrputer simulation and a simlar result was obtajned for the
peni ot r owlt-pole mognetin field; asgclemationlly iustritedinTig. 9B wilkpredvapbunsbinengt h of the
| CC and__af.t he initial rotational energy converges to a point on
a circl %Slgj lﬁﬁmag%#gg?l;dl us r0. The initial conditions are asymetric; the
final sRedcgorreflects this asymetry, but it is independent of the initial

hase so th rii cI e decel.erated. The beam at the.ion collector
P et the e ToaBaten S LA RaddRt e it Sravalaaes Mrina i o
vel oci t )ﬁowé%leﬂe%éi& maeﬂigcesphmmuﬁgs&mrto Sfply OuridRen hidgndR Teid and a

correspondi ngly 1ncrease For a singl particle an extracting efficiency
of 99% flyx ead rmanqq@ﬁeu@gneno&ﬂdd’aﬂl fielkrepersed tapplogyafdigseitpendi cul ar
rotatio fok converter, may
reduce p’?ﬂ%‘ gﬁ@#%g@ﬁ%ﬁ%@é%E)%ﬁg%eggttﬁéﬁgrg%gomr %?('?(’fg{gfgﬁton woul d beat
about 1edrﬁersivhlz>fﬁmdhmhoeéner@'bifﬁxeefhmnnprﬁdutfs tdklectrimpaweradbe supporél reduction in
conversion efficie opnditioning to connect to a power
grid. AE‘%H{B%%qrﬁ“ adEaGtOEEFAI‘éfﬁ‘gt aﬁjer native embodi nents of the

el ect r ogRpulsioh 8gdtethes 494 in the I CC 420 may i nclude two symmetri cal

sem -circular el ectrodes and/or tapered el ectrodes 494 that taper towards

the ion coI | K+ 2grilluptrates aplasma-thist eropsiemeysicm P08y Higrfyetemiinedydesa t he nmin
t | |
covs 50RRGpEuE e £30% dend Ko e B STR CHEGEE A Gorh MasX | B0V O

510 invwhmhﬁmijnqm:mtsemmgamme&mﬂdfhnmmuhsbami837diAmd€Oenterggurrents, so the

218 8get I\/@Cgl%lgg%gg%hav Shot ,asgl%, gower core. nxgggln%tlg 1'10ez|zl%j 896 %%Ios%%ﬁedas 36 24 My

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 alternatives falling within the spirit and scope of the appended claims.
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schematically illustrated in Fig.24A, wll| change the i ion
frequency and phase. A nmulti-pole nagnetic field, as %%ﬁ%#%@?%ally
illustrated in Fig. 24B, will produce bunching, as in a linear

accel erator. Reactor Fig. 25 illustrates a 100 MV reactor. The generator
cut away illustrates a fusion power core region having superconducting
coils to apply a uniformmagnetic field and a flux coil for formation of a
magnet iCLAIMEd with field-reversed topol ogy. Adjacent opposing ends of the
fusi on power core region are | CC energy converters for direct conversion
of the kinetic energy of the fusion products to electric power. The support
equi prent oy SUGRHRFCBAvdrng fulsidaipkuRPerdioibl Sito ABetriPERRM ST On System
Fig. 27 illustrates a plasna-thrust propul sion system 800. The system

i ncl udewmprisiRthezsowsrofcore 836 in which a fusion fuel core 835 is contained
and from bot.h. ends. of . whi¢h.fusion products .energe.in the formof an

annul ar beaﬁg§§?¥ﬂﬂﬂsﬂﬁfggﬁgpﬁypmﬁgﬂ ?5?“§§§”§®3§F$ﬁc?egbne end of the
pover aRkRig aAubBeNRhed B?Zbl&alﬁ?@fbﬁc@&ﬁab‘iﬂ §P06d redfiodGaAM odehe ot her end of
t he power core. The annul ar beam 837 of fusion products stream from one

end of anpher and eyingovelpratity ef dergate gapethere betwsen, theogaphextedingor ener gy
Conv-er%ﬁ&%ﬁﬁﬂ%ﬂ(ﬁ%ﬁﬁaﬁ@%@i&a&itﬁnd of the power core along field |Iines out
0 e r . 111’

of then 0 rust e the invention is susceptible to various
modi fi cat i orfsrming an kleetrivafldld eithirth® cavity Iap@gid heltiepaephatireenihof has been
shown in the drawings and is herein described in detail. 1t should be
under stBJ8 thandwepeles, dat the invention is not to be limted to the

parti cul ar  depdiehafih e aSRCthrddh idCralilfh, SR dbrrid A WPUBUELAP. 15 1O cover

