WO 2006/096772 PCT/US2006/008251 PLASMA ELECTRIC GENERATION SYSTEM FIELD OF
THE INVENTION The invention relates generally to the field of plasma physics, and, in particular, to
methods and apparati for confining plasma to enable nuclear fusion and for converting energy 5 from
fusion produ®t® #y/Etectticity. BACKGROUND OF THE INVENTION FusRSAHEIeEess by which

two light nuclei combine to formra heayiermmer itherfusiorrpiecessFeigases a tremendous amount of
energy in the form of fast moving particles. Because atomic nuclei are positively charged - due to the

protons contained therein - there is 10aeRWsive;f! I6,-0r Coulomb, force between them. For
two nuclei to fuse, this repulsive barrier must be overcome, which occurs when two nuclei are brought

close enough tog&ﬁé?Wﬁ%fﬁ?%ﬁW@gﬁ&é%?fﬂw@bﬁ@?ﬁ@@r@h@ﬁ@h@iﬂgh@to overcome the

Coulomb foretaid:faisepthe: Toicienihiie paergYeeERSANLRHEBRIMAIHICRV gIhe Coulomb
barrigr is p@\{%dﬁ%@# trlg)girggl%n?‘lac%geggies, which must be very high. For example, the fusion rate 15

can be apprecia the Fgmperae’ ure 1s-at least of the order of 104 eV - corresponding roughly to 100

million degrees Kelvin. The rate of a fusion reaction is a function of the temperature, and itis
characterized by a quantity calledl?é%gﬁg% @a%@lwﬁ%reaction, for example, has a broad
peals between 30Fkelnainthd fddeedhyTyiitalwfosign reaelionsinclddemd Ratid st-HeR(0.8 MeV) +

n(2.5 MeV) 5 Dot JrskGE0.MeM) &+ x(14.1 MeV), D + He3 -3 a(3.7 MeV) +p(14.7 MeV), and p + B"
3a(Ss.7 MeVl, v{\}/hggr(()ac% indigate% de&ter%%na,mﬁ%%??g?gl rllﬁl.?rlﬁ,](:gnllrll h?c%#e%% §IPﬁFﬂcrlﬁfcleus, X

indicates a PSR ATIRIC R RlIcArES BHiprbtehTBRS mdisate dhelictmsanuBidhdicates Bibranis 11. The

nurmbers in: pasesitheses inaach-eauatay indiosieths kinetie eResoy.afitherfusign products. The first
two reactions Iilgted above - théa D-D and D-"léseactions - are neutronic, which means that most of the

HiYs barnel s PHBTIOIE NP el AR AALES b 6P ARIEBNS reactions

e € OVETConL
energy of their fusion pro S S carrleg’B‘S;l
are that (1)isetrnvbifathiersberrongeccredtesiman P30 ehtemsydngiudingsteweat slaspage of the

reactor walls,andhbighdlexals.ph radioasilydatmost sansiislon maleals: and (3) the eneray of fast
neutrons is.collected by convertinlg their thermal énergy to electric energy, which'is very inefficient
(less than éb%?@ﬁ%bgmhfged@g Gpeggies, which must be very high. For example, the fusion rate

5 can be appreciable if the temperature is at least of the order of 10% eV — corresponding roughiy
to 100 m_ﬂh'on degrees Kelvin. The rate of a fusion reaction is a function of the temperature,
and it is characterized by a quantity called reactivity. The reactivity of a D-T reaction, for
example, has a broad peak between 30 keV and 100 keV.

Typical fusion reactions include:

20 D +D — He(0.8 MeV) +n(2.5 MeV),

D+T— 3.6 MeV) +n(14.1 MeV),
D +He® — a(3.7 MeV) + p(14.7 MeV), and
p+B" > 30(8.7 MeV),
where D indicates deuterium, T indicates tritium, o indicates 2 helium nucleus, # indicates a
23 neutron, p indicates a proton, He indicates helium, and B'! indicates Boron-11. The numbers
in parentheses in each equation indicate the kinetic energy of the fusion products.

The first two reactions listed above — the D-D and D-T reactions — are neutromic,
which means that most of the energy of their fusion products is carried by fast neutrons. The
disadvantages of neutronic reactions ars that (1) the flux of fast neutrons creates many

30 problems, inciuding structural damage of the reactor walls and hi gh levels of radioactivity for
most construction materials; and (2) the energy of fast neutrons is collected by converting their

thermal energy to electric energy, which is very inefficient (less than 30%). The advantages of



WO 2006/096772 PCT/US2006/008251 neutromc reactions are that (1) their reactivity peaks are at a
relatively low temperature; and (2) their losses due to radiation are relatively low because the atomic
numbers of deuterium and tritium are 1. The reactants in the other two equations - D-He3 andp-B' 1 -
are called advWan¥Rd'®4qtils. Instead of producing fast neutrons, as in the R€TtEAeGFeEEHONS, their

fusion produgts:aie ShAGRARAILCESHANSAAVANRER abthe %ﬂﬁ%@@ dfuels is that th%yqzjeate much

: ! DELATUTS; an
fewer neutrgns and therefore suffer less from the disadvantages associate With tHem. I the case of
D-He3, soni& AStiTeatfondadiah Brotrcht 1Ry JaRtaRIy fantions nbubecfalnserironsndccount for only
about 10 petricent :0f the energy of the fusion products. Thep-1311 reaction is free of fast 10 neutrons,
although it does p e slow.neutrons that result from secgndary reactjons but_create much
fewer problems. Aﬁr?lgt%%%tggt\g]élﬁt%%\é\{%e fhe a géﬁ%seﬁ_f%é S iérﬁ%f heir ASBHepPEETIERE comprise
charged paftitlestiviadefarsineian & pavisgbasdirdutsecomie stibitcto, Sectigity pwith-aarappropriate
direct energylﬁgéﬂ@tﬁielasp_r@ﬁ@g@vmgg@@g{gya@{@q&/@ﬂggqsf% ﬁ{é?i%a@g%ldﬁté\%gx De collected with

a high efficiaerpcg%e%?gr%igl%féniexc SS af %O Sg)ercent. 15 The advanced fuels have disa vantages, too.
For example. the atomic numbers o e SaVARSSa FISrAsrE Hig fimo oibreseai P 5o B").
Therefore, tifgie fadiegivrelo ssamaiegroaterotidary imthenndutranie RastianecAlE0wit dsinuch more
difficult to casisg 1hgadvangert iels9r HSg TR RRaK Fﬁ%‘g'_ﬁttegag cur at much higher

teml%eratures and da nhot reach as |€gh as the reactivity for ausing a fision Teaction with the
advanced SIS tRLSTEEN s drrsrmayrperDs BrotrmRRHMgiser chergpeetewhetothir reactivity is
significant. ¢regordinylfvtheatiancetndtelsmusihe contaivaddonalongst imeneripd wherein they
can be bI‘OLi!Q!;E‘M apRroprate fusion.conditions. The containment time for a plasma is At = r2/D,
where r is & minimum }S_)Ifgser%%l%ﬁ eargmtécclzg?rsl and %egccﬁﬁﬁgdﬂagé’éf%%ﬂ‘ﬂC’?W?’E’I%é?cal value of the
diffusion coBff&isiit-is"it: pr approrTitadirerecasrisy tevionigypovadiv shandktits dsdharass-electron collision

time. Diffusiofoasraidianty taedlassicaldiffusioneosflicientis,call al transport. The Bohm
diffyssion coeffici té a&tribut&(_jutﬁSl hort-,\/vave}Iﬁe%ngth instagl(f)ﬁitiesﬁ}“?s;f‘rl Dggcg%ffﬁg)gggef\%here Sgt is the ion
gyrofrequency. Diffusion accoro gat‘bemf’gdr‘@étﬁ%ﬁs% iEoE SHauRindhn alowis mambpael for fusion
conditions, BBu#E] fx¢/46) Qigite 2 10 dnodraloLi' tramspersre tstiriaHmuehshestek 30 containment
time than dggs ielassicadtransnest, L hig relat] termi how large a plasma must be in a fusion
reactor, by the :requ,irement that thlelz cor%tgg“lr?%%&nﬁ%n% og%%?\?te\%]) %amsgﬁrlé)%%fmﬁlcaegrﬂg%ﬁmst be longer
than the tim&for {d prakasacty Havecauneicrank fighshivemendimeand do not reach as high as the

reactivity for D-T. Causing a fusion reaction with the advanced fuels thus requires that they be

20 brought to a higher energy state where their reactivity is significant. Accordingly, the advanced
fuels must be contained for a longer time period wherein they can be brought to appropriate
fusion conditions.

The containment time for a plasma is Af = /D, where r is a minimum plasma
dimension and D is a diffusion coefficient. The classical value of the diffusion coefficient is

25 D= af /1, , where a; is the jon gyroradius and v is the jon-electron collision time. Diffusion
according to the classical diffusion coefficient is called classical transport, The Bohm diffusion
coefficient, attributed to short-wavelength instabilities, is D p =(1/16)a’Qy,, where £3; is the ion
gyrofrequency. Diffusion according o this relationship is called anomalous transport. For
fusion conditions, Dg/ D, = (1/16)Ct;. = 108, anomalous transport results in a much shorter

30 containment time than does classical transport. This relation determines how large a plasma

must be in a fusion reactor, by the requirement that the containment time for a given amount of

plasma must be longer than the time for the plasma to have a nuclear fusion reaction,



WO 2006/096772 PCT/US2006/008251 i neretore, classical transport condition is more desirable in a
fusion reactor, allowing for smaller initial plasmas. In early experiments with toroidal confinement of
plasma, a containment time of At r 2IDB was observed. Progress in the last 40 years has increased
the containmeit 206902677 5 1000 r 21DB. One existing fusion reactor cornteptR2eedTizkamak. For the

past 30 years,Jusipnosliashaye hesipgiasedon i lokamak reactor using a D-T fuel. These

efforts have culminated in the International Thennonuclear Experimental Reacto ER). Recent
experiment§\’ﬂfﬂi‘?ﬁ*ﬁ‘l§ﬁ¥ﬁ§§‘§%‘iuggest that classical transport, At =r21D , is possible, in which case the

minimum plasma direensiop-SarHereussdfrasnmatersdo.semimelars:These 10, experiments
involved thej\%ection of engr%etic beams (50 tg 100 keV), to heat the plasma to temperatures of 10 to

30 keV. Sed W2 HEEBFCE EroFEsihe Bt A ha SIS} PoviayHE BRiyetic beam ions in
these experme@@bmm&mlmmmam%wmcm%smlma/\ﬁauegmﬁgﬁgﬁm@hplasma

continued ta.4ifuse anemalouauasha 153800 for s, sihabie eperagtic beam fons have a large

gyroradius and, as such, are insensitive to 15 fluctuations wit Wavelenaﬁﬁs Shortérthan the ion

gyroradius (23 HehsTBRIpAgBM RSt Aiciearibms iBsabReseiagE 6Rer Becywle and thus cancel.

Electrons, heweieenhane adrutissnaler ayraradivs:sQiheyrespand;io sherluciuatigns and
transport anomz%lll%)usl¥ Because of anomalou%transport, the minimum dimension of the plasma must

be at least 55 metore Bl S BmuRLHBR HE MR RSSO T RS sTHigh and. 30 meters in
20 dfameter Prigigthisivaflést Di<FtiPokédmatetiipbereadtir thellizdeasibieainr gavaneed fuels, such

as D-He3 apghpefik, 197 IHRAK UPE(RACIALARULIRNG Jp.he. miich lasger because the time for a

fuel ion to have a nuclear reaction is much longer. A Tokamak reactor using B “fiel has the
additional ptbbiem thaFIfEEioeHR SRERY e Hesiums proa vk erkiyy ey dareadsyifdeMeV

neutrons, wiichieéy seradiaticaraa plage aoaingduceqenalividhinalmostallri2s canstuciign materials
due to the neytron flux. In addition. the conversion of their energy into electricity must be by a thermal
process, which s not m tr:;r]téglt an é%[b}?jg |(??éaﬁ§e,§ﬁf8fﬁ%}lspar%pda§e P AEBEESHRG Pation is a colliding

bedm reactdicratiossifingavelansthedony, hedbkgrogna plastiacis bombalided/byheams of ions. The
beams com@ﬁ&@ai%wimo%oeﬁs%@f&aéﬂg i %Q&PJQ%E1¥“§E&?&H‘%%%'@€'Q§@‘a- Pioducing useful

fusion reactiong in this 30 type of reactor has been infeasible because the ’ac]?g%lbur? plasma slows

down the ioBEEHRE AN PROFERANS Ve B tinadeddratmeseineanetiem and maximize the
number of nucleaBeeagtighsokelexampiert UnSniiatant NewedR8% 804 fadasshv gt alidigcloses a

method of @F@%Eé?& Due to this dimension, the ITER was created 30 meters high and 30 meters in

20 diameter. This is the smallest D-T Tokamak-type reactor that is feasible. For advanced fuels,
such as D-He® and p-B'!, the Tokamak-type reactor would have to be much larger because the
time for a fuel ion to have a nuclear reaction is much longer. A Tokamak reactor using D-T
foel has the additional problem that most of the energy of the fusion products energy is carried
by 14 MeV neutrons, which cause radiation damage and induce reactivity in almost all

25 construction materials due to the neuiron firx. In addition, the conversion of their energy into
electricity must be by a thermal process, which is not more than 30% efficient.

Another proposed reactor configuration is a colliding beam reactor. In a colliding beam
reactor, a background plasma is bombarded by beams of ions. The beams comprise ions with
an energy that is much larger than the thermal plasma. Producing useful fusion reactions in this

30 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
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counterstreaming colliding beams of deuterons and tritons in a toroidal confinement system. In 3 WO
2006/096772 PCT/US2006/008251 U.S. Patent No. 4,057,462 to Jassbhy et al., electromagnetic
energy is injected to counteract the effects of bulk equilibrium plasma drag on one of the ion species.
The toroidal BanfisrtEit2system is identified as a Tokamak. In U.S. PateRP€ NS #{B04$290 to

Rostoker, b ut d fritium are i jected and. tra ed with the same average velocity in
a Tokamak, gj ?r%?tqcﬁoffg%m D%r}sg a/n?tgu’raerg%nmfah%l}glfsea S HERSE RSP nterl%gr@tgmd plasma
for the solecparpodédk tapipingnhBaboadiss Thenbebivsiveaptdiecdlisddheizhavdmivgh temperature,

and slowing,flown;is Maiply M?Q@aﬁ)ﬂ@'ﬁ?ﬁ@%@%ﬁ%ﬁ&%@%@y wﬁd&@&egemsoﬂhe electrons are

heated by the ions in which case the slowin gﬁ own is minimal. in none of these devices, however,
does an eqHIBFRHT EIEIHRC SIS HARP IO Bl thermsaren st e Pemie, or even
consider, anﬁzma{mxsibﬂammﬁetd &th‘@matent?ﬂm&ldejvelﬁﬁtﬁq&aélaam@imﬁmgmr@i fong@nd, in some

cases, magg(ﬁgr% @ ngg;égg%}g h%l thyi')% é{gl)% uSSe at anvtelgl%I 58 é%rto Farnsworth

and U.S. Pat arnsworth W dISC ose e ctrostatl con emeﬁt of ions and
inertial confﬂﬁ’éﬁ%@?‘ﬁ%ﬂ@l‘@éﬁﬁdﬁ@?@ @P@%ﬁ@rﬁi?%@?,9’3@?@%&@%?&%%@9@1 iapd Ubs. Patent 15 No.

3,530,497 teikdirsshaed ﬁéata@%}s%ﬁaitaﬁgallaaqﬁeﬁ\eé@étﬂmls&&afgad@% NQn#idB,537 to Limpaecher, which
discloses electros)tlgtlc cor%ﬁem nt of ions and ma%rlletlc onflne ent tﬁf eI?ctrons with multi-pole
cusp reflecting walls; an atent W%’egz%o%g téluéusré%l \9\7I1i°fc fiE PSIT_lmpaecher and

involves poifitdusplon ore effidimpse Fmﬁe:nlsmﬁsldem@leen@sm gemfinement of electrons and
magnetic confinergns of iaRs.Alihouah ihere nave 20, i8S many/ SR areh iscis.gR electrostatic

confinement of jons, none of them have succeeded in establishing the required electrostatic fields
when the iof BB THE BT dBesiPIbie UrdsRaere Netar2 t54M, GHes B testeRts cited above
discuss a fi¢ldedieverseske@afigrrationomagneticiionalogycdhefieldiversed chafiguration (FRC) was

discovered gerdeOiply. aiguar, 960,81 e 125 Nayel Researeiy Laberalory dyciug fheta pinch

experiments. A typica top ogy, wherein t lntern magnetic leld réverses |rect|on is

illudttated ilNmig: S§%ﬁ%ﬂmg}ii&chﬁbpbama@ﬂamgamwmdwewwﬁ@,%m Fig. 9. Regarding
the FRC, m@ﬂﬁ(p@&@@%@ﬁ@ﬁ%ﬁé@@s havebasnsirerebNdReniigd iatesmadAapan. Thereis a

comprehens ve review paper on the thgeory and experiments of FRC research from 1960-1988. See

M. Tuszews% BENTE ear PEESIER Z0536 B8, Rhite” BEPer o ERE H0tiHEnt describes the

research in ¥898 ianthitecommerdatians forofuts reire seqrcNSeelh€e Siemhavaidet al., 30 Fusion
TeChnOIOgyegel:ﬁostatic confinement of electrons and magnetic confinement of ions. Although there have
20 been many research projects on electrostatic confinement of ions, none of them have succeeded
in establishing the required electrostatic fields when the ions have the required density for a
fusion reactor. Lastly, none of the patents cited above discuss a field reversed configuration
magnetic topology.
The field reversed configuration (FRC) was discovered accidentally around 1960 at the
25 Naval Research Laboratory during theta pinch experiments. A typical FRC topology, wherein
the internal magnetic field reverses direction, is illustrated in Fig. 3 and Fig. 5, and particle
orbits in 2 FRC are shown in Fig. 6 and Fig. 9. Regarding the FRC, many research programs
have been supported in the United States and Japan. There is a comprehensive review paper on
the theory and experiments of FRC research from 1960-1988. See M. Tuszewski, 28 Muclear
30 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 théta 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
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(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 4 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. Thus, it
© desirapigdpdiandafinionpvsiemdrngaceRelmeRtaramRakieda e 9 uhviantiely
reduce or eliminate anomalous transport of ions and electrons and an en%rgy -conversion system that
convertsiihe exmninoitfusiomplods omspeidetsibitgnvishunigh. efficiency T8EMMINRNE g engreSent
inventiogé&i%irel(_: 2d 1o &sg%&;a that facilitates controlled fusion in a 10 magnetic field having a
field-reversedntopo ogy and the direct conversion of fusion product energies to electric power. 5 One
aspect of the pigsmnttinvesticiblprovides de reacton clyambéracom prisinguaneylingricat denehds wall
having first and secaond ends, and a plurality of insulating breaks extending axially along the chamber
ol Dot AR S e R S R RS Sl SRS s of
the presemiviensgmtioysiill tiecome apphrenicione fdasisid eration ofctbidalicwingtlésghiption taken in
conjunct%i]?fn with the accompanying drawings. 5 BRIEF DESCRIPTION OF THE DRAWINGS
Preferretf éMBGdiments are illustrated by way of example, and not by way of limitation, in the figures
of the accompanying drawings, in which like reference numerals refer to like components. 10 Fig. |
shows a partial view of an exemplary confinerigiishaRber. 7 WO 2006/096772
PCT/US2006/008251 Fig. 2A shows rtial view of another exemplary confinement chamber. Fig.
25 shows 2 patis CSSTONET iBA sl TR B g A arep S RS
10 magnetic field having a field-reversed topology and the direct conversion of fusion product

energies to electric power.



Fig. 2C shows a detail view along line 2C in Fig. 2B. Fig. 2D shows a partial sectional view along line
2D-2D in Fig. 2B. 5 Fig. 3 shows the magnetic field of a FRC. Figs. 4A and 4B show, respectively, the
diamagnetic and the counterdiamagnetic direction in a FRC. Fig. 5 shows a colliding beam system.
Fig. 6 shows a betatron orbit. 10 Figs. 7A and 7B show, respectively, the magnetic field and the
direction of the, gradient drift in a FRC. Figs. 8A and 8B show, respectively, the electric field and the
direction of the f x B dfiftdspade BGhEiges@AiBBrfs 9fo sliewaiemetiit ot &igssih@A and I0B
show the Lorentz force at the ends of a FRC, Figs. IIA and 1 IB show the tuning of the electric field and

the electric pof&HRArFRHEARARGMY HENPRS ST IRREoDs SHGwans MBI IR HSHRSERigs. 13A and
13B show transitigRsfremihetatianpaRiis thdrfenbitsiedadaiges0 28eie.dastigi,cligions. Figs.
14 show A, B, C and D betatron orbits when small-angle, electron-ion collisions are considered. Fig,
15 shows a nébfdisedriorrBREhs it is electrically polarized. Fig. 16 is a head-on view of a
neutralized ion beam as it contacts plasma in a confining 25 chamber. Fig. 17 is an end view
schematic of a confining chamber according to a preferred embodiment of a start-up procedure. Fig.
18 is an end view schematic of a confining chamber according to another preferred embodiment of a
start-up procedure. 30 Fig. 19 shows traces of B-dot probe indicating the formation of a FRC. Fig. 20A
shows a view of an inductive plasma source mountable within a chamber. Figs. 20B and 20C show
partial views of the inductive plasma source. Figs. 2IA and 21B show patrtial views of a RF drive
system. Fig. 21C shows a schematic of dipole and quadrupole configurations. 8 WO 2006/096772
PCT/US2006/008251



rig. 22A shows a partial plasma-electric power generation system comprising a colliding beam fusion
reactor coupled to an inverse cyclotron direct energy converter. Fig. 22B shows an end view of the
inverse cyclotron converter in Fig. 19A. Fig. 22C shows an orbit of an ion in the inverse cyclotron
converter. 5 Fig. 23A 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. 23B

shows an end view ofifherinyRIse SYCIRUARSUTREBI M RIth 2o aIAbAcshoypaaarticlg orbit
inside a conventional Céclotron. 10 Fig. 24B shows an. oscillating electric field. Fig. 24C shows the

changing enerfRPSIs GRS paite e iapven Rkt AR RS IRCHRAIEIBCHR field at gaps between
the eIectrodes&&%bggﬂg@}a{%gggerienced by an ion with angular velocity. Fig. 26 shows a focusing
guadrupole doublet lens. 15 Figs. 27A and 27B show auxiliary magnetic-field-coil system. Fig. 28
shows-a 100 MW reactor. Fig. 29 shows reactor support equipment. Fig. 30 shows a plasma-thrust
propulsion system. Figg gdpshews e meiq 6enpenets af g plasma-thruster propulsion system. 20
Fig. 32 shows a block diagram of the plasma-thruster propulsion system. DETAILED DESCRIPTION
OF THE PREFERREDVBODIMERIDA sl ibtraead b heaigifresmmtasninelduticpoier
generation (P i | - -Ingl idi eam fusion reactor
(CBFR) couplgxﬁéa E%%I?“l%(?t%ﬁ%ﬁ%%%%@é%%ﬁ%@%&ewIlﬁ%gég%g% oﬁ\?éi%’ga%%e gg??usion reactor
solves the 25 prabiess sffantnidio asmpmsport for both ions and electrons. The solution to the problem
e o PRl NG DL SR e LR SN Mt RIS i 8 Tagnetl feid having
a field reversed configuration (FRC). The anomalous transport of ions is avoiged by magnetic
confinement in the FRC in such a way that the majority of the ions have large, non- adiabatic orbits,
making them insensitive to short-wavelength fluctuations that cause 30 anomalous transport of
adiabatic ions. In particular, the existence of a region in the FRC where the magnetic field vanishes
makes it possible to have a plasma comprising a majority of non- adiabatic ions. For electrons, the
anomalous transport of energy is avoided by tuning the 9 WO 2006/096772 PCT/US2006/008251



externally applied magnetic field to develop a strong electric field, which confines them
electrostatically in a deep potential well. Fusion fuel plasmas that can be used with the present
confinement apparatus and process are not limited to neutronic fuels such as D-D
(Deuterium-De&a8AMYG D-T 5 (Deuterium-Tritium), but also advantagedUsSKUWéRedEasvanced or

aneutronic fues sygh 5P e REHIRIMTANEIIMTL AL B dhydregenRaton-10). (For a discussion

of advanced fuels, see R. Feldbacher & M. Heindler, Nuclear Instruments and Methods in Physics
Research, A271(f%%§3ﬁ‘%véf BTl ErsTiaRd Kristiremling SR or8ua Enétitronic fuels, the fusion
reaction energy igairmoshentiselyn the fasmpokehargadgpanicles, i.e., energetic ions, that can be 10

manipulated in a pagnetic field and . depending on the. fuel, cat e.Iit;[;I.e no radioactivity. The D-He3
reaction produces é%?lgﬁi%ﬁr?%%%%lﬂéﬁgﬁawn ‘ﬁ%l?q\)llé’{:/&gﬁetrig%% ﬁ’é%%se p-B1' reaction produces
thre€ He4 ions anHi8.7 stev énaregreBaied ofedfiRGretical modeling for a fusion device utilizing

aneutronic fuels, tﬁ%s@ﬂ%%§%%¥@&§%@,@ﬂ&i DayHe @8 @%eﬁ%ﬂ%&ﬂEQO%’ as described
by K. Yoshil%awa, T, Ncgma and Y. Yamamoto Iin Fusion 15 Technology, 19, 870 (1991), for example.

Such efficieEFEEG A% ﬁgally advance the prospects for aneutronic fusion, in a scalable (1-1000
MW), compact, lowixdsheenfigullationbéanasgiteot energy conversion process of the present invention,
the charged particﬂ;qeg et.iysionprodugts;can be slowed down and their kinetic energy converted
directly to electricity. Advantageously, the direct energy conversion system of the present invention
has the 20 efficie é?és?%é?ﬂ&g-%ﬁéfrd%f”éﬁ%é@m@c%ﬁi@éﬁ?ﬁ@%‘%ﬁ%ﬁ“{@tﬁ@@@auency and
phase of thériftisiarFRatput power of about 5 MHz to match the frequency and phase of an external 60
Hertz power grid. Fusion Containment System Fig, | illustrates a preferred embodiment of a
containment systeit$360 RS RdRE B s dnibinThedisriamph &t System 300
comprises algfiamid@Qvall 305 that defines therein a confining chamber 310. Preferably, the chamber
310 .is c,ylindrica] iﬁigﬁ?@@?@ﬁ"iﬁh S;giﬁ%@fleoaéigfgoji?ﬁa&long the centgr of the chamber 310. For
application of this containment system 500'to a fusion reactor, it is necessary to create a vacuum or
nearPvacuum insidéeth&0 L rethieBrsban fedwmeartrforovith trephiméiplRaxis 315 is a betatron flux coil 320,

located within 30 theschamben 84 Sahebetaios thoecelis 201 gompkisas-an slastrisakerent carrying

medium ad(jaoqlgﬁglt%e%irescgé:urrent around a long coil, as shown, which preferably comprises parallel
windings of mu |p$e senf)ayraef'gi‘coils and, most preferably, parallel windings of about four separate coils,
to form a long coiFiRdisgmyskiVed irlihdsaitwithappreciate that current through 10

Figs. 13A and 13B show transitions from betatron orbits to drift orbits due to large-
20 angle, ion-ion collisions.
Figs. 14 show A, B, C and D betatron orbits when small-angle, electron-ion collisions
are considered,
Fig. 15 shows a neutralized ion beam as it is electrically polarized.
Fig. 16 1s 2 head-on view of a neutralized ion beam as it contacts plasma in a confirning
25 chamber.
Fig. 17 is an end view schematic of a confining chamber according to a preferred
embodiment of & start-up procedure.
Fig. 18 is an end view schematic of a confining chamber according to another preferred
embodiment of a start-up procedure.
30 Fig. 19 shows fraces of B-dot probe indicating the formation of a FRC.
Fig. 20A shows a view of an inductive plasma source mountable within a chamber,
Figs. 20B and 20C show partial views of the inductive plasma source.
Figs. 21A and 21B show partial views of a RF drive system.

Fig. 21C shows a schematic of dipole and quadrupole configurations.
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WO 2006/096772 PCT/US2006/005251 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 s¥tsseapgiehy Parallel with principle 5 axis 315. This magnetic f§ld/{SHpirctRHIly
symmetrical. The imati ; ToR | e guter coil 325 is constant and
parallel to axis.3_lglt|ésp ﬁrg?é;slgtjill ggﬁg g%éﬁ%é?ﬁ%\%%% ?Ig?qE%%%grﬁlgg#%%@ﬁré%%aend of the chamber
310 is a mirfBHEBIE 53 fslonTrelr eodeddo Hrangusiftedoerpdtabeaaisersaisd magnetic field
inside the chambet @ tomsneaskenslyhusthradingsthemagnetis.feld-lines ward at each end. (See
Figs. 3and 5.) AsFilozgépslﬁ%i)nwgdﬁ%f}ﬁs%t%?nlgggg .inﬁ\{gﬁd of the field lines r}?e%ps to contain the plasma 335
in a containment region within the chamber 310 generaity betveer & Wirror coils 330 by pushing it
away from the end&vwiiéretitwarreszhpesthe dertginrmentsystéo 366:nTtenmisiog coils 330 can be

adapted to @59@&%{@%@%@ega@gmtg@&daﬁam@e%%%@%M&féﬁéxn%m%@gﬁmknOWn in the art,

including increasin? the number of windings in the mirror coils 330, 15 increasing the current through
the mirror cons 330, or overlapping the mirror coils 330 with the outer coil 325. The outer coil 325 and
mirror coils 330 afésshdmshinviig chimflemidhtadvetstsigladhen ehartbemvall 305; however, they maybe

inside the chamb%géQAl&g%gﬁa\Mg%rgrm%&%@lg%g Vé/{\{gcl)lf% % éﬁ}%onstructed of a conductive material

such as metal, it may be advantageous to place 20 the colils 0 inside the chamber wall 305
becduse the time fHaftRtakesser trillsiagrareifirido diffuse through the wall 305 may be relatively

large and thus caBie 1he Sysieth:306ind eackshaaishiveSimilaricthe chamber 310 maybe of the
a long, annular ring. In such a case, the

shape of a hollow,gyli r.the cha r wall. 3 éormin , ]
betatron flux coil g%%ﬁgwi)géni?ﬁlp gllr%%r?%c %upé & SRR BN B FEeaBB i E-Ceiter of that
annular ring’ PEtéais bpantise filesomedi folority the center of the annular ring may comprise a

non-conducting nmatepigknsysh ﬁg@]ﬁg@lfd&%l&%ﬁg@%@@parent, the chamber 310 must be of
suf igient size an shaé)e to allow the circulating plasma beam or layer 335 to rotate around the

prindiple axis 315 8% GBI Fdth R T AEUHERIEP A6 PilyBi8%ormed of a material having a high
magnetic 30 perrigabllityysuchiadBteskdnrsuch a case, the chamber wall 305, due to induced

countercurrents_ iR .%ﬂ%ﬁgﬁaﬁgﬂgﬁpﬁ%ﬁ%%@ tpn%nrtnagnetic flux fr.om espaping the chamber 310, N
"compressing" it. If the chamber wall were t Be made of a material having low magnetic permeability,

such as plexiglasEitaAt fher e pleeriashmnmvg ehevatagnetic flux would be

Fig. 31 shows the main components of a plasma-thruster propulsion system,

20 Fig. 32 shows & block diagram of the plasma-thruster propulsion systeni.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
As illustrated in the figures, 2 plasma-electric power generation (PEG) system of the
present invention preferably includes a colliding beam fusion reactor {(CBFR} coupled to a
direct energy conversion system. As alluded to above, an ideal fusion reactor solves the
25 problem of anomalous transport for both ions and electrons. The solution to the problem of
anomalous transport found herein makes use of a containment systermn with a magnetic field
having a field reversed configuration (FRC). The anomalous transport of ions is avoided by
magnetic confinement in the FRC in such a way that the majority of the ions have large, non-
adiabatic orbits, making them insensitive to short-wavelength fluctuations that cause
30 anomalous transport of adiabatic jons. In particular, the existence of a region in the FRC where
the magnetic field vanishes makes it possible to have a plasma comprising a majority of non-

adiabatic ions. For electrons, the anomalous transport of energy 1s avoided by tuning the



necessary. In such a case, a series of closed-loop, flat metal rings could be provided. These 11 WO
2006/096772 PCT/US2006/008251 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 oWV @Efi¥ eI wHiérein the active flux delimiters would be driven wRRE{H8efesathed current
to greater fecllial s centalomeraf maonslie Lsyitun e ghamibsr 3. Slgarively, the S outer
coils 325 themselvés could serve as flux delimiters. As explained in urther detai %elow, a circulating
plasma beafff$5tEGRB iR e malgid S5fticles, may be contained within the chamber 310 by the
Lorentz force causeeidyrthepimagnaticdieist dus toithaOmaeaibd2hnAs shchadhedans in the plasma
beam 335 are magrre]%ti ?gngc%{]tain%d in rge %ﬁ?t{gg)% bitts about the ﬂu§ Iinif)s%rom the outer coil
325, 10 whi€h &ré paraliel 10 The PRICIPle axis 315- 0Oné of hore bearm B8 ports 340 are also
providled forBeldfmyptasithaniohst wsthal cintigkatinly pldsdadyearnd3Bsrimtheiclieilben3¢®-In a
preferred empodiment, NG INIGCIOLARES A4Q aLe.askapled J0 (NeCLA QR PEAR. Al ARGl the same

radial position from the principle axis 315 where the circulating plasma beam 335 is contained (i.e.,
around a nuifShrECERaREE WERN: At age i RETRECIEr de duin Bfesios Baspdd to inject ion
beams 350 £3eH Figh)L7j4angentiniandindesidinecionsafthadetaisaueorbit ahkthereontained plasma
beam 335. Also broyi 9 r rqund. plasma sources, 345 for injecting a cloud of
non-energetic %gsmgq %%o%[ﬁgre gf?&%%rgo%ffg%% %e%%%elrre% léerﬁg%%ﬁ%gﬁﬁnt' éhgacéﬂ%?ound plasma
soutfes 343maPEalgpad teranstt ikdarrh BBsdbvsare tisdiakistseiter of theéivasilsiy- 200810. It has
been found thattiseatingthaupiasmathissvay helps toietter centaiRtheplasma 3356 and leads to a
higher density af plasma 335 in_the. contaj egion within the chamber 310. Vacuum Chamber As
described a %‘\%f AP pTication 3&%@%%@{%%2@2 t\éﬁs?%‘mc%aﬁeé BERCOR éﬁ%&%’&l@?%acreate a
vacuum or Hesengotirentinsideatieichanfibé:. IBinceintersgtions {scattdfirigncharg 826 Bxthange)

between nepttals, andplasmatuel aways fipsentaraRerdy esp.chaniel, kisglitical to limit the

residual densit¥ in the reactor chamber. Furthermore, impurities resulting from poorly evacuated
chambers cafffB88%6 CartAttiatindos %Wgﬁcﬁﬁ%eml%@%ﬁﬁ%ﬁédé’éﬁc iFeRERorbitant
amount of ebesgyudutio gusiat}ipaasdbEsiistenn My tedumcthroughsthestorasiduals. 30 To achieve a

good level vacuurg, ysialy FNOINSR IS 4S8 AL SRIICSS Sl UAMRAL ANGAYERARNYE! as low
outgassing ma}terla s. In the case of metals, the goo acuum
fusion products can be slowed down and their kinetic energy converted directly to electricity.
Advantageously, the direct energy conversion system of the present invention has the
20 efficiencies, particle-energy tolerances and electronic ability to convert the frequency and phase
of the fusion output power of about 5 MHz to match the frequency and phase of an external 60
Hertz power grid.

Fusion Containment Svstem

Fig, 1 illustrates a preferred embodiment of & contaimment system 300 according to the
25 present invention. The containment system 300 comprises a chamber wall 305 that defines
therein a confining chamber 310. Preferably, the chamber 310 is cylindrical in shape, with
principle axis 315 along the center of the chamber 310. For application of this containment
systemn 300 to a fusion reactor, it is necessary to create a vacuum or near vacuum inside the
chamber 310. Concentric with the principls axis 315 is a bgtatron flux coil 320, located withm
30 the chamber 310. The betatron flux coil 320 comprises an elecirical current carrying medinm
adapted to direct current around a long coil, as shown, which preferably comprises parallei
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
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properties are further paired with good structural characteristics. However, conductive materials such
as stainless steel and the like, present various problems with regards to their electrical properties.
Although these negative effects are all linked, they manifest themselves 12 WO 2006/096772
PCT/US2006/@082b294rn7aurerent ways. Amongst the most negative char&¢tenistewang2Retarded
diffusion of gagneis flds tyenal.Ahomperalls. Ascumyiaton of electinal chardes, on the surfaces,
drastic alteration of response times of the system to transien S|gna s as we oarlma%n of image
currents in tH& Stifteesfitarinpatt tHe Hésired magnetic topology. Materials that do not 5 have these

undesirable charagigristias amdi@xdiit gRAELYARLNITD PIOREHIRS Qe INSUIRIOESSUCH AS ceramics,
glass, quartz agld to a]esser degree carbonggf S. Th |mary problem with these materials is
structural infBgrity as el as the Potertii for F’d’é‘?ﬁ ﬁ%ﬁ@&tlﬁgﬁq@a%wtb%@m% such as poor
machinabilityxsf3dérathiesiages figrfleby Hmvitatidndy kyromerdrub ddienenioamstepiciediia Figs. 2A, 2B, 2C
and 2D, an ﬁ!&@ﬁ@@é'ﬁ@i&@é’éﬁ%@ %Qtér%%ﬁ 3%50{30669&9&‘3% o] ﬂf‘x %EQ%E%E’{&?S'%”H Aig, chamber

al, prefera

1310 of the CBFR is preferably primarily comprised of a met fainless steel or the like, to
provide struffRRdPesdniariighsd %&W%%ﬁ@ﬁ%%c%mv@ﬁ tﬁé%ﬁﬂdﬁéaﬁ%amﬁsll of the

chamber 134@rinckildazaxiakinstdas @@M&B&iﬁlﬂdﬁ@@e@rﬁa@nﬁﬁl ﬂ%1¥sﬁh@§if&&ﬁ%@93@bﬁ@5t the entire

length of thgagh&@hﬂ 1319 he central on of the.champber 1 DoWer, care region of the 15
CBFR. Preferably, as éeplctég Ewégﬂf fﬁﬁeért(femg?el ?edea ree em_iL?; eth area %r“fzo degrees

apat? from éaéﬁlé?ﬁeﬁm%%mﬂi@ﬁﬁhaﬁ%br@ﬁe@ﬁw Iﬁrg‘ﬂmnlﬁﬂelgiﬁe@ 8itiorgap 1362 in the wall

1311 of the ehambrrd3dowitha srakarorye 0seati3oformed aboutthe s periphany.gf the slot
1362. An O- {I ‘? 2% aI 1%67 is received in the gf pove 1369. The slots 1362, as deplcted in Fig. 2D,
h

extend almost T P G A ST e Bh B R S P AT SRR G e PRHATFIE S8 A% rial forming an
azimuthally @@ﬁmﬂdwsﬂﬁ@mm@ thawedbdBhdenarriitheatwe entddie praviderstaiesusal integrity and to

allow for gogghgHalityvacym triictural int and the prevention
of implosion, the chamber 1\’:’»1&(5{?%45§i cgéeg% &Q%%:gi}rgﬁm ér(ae\?eég?a% %il?r%nadres elaggl%sfallty of sets of partial

aziruthal riBSTE7E fh%\‘f‘a’f@“m@bﬁglﬂ}%ﬁ’%d“?ﬂﬁ heotrariRing sie TTersedbiifiadttdithe surface of
the chambeswealli?®1311 by welding or the like. As depicted in Fig. 2C, the gap 1362 is filled with an
insert 1364 formed,of ceram a rlal The nsert 1364 exte lightly int o the i terlor of the
chamber 1310 an :%soglgflrgfe?%} 1'Ege nsi e%yg;gd metal ¢ s‘h%%% 3%6% e VBT %Wﬁary plasma
emission fréffEdMsiBh3st homiviary thia sraationsifiolr thehalling plasmadetimcivitihbthe ceramic

material. ORGHNE05 is constructed of a conductive material such as metal, it may be advantageous to place

20 the coils 325, 330 inside the chamber wall 305 because the time that it takes for the magnedic
field fo diffuse through the wall 305 may be relatively large and thus cause the system 300 o
react sluggishly. Similarly, the chamber 310 may be of the shape of a hollow cylinder, the
chamber wall 305 forming a long, annular ring. In such a case, the betatron flux coil 320 could
be implemented outside of the chamber wall 305 in the center of that annular ring. Preferably,

25 the inner wall forming the center of the annular ring may comprise a non-conducting material
such as glass. As will become apparent, the chamber 310 must be of sufficient size and shape
to allow the circulating plasma beam or layer 335 to rotate around the principle axis 315 at a
given radius.

The chamber wall 305 may be formed of a material having a high magnetic

30 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, “compressing” it. If the chamber wall were to be made of a material having low magnetic
permeability, such as plexiglass, another device for containing the magnetic flux would be

necessary. In such a case, a series of closed-loop, flat metal rings could be provided. These
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30 outside of the chamber 1310, the insert 1364 is attached to a sealing panel 1365 that forms a
vacuum barrier by means of an 0-ring seal 1367 with the stainless steel surface of the chamber wall
1311. To preserve desirable vacuum properties, the sealing panel 1365 is preferably formed from a
substrate, préferapiohérseglass or the like, which is more flexible and creab€§/@sagietersgdal with the
Oing 1367{hanadceramie malerial waldkespasioly WheRIWa 42 YO Z0RAAG(72

PCT/US2006/008251 pressure slightly deforms the chamber The Inserts or ceramic insulators

1364 inside WHe44te ABER PRSP TRt EUFRTt teshilexdslivgiistreydibe Rpspiss 1862 and, thus,
prevent the fermapkian ol azinuthahimpyacdtrestsd ik heahambenweitididl dmagesurrents are a

manifestation of Lenz's Law, which is nature's 5 tendency tq counteract any change. in flux: for
example, the %t%r%cé ll%tﬁ%l&e fatoceurs in le%ﬁ%l(%l %’iglﬁﬁl?ﬁ%g?ﬁg@r%%%ﬁhﬁ% BRC, as
described belswealithisuhsior vesexin e oy fmedeliiiel. 1311 of the chamber 1310, the changing
flux in the flux coil 320 GAUSESAhLAUEN @aqvgpdp&%&%%gﬁé@%&&ﬁ%%&}w&ﬁﬁgo form in the

stainless steel wall 1311 such as to cancel the mg&)}netlc ux change inside the chamber 1310. While

the induced HiEEEPETRPE 40 SR BRI WERR F Bt dn B9 bS8 forsn (rrssdrréhtt applied to

the flux coilh82Bii¢Heldrmage tursent teld21o sirang)yhedduca therappliedor sonfiaement magnetic

field within the. chamber.13lG whiehwhen nat.addressed, t‘?ﬁ%‘?ﬁ]&?o”e@ea“‘d%'ryfiﬁgéﬁt the magnetic
of the .

field topology and alfer the confinement characteristics inside of the chamber he existence of
theSlots 138 igravartaliel imirrainpinig exuténtQTesinTorBri kTS m a3 tondre the 15

mid-plane girtheichambrinklQaneysfrom.the. engs-of the.chamber 4 310.inthe.azimuthally

continuous 0 g@gdof ho%.wallt]ﬁBlll~ Tthe or}{g/ '%age curre ts that can bﬁ carried by the chamber wall
1311:toward the mid-plane away from th Oenés o tHE BN BIT 0 G e°8 WaHikeurrents that flow
parallel to themerrgiaidirssdicodooithesiotsld 8623 Bugheoulreritsuiwing pistimpeact 6b5the axial magnetic
confinemenidieldsOf efRE AR e Mmaonelicinaas fields 2R-piducad by thejimage currents

longjtudinally, traversing the chamber wall 1311 only exhibit radial and azimuthal components. The
azig#uthal iR EFERES O REESn the sAsutrARReeBHERao i o ABtEan g bR iRS - Bthe wall 1311
near the enadiobilie charbdnl3he tend 385t to negatively impact and/or alter the confinement
characteristics ins}@%} 8[0%&8%%“39@ b 11%%1% B ch%tl?{gﬁgg eéié: E)% c%lo%i this VchinitXIiS Oft important to
confinement of the plasma. 25 In addition to prg/entl g the formation of aZimuthal |rcﬁuag°e currents in
the chambéelPivanerEg e hcerprenide. dweay soradayiotdoftuk frommthedieltl and mirror coils

1325 e_llrll_d mgmmmtm@%@m@a&é@&% afegllimescals. the=ots.d 3h2gnable
su%’nl 'Se%ci'ﬂ. It has been found that directing the plasma this way helps to better contain the plasma 335

and leads to a higher density of plasma 335 in the containment region within the chamber 310,

Vacuum Chamber

As deseribed above, application of the contaimment system of a CBFR, it is necessary to
create a vacuum or near vacutn inside the chamber. Since interactions (scattering, charge

25 exchange) between neutrals and plasma fuel always present an energy loss channel, it is critical
to limut the residual density in the reactor chamber. Furthemmore, impurities resulting from
poorly evacnated chambers can lead to contaminating side-reactions during operation and can
drain an exorbitant amount of energy during startup as the system has to burn through these
residuals.

30 To achieve a good level vacuum usually involves the use of stainless steel chambers
and ports as well as low outgassing materials, In the case of metals, the good vacuum
properties are further paired with good structural characteristics. However, conductive
materials such as stainless steel and the like, present various problems with regards to their

electrical properties. Although these negative effects are all linked, they manifest themselves
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level fine-tuning and feedback control of the applied magnetic field as a result. Charged Patrticles in a
FRC 30 Fig. 3 shows a magnetic field of a FRC 70. The system has cylindrical symmetry with respect
to its axis 78. In the FRC, there are two regions of magnetic field lines: open 80 and closed 82. The
surface dividvg e 8& TRgions is called the separatrix 84. The FRC formB(E/¢3aiedieRShull surface

86 in which e, maanel T yARIShesInhe fTaLBRM B8, oLNe SR e magpetic ild does no

change appreciably in the axial direction. At the ends 90, the 14 WO 2
PCT/US2008186585 51 dhihgpneh et ed e A appe el eherassandhesiéneThe magnetic
field along thesizentesmisTBseves serdibtiondmtreraREnhishgivesiTiseiathederm "Reversed" in

Field Reversed Configuration (ERC). In.Fig. 4 e netic field outside of the_null surface 94 is in a
9 feegdbal lé'fg%(’% D3 Gacies

first direction 96. b The magnetic fiol he Nl SUaea- g9 R R s B FBRHE 88 opposite

the first. If a¥VioheRtawEssirbireckirectionics0od tidibt gty istoe3topeting aniitspeints sewards the null
surface Stad s aagiliApnraciated IUARRIARG doRkang: e, R ARCIdRy MaWng i the

diamagnetic direction 102, the Lorentz force always points toward the null’surface 94. This
:

phenomend i gives FigBYE R pRrtetd SroTEL AR Sl BRtIPahi ot derte GeeernBePBaBw: 10 Fig. 4B
shows an ierohiguirydh dhpocomatéidibitiaghetiendireatidarthOdlinbeidgrentz force in this case points

away from the nulSyface T HiSALENAMENAD.ONESiSs 10:8 1ype, ofotil called g drf obit, 0 be

described below. The diamagnetic direction for ions is counterdiarhagnetic for electrons, and vice
vera. Fig. SLRGeoxifirst arrimizeiairse oroblasma toehratheing iA eh&sciF Rinmeémety 15 direction
102. The ripgiffyisdogaied arounchihecruibs Hacr8Gidne magneticlieltid 08 craated by the annular
plasma lay in combination with an externall plied. magnetic_field 110, fors a magnetic field
having the S B e AR 585 L T BB RS Meiine plasia
layer 106 h&siades miperasyietinh breford3 th o 26 velb dtid s ot the dbmg fonosiatventnelbaistibution in a

frame rotating @kt aMaregaranesiar pyeIocty o the.ien beam, Hlisians batyeemons of different
vel?$ities le@éjﬂ:? fgs@;&n Eeacti ns. Fqr this reason, the plasr_na beam layer or power core 106 is called
a colliding béanT SYEaRIERS SEPAHEIWE ke TRalfFts g SFrsPGmkis I drebmeigheéam system, called a

betatron 28egrbit 4112t Fobetafiatharbitht bRdart beo expressediayia. SDSWRYE £apteradon the null
circle 114. 1362 5 the wall 1311 of the chamber 1310 with a seal groove or seat 1369 formed about the
periphery of the slot 1362. An O-ring seal 1367 is received in the groove 1369. The slots
1362, as depicted in Fig. 2D, extend almost the entire length of the chamber 1310 leaving
20 sufficient stainless material forming an azimuthally continuous portion of the wall 1311 near
the two ends to provide structural integrity and to aliow for good quality vacuum seals at the
ends. For improved structural integrity and the prevention of implosion, the chamber 1310, as
depicted in Fig, 2A, preferably inciudes a plurality of sets of partial azimuthal ribs 1370 that are
integrally formed with the chamber wall 1311 or coupled to the surface of the chamber wall
25 1311 by welding or the like,

As depicted in Fig. 2C, the gap 1362 is filled with an insert 1364 formed of ceramic
material. The insert 1364 extends slightly into the interior of the chamber 1310 and is covered
aon the inside by a metal shroud 1366 to prevent secondary plasma emission from collisions of
primary plasma ions from the circulating plasma beam with the ceramic material. On the

30 outside of the chamber 1310, the insert 1364 is attached to 2 sealing panel 1365 that forms a
vacuum bartier by means of an O-ring seal 1367 with the stainless steel surface of the chamber
wall 1311. To preserve desirable vacuum properties, the sealing panel 1365 is preferably
formed from a substrate, preferably fiberglass or the like, which is more flexible and creates a

tighter seal with the O-ring 1367 than a ceramic material would, especially when inward
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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. lons in this orbit 112 move in their diamagnetic direction 102
from a starting point 116. An ion in a betatron orbit has two motions: an oscillation in the radial
direction (pekpeRthe1fai ™ the null circle 114), and a translation along 30tké/HeAPesrd1E2in 4. Fig. 7A is

a graph of t [ ' e horizontal axis of the graph represents the distance in
B%éﬁ@@ﬁ%é&ﬁ;f gleh 1840 & ERG- 5he

centimeters from the FRC axis 78. The magnetic field is in kilogauss. As the graph depicts, the

magnetic field 118 Vo R SRtMREREIFGE fatfuastsdbe 3oy D SDDB/00Ey 2ePEIUSR006/008251
As shown infibigaréBng-paricie: mevingnear, the, Hheitcle wihsser.gradient 126 of the-magnetic field

poining awey o e null sfecs 8o, The agnetic folg autads the nul, crcle pina st diection.

122, while the magnetic tield inside S Ruffeirdis i a secon
direction of Engradidntelrificisimmirhnghendhossisr pragpt fhe OBngwindrexdBiisdthesguaidient of the

magnetic fiaig taus.sianihe SPRIRsialad byrRepl g R dighkhand e doathe dirgtion of the

gradient drift is in.the counterdiama%netic direction, whether the ion is outside or inside the null circle
128. Fig. SAYERGABR 0 he BlaAtemdy PG ilacrmergfiwHpirotitacalissl g3858tabh represents
the distancexdnstemtinpteits fidmtithdyFRICcakis i Tierelectric digldes sresoltgiam. 1 3 the graph
depicts, the glcggygp ﬂ%elga X ' | he mall ci radius 120.. As shown if Fig. 8B, the
electric fieldt for ioné is dég’fg%n%:%{%\%&%ﬁpggl%t%s% i%l%(j%r%g}[}?grs%lq?%%,@l%feg\}veﬁ r%%&ﬁ%%g%ﬁfrgﬁr%ace 86. The
magRetic fislquiddpEraReT {€up o ppbsitEcdnsetiohy e oureat prsiid smolitsidal df Betkrull surface 86. It

can be appregiated-by: applyinguherghindanchpiadnat dherdinaction.efdhe dorifiig,in the
diamagneticldirg%%tig)ﬁ&ozrm\é\fhe er the 15 iOEZiS outside or inside the null surface 136. Figs. 9A and

OB show another Type of common oritin & ERCT A& aYFe SPRET38 "SRt 14138 can be

outside of therpiaiysadatier ek aadshunieharRigiGns orinsialic, hembholdntinThige:98:Rxift orbits 138

rotate in the,gianpanelie discetionJiibe B Aifldominaes,arin.he connterdiamaggetic direction if
the gradient drift domjnates. The drift 20 orbits 138 shown mhl%%?. 9A and 9B rotate in the diamagnetic
g

direction 103 rBRPSRHGREIRE 116 REHHCsHHiE REHbRT 520 éaihimeliaght of as a small
circle rollingevenausrsdatively biggell ¢irtle TEhensymaleitolech42raping Brouneits ads in the sense 144,

It also rolls RYRRINGHIG TGS AR INE RO A0 ADGROIAADMLIFSF 1 spage & path similar

weak currents that flow parallel to the longitudinal axis of the slots 1362, Such currents have
10 impact on the axial magnetic confinement fields of the FRC as the magnetic image fields

20 produced by the image currents longitudinally traversing the chamber wall 1311 only exhibit
radial and azimuthal components. The azimuthal image currents formed in the azimuthally
continuous conducting portion of the wall 1311 near the ends of the chamber 1310 tend not to
negatively impact and/or alter the confinement characteristics inside of the chamber 1310 as the
magnetic topology in this vicinity is not important to confinement of the plasma.

25 In addition to preventing the formation of azimuthal image currents in the chamber wall
1311, the slots 1362 provide a way for magnetic flux from the field and mirror coils 1325 and
1330 to penetrate the chamber 1310 on a fast timescale. The slots 1362 enable sub-millisecond
level fine-funing and feedback control of the applied magnetic field as a result.

Charged Particles in a FRC

30 Fig. 3 shows & magnetic field of a FRC 70. The system has cylindrical symmetry with
respect to its axis 78. In the FRC, there are two regions of magnetic field lines: open 80 and
closed 82. The surface dividing the two regions is calied 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
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25 138. Figs. IOA and | OB show the direction of the Lorentz force at the ends of a FRC 151. In Fig. |
OA, 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 intovie2eegidf’df closed field lines. In this case, therefore, the 3CPLEIEPRPGIERSE52 is

agnetic direction with a
t

confining for.thedeng.;isFig4.Q on | noying.in.the counterdi
velocity 1485%% magenetic figlg _ 58%%1 (_:anll%zpe? %@ré@%}t%%& %2@1&;}?&8 1%5 %@ “hand Tule that the
Lorentz forc&¥s2nds T pesAtitreioain e fRe-rebidreiprsgpercfirtime Reversnd dadécieherefore, the

Lorentz forcrel&2-isciaaentinigiacthe ions. 16 WO 2006/096772 PCT/US2006/008251 Magnetic
and Electrostatic fin ntin a FR lasma Jayer 106 (see Fig. 5) can he formed in a FRC by
e ARG A PR S el e oee natRe

injecting energetic%orlﬁ' Beams around the null'surface
detaffed disBusshencst difiéresitnibtholl swfforilingthecFRCE dindiota b pingefoltdivg. Délow.) In the

ciculating Piasiigeyehd 863051 8 e JORSRUE.RIaloD LB 1124580 Hia ) g, nergetic, and

are non-adiabatic; thus, they are insensitive to short-wavelength fluctuations that cause anomalous
transport. 18 L5 SRR ARRIPA By Rl et e Re b e r g RS es A oRks, the
conservatiofiafrpenietitertioirigases Adelatiticbatwsepdhe argulbmyeloritymidions misand the angular

velocity of elecliaa a0, ENALSPIBIIRE MBI PE0F £3RA 28040 In Ed. 1, Z 1S the fon

atomic number, inl is the ion mass, e is the electron charge, Bo is the magnitude of the applied
madfetic field, anfi® fStiespariporinyine FHereardeieesfresiogiratinatédd. il thisoretetion: the applied
magnetic fieldBe thecalestni angyimsielecity Wenand. QRSN YBlocHY:\6 » o of them are
known, the t ig%%r%%% b%d(ﬂgrgmeg rgyslgrﬂ).e% Bgca e the plasma layer 106 is formed by injecting
ion beams iftS the ERC: THE ARGURar VSTSEIRT OIS WSS ABrEFH ST RETBETON Kinetic energy of
the beam Weoumtaidhn2@nigigifee nlbyrEl andnije2ver@nilld/r,)i (2) Here, T, = w,ro, where i is the injection
velocity of ions, wrig e Syclotan freaeney af JPRSxmANed bisdiiefarius.of fig.nullgurface 86. The
kinetic energy of electrons in the beam has been "ignored because the electron mass "ie is much
sm éﬁ er th arg‘ifﬁ@‘?&? %a@‘?if}.ﬂg 106 1s located around the null surface 86. The magnetic field 108
created by the anmular plasme layer 106, in combination with an externally applied magnetic
field 110, forms a magnetic field having the topology of a FRC (The topology is shown m Fig
3).
The ion beam that forms the plasma layer 106 has a temperature; therefore, the
20 velocities of the ions form a Maxwell distribution in a frame rotating at the average angular
velocity of the ion bsam. Collisions between ions of different velocities Iead to fusion
reactions. For this reason, the plasma beam layer or power core 106 is called a colliding beam
sysfent.
F1g. 6 shows the main type of ion orbits in a colliding beam system, called a betatron
25 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. Tons in this orbit 112 move in their diamagnetic
direction 102 from a starting point 116. Anion in a betatron orbit has two motions: an
oscillation in the radial direction (perpendicuiar fo the null circle 114), and a translation along
30 the mull circle 114.
Fig. 7A 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 ¢ircle radins 120.
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25 For a fixed injection velocity of the beam (fixed w,), the applied magnetic field Bo can be tuned so
that different values of w, are obtainable. As will be shown, tuning the external magnetic field Bo also
gives rise to different values of the electrostatic field inside the plasma layer. This feature of the
invention is ilusteatedost2igs. | IA and 11B. Fig. 11A shows three plots oftheeteatsioriztd (in
volts/cm) obtained for. the sa%g injection, velocity, wr = 1.35 x 107 30.s'1, but for three different values

of the applied magdHetic Fdid LB SE0RRIGETY BE Tl 85008100822 E B It ApdREHmagnetic
field (Bo) elestgoetiafigidlarivatgeitaiieinlibd B su@a7y %G Tve rmend &6 BlERABkGhwme0.625x107s]

158 Bo= 155 kG ek bl 0's! The yaluesalh60.In 11e.able. ahoya aie lgleriged according o

Eg. 1. One can appreciate that o), > 0 means that no > w; in Eg% so that electrons rotate in their
@

counterdianfA§Rat! HirReas rige fissndw Sikeiateiniepéahtal Ghebrs)fértiesame set of values
of Bgand Wealheshariz ontelauis i igaaikhforid 4 eﬁe@fgﬁpﬁl&é,m&qiﬁgazf#sf‘eé{&@a fhe FRC axis

78, 5 shown in the %raph in centimeters. The electric field and electric potential depend strongly on
We. The ab8RRIES - BER B swis Sridbestrehiomal s srdrgdifhisdn Wn errarsdmeseiite in the

diamagneticitirectiowhtierndrscars casiined magnediesllyikietizs Lorentz force. This was shown in Fig.

4A. For electrons,fotating in th e directi daa}{;e i t rentz. force is.10 in the opposite
direction, so that elééétronsav%éaﬁ dgfc%]ebege gﬁﬁfﬁ%d. e & ec fo%%eﬁggbzeoﬁgaga}ﬁ]fé(gfm&ée §Tna3?1as aresult, a
surplus of pEEHivEEHht fEe e Batedinives sk iy HREredtrig fiehd dratripimiéminotistcalectrons from

Igza\zr?g the mﬁﬁmgvaﬁh@eﬁif@gﬂ@la}aﬁ%cth@}m@gmaﬂgﬁ'?péilgaiﬁm%q&ﬁi@ Ji%ré.rg%ﬁgfyﬂbbf il;m, is determiped
y the conservatiop of momentum. The electr, tic field plays an essential role on the transport o
both electrons andIJ |Sosr{11§)7w %%&%ﬂ@%rd;i{ﬁegﬁlfcghc i#?%égif%}’i’f’&égpd@g? & ThDRRHR A5 strong
electrostaticlfields orentech finsidd thefpla®im dayer:t 06, bl magiitadie of thisstteditcostatic field is
controlled by;$he-vahig. ofdhe,aaplied.magnetic gl %%mgc&bg%@_iﬁgd%@%%@ﬂtlgﬁ%ﬂ%ﬁ? explained,

the electrostatic field is confining for electrons if w, > 0. As shown in Fig. e depth of the well
can be incréaséab\tharihsgindiapplidy dadhdtié frekltBoliztExisplifotian/Hiy, whetbwttegion near the

nulkeircle, the, electioRsAWAYSRAVE a,5mall sgyroradius. Therefore, electrons respond to
short-wavelength fluctgatiggr%gvé h an anomalously fast diffusion rate. This diffusion, in Iéact, helps
e

maintain the poterli?tli%lﬁ' \/\féﬁ gm?ltgﬁr type of common orbit n a FRC, called a drift orbit 138,
Drift orbits 138 can be outside of the null surface 114, as shown in Fig. 9A, or inside it, as

shown in Fig. 9B. Drift orbits 138 rotate in the diamagnetic direction if the £ x B drift
dominates or i the counterdiamagnetic direction if the gradient drift dominates. The drift

20 orbits 138 shown in Figs. 9A and 9B rotate in the diamagnetic direction 102 from starting point
116.

A driit orbit, as shown in Fig. 9C, 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. Tt also rolls
over the big circle 146 in the direction 102, The point 140 will trace in space a path similar to

25 138,

Figs. 10A and 10B show the direction of the Lorentz force at the ends of a FRC 151, In
Fig. 10A, an ion is shown moving in the diamagnetic direction 162 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 jon back mto the region of closed field lines. In this case, therefore, the

30 Lorentz force 152 is confining for the ions, In Fig. 10B, 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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reaction occurs. The fusion product ions, being of much higher energy, leave the plasma. To maintain
charge quasi-neutrality, the fusion products must pull electrons out of the plasma with 25 them, mainly
taking the electrons from the surface of the plasma layer. The density of electrons 18 WO
2006/09677 23RCHIUGRVB6/008251 at the surface of the plasma is very | T4 abreteastrons that
leave the plasma with the fusion products must be replaced; otherwise, the potential well would
disappear. Fig. 12 shows a Maxwellian distribution 162 of electrons. Only very energetic electrons
from the tail 160 of the Maxwell distribution can reach the surface of the plasma and 5 leave with
fusion ions.Min¢ad dEQcaktheidisttibutiemdf 2nis Hrgs continuously created by electron-electron

collisions in the region of high ity pear.the null surface. energetic electrons still have a small
: L T u RS & ek Pase it to
accommod&teTieigephitng fusidrephédudtadismapheie dergétic Slections (bskithieir energy ascending

gyroradius, so that anoma

the potentialiweliaind feavaopithouers ie.ensray. AbaHgiIthe A0 elealons&an Cross the magnetic
field rapidlyé.due %o anlomal us transport, anomalous energy losses tend to be avoided because little
energy is tranepe e RABHEF CORSBGTEN & SR bb s R RII L 48r6riascbbRfy mechanism for
electrons thatissimidrato mragisative thogling, fromexaitiplas obmwaterioeuaperagondt st be
supplied the latentheat.ofyapgrization. This heat is supplied by the remaining liquid water and the 15
surrounding medium, which then thermalize rapidly to a lower temperature faster than the heat
tran€port processEsidaHTERER I mergy. iRt an rrdpatediibhan traditeentibs well depth is
equivalent towatenBlaenthentefl vipasizalinnot Be-elestans suer dhe, reray,jegyied to ascend
the potentia}al wal Q)éfhe thgéral_ization rocess that re-supplies the energy of the Maxwell tail so that
the electrona tan eecape THE ThEHFani2afid#ipdeess thus results in a 20 lower electron temperature,
as it is much faster than any heating progess,Because of the;ppass difference between electrons and
protons, the energy transfer time ffonT B 3(0‘@"'[ AR5 %(}Oj;fz'rrfres less than the electfédh
thennalization time. This cooling mechanism aiso reduces the ‘radiation loss of electrons. This is
particularly irdporitafisteacivancedriuelsy, whisrhe adiation dosteslarecarthaness) bytfel ions with an
atorsic nuTReARARE hRNchbadiaRENG SeRRAl leldaisaallogtsion ansport. The

majority of particle orbits in the plasma layer 106 are betatron or its 1127 earge-angle collisions, that
is, collisionBAAHF e At EiHG airficireriise mumaisdivddoclin dpumyanedetaniorimrbit 2uda drift orbit. As

described ahoie, dfigdiraqian of ratatiosr aldhedillarbitis determinesRy:AcomRRtHon between the f

X j drift and the grgdient rift. If the f x | %gf_t ominates, the drift orbit
ccauss the plasma layer 106 is formed by mjecting ion beams into the FRC, the

angular velocity of ions @ is deterniined by the injection kinetic energy of the beam #;, which

20 is given by

1 2 1 2
W/: = 5]”’1’}71' = Eﬂzf(mfra) (2)

Here, V;= ay, where V;1s the injection velocity of jons, @ is the cyclotron frequency of ions,
and # is the radius of the null surface 86, The kinetic energy of electrons in the beam has been
ignored because the electron mass i, is much smalier than the ion mass .

25 For a fixed injection velocity of the beam (fixed ;), the applied magnetic field By 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 {llustrated in Figs. 11A and 11B. Fig. 11A shows three
plots of the electric field (in volts/om) obtained for the same injection velocity, @y = 1.35 x 107

30 s, but for three different values of the applied magnetic field By:
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30 rotates in the diamagnetic direction. If the gradient drift dominates, the drift orbit rotates in the
counterdiamagnetic direction. This is shown in Figs. 13A and 13B. Fig. 13A shows a transition from a
betatron orbit to a drift orbit due to a 180 collision, which occurs at the point 172. The drift orbit
continues to YoPar#Pthe' Hiamagnetic direction because the f x B drift do@{ifateddisigs23B shows
another 186-cotitistom, but s Gase the etectrostatic fretd istI9-WO-2606/096772
PCT/US2006/008251!4veak and tHePBiieterspefifiabmiates. Tletdrifoarbit thlssimotates in the
counterdi fe—direction- direction-of-rotation-of the drift orbit determines whether it is
confined or not. A péaftcle movingAn=a2dtifkGrbit will also haves ¥elocity parallel to the FRC axis. The
time it 5 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;sthws, the driftarbitg seach an end of the FRC dn.atimgrQfithe order of the transit
time. As shown in connection with Fig. 10A, the Lorentz force at the ends of the FRC is confining only
for drift orbits rotatinq%g the diama n:et1i$ gjirgction. After a transit time, therefore, ions in drift orbits
rotating in the counterdiamagnetic direc id are lost. 10 This pRendmeAdh dccounts for a |oss
mechanisntforions; which is expectedtohave existed im-att- FRE-experiments—n-fact-i’ these
experimentsatheienscafietbalfiohtbe. eurentanddhe glegionsiearieshthe.oiher half. In these
conditions the electric fieldﬁlgaside the, plasma was ne%g%ble, and the gradient drift always dominated

the E x B dritt’ Hlencd &iThet Gt S1iEDrodn dut B iaracstin e toinsrmsifisremetiafter a transit
time. TheselexperimBigts 15 deportadelen:diffoision! ates thplwerefaston traatbosespredicted by
classical diffusi 1 If there is a,str lectrostatic field, the f x j drift domjnates the gradient
et B B IR S B ALV Hormectin with
Fig. 13A. WHer e g eisiisireantmpierents ofettrés ERCubeleare refleciddpackintogdheregion 20 of
closed fielddines by the Lorentz force; thus, they remain confined in the system. The electrostatic fields
in the colliding beam system may be strong enough, so that the E x j drift dominates the gradient drift.
Thus, the electrostafiRTERF SRS M&HR HotlmyBTRIcEN tem grurdsy Bisitativgstiaton loss
mechanismirodiicheismsiimilacdios, lhssoaone dordimd rigdevits, RAnAnethear aspectaf ipn diffusion can

be appreciaied by.gapsidering the effect of small- anale  electron-ion collisions on betatron orbits. Fig.
14A shows a betal%ror% orbit 112; F?&%4Bt é??olv?/éh f S&%%Fﬁ%cﬁ%}tai% Wﬁsénlgr%(gﬁ?lghtgf@eéfectron-ion
collt€ions a}%@gﬁg@é}fg@g_sg&mx@q that electrons would not be confined. The electrons leave the

plasma and, as a result, a surpius of positive charge is created. This sets up an electric field that

prevents other electrons from leaving the plasma. The direction and the magnitude of this
electric field, in equilibrium, is determined by the conservation of momentum.
The electrostatic field plays an essential role on the transport of both electrons and jons,

15 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 By which can be easily adfusted.

As explained, the electrostatic field is confining for electrons if @, > 0. As shown in
Fig. 11B, the depth of the well can be increased by tuning the applied magnetic field B,.

29 Except for a very narrow region near the null circle, the electrons always have a small
gyroradius. Therefore, electrons respond to short-wavelength fluctuations with an anomalously
fast diffusion rate. This diffusion, in fact, helps maintain the potential well once the fusion
reaction ocours. The fusion product ions, being of nuch higher energy, leave the plasma. To
maintain charge quasi-nevtrality, the fusion products must pull electrons out of the plasma with

25 them, mainly taking the electrons from the surface of the plasma layer. The density of electrons
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14C shows the orbit of Fig. 14B followed for a time that is longer by a factor of ten 176; and Fig. 14D
shows the orbit of Fig. 14B followed for a time longer by a factor of twenty 178. It 30 can be seen that
the topology of betatron orbits does not change due to small-angle, electron- ion collisions; however,
the amplitud&vef Wnsipséital oscillations grows with time. In fact, the orbitsPERGUSAGIE/FIERSI14A to 14D

fatten out WMQ@%@’X@%‘MQ