all nodifications, equival ents, ternatives I'tng w n the spirit
and scapkeastfa paneorn@iibe cadkindta emsrgy3ittodscilaymPEl6&ricalleAby®. 1. A net hod of
converting fusion product energies into electric energy, conprising the
steps of injecting ions along a helical path within a generally cylindrical

ca}/i E y havitzﬂg a THETAARGR SR, RiirtiRer RbipAbih s YheQherPbophblydtiesm | N spaced
relation wi one
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 across 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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anot her and having a plurality of elongate gaps there Qg Pztaosthe gaps
extending along a longitudinal axis of the cavity, formng an electric
field within the cavity havi ng a nulti-pole structure with nore than two
pol es, and decelerating the ions through interaction with the electric
field to transform at least a portion of the ion kinetic energy into
oscillating electrical energy. 2. The nethod of claim1, further conprising
the step of 851pp| yThtgnethod o’édalhﬂsaltuhrtglghd‘tfartheradontpmshigeh@ktepaf [ ty of

el ectrodes e net hod,of cl.ains further co the step of
cr oat | GTCHIED? s RaFe SRUSERIY PPTEIPTALsibEeTEhS GMUTRING et Cgaps. 4. The
met hod kgl @i M 1 through 3, wherein the injecting step i ncI udes
converting substantially all of the ions' axial energy to rotational
energy. 5. The nethod of clains 1 through 4, wherein the ions are injected

in the formgan nul 6 Terrethodo cl ai 1 gh 5, further

conprising {ane sffahp O&Oéé?fg] &0%%‘%{“83@10?%%‘85?}118% nmagnetic cusp.

7. The thetlsadic @hergl @biivebted it dhe liorCEH¥REY tdimgch Bastsiggibvad gfidd.| ecting charge
neutralizing electrons fromthe annul ar beam as the el ectrons fol |l ow

magnetic fiel d Ilnes of the magnetic cusp. 38 24 May 2005 8. The nethod of

claims 1 thru o Iyl e ions once
a substanti a por |oﬂhé%w{)%éei%{rmeln@og%hPgﬂéegénlgghﬁég&?dj&cél%:c?lfgl %:41 energy. 9.
The netdongbrieés at [eastiodr Elactidales. conprising the step of conditioning the

el ectric energy converted fromthe ion energy to match existing power

grids. 10. The nethod of clains 1 through 9 wherein the plurality of
‘el ect rodes 190MPIASRReRE cl@8Pdn e}n‘éi-g &ln@&rtfr%gﬁémsﬂ'i An inverse cyclotron

energy converter conprising a p ur i1ty o ctrodes formng a generally
cylindrical agdwiality, oftehestreflesdbroidgs generally cylindrical 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 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 electron 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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- being in spaced relation formng a plurality of elong her e

bet ween, the gaps extending along a | ongitudinal axigﬁgkﬂﬁggoéavity,
wherein the plurality of electrodes conprises nore than two el ectrodes
fromwhich a multi-pole electric field having nore than two poles is
produced, and a magnetic field generator extending about the plurality of
el ectrodes. 12. The converter of claim 1l further conprising an ion
coll ector positioned at one end of the plurality el ectrodes. 13. The
converter of_.claijp 12 further, co I.Sin el ectron col |l r positioned
adj acent ano]t7(l‘:|er QCOBVerfqﬁé’?ﬁ]IaH’PS:ﬁr W“l#‘ @W?‘B&]é%maﬁ‘l?ﬁm%%&joconver ter of
cl ai m I2nWaRirRbmMpkib&® a?l@t%lifﬁ‘f e tARIREenimgaBBM thE plubalitpbape. 15. The
converter of clainms 13 and 14 wherein the €l ectron collector and ion
col | ectadectrgdes.el ectrical |y coupled. 16. The converter of clains 11 through
15 further conprising a tank circuit coupled to the plurality of
el ectrodes. 39 24 May 2005 17. The converter of clains 11 through 16
wher ei n t he rggnetticccohiéted o8 SRAAT Ohr QN7 Wikgeia tid ploality of of fiel d coils
extending about the plurality of electrodes. 18. The converter of clains
11 t hr giggirodes fpsymmsitiak plurality of electrodes are symetrical. 19. The
~converter of clains 11 through 18 wherein the plurality of electrodes
i ncl udes: four quadra-cylindrical electrodes form ng an el ongate cavity,
the el ectrod®s bEiengnvertes pAclaohy El thiouph Bovimreig theopluraityosfgat e gaps there
bet ween

4
e'lectrgdes 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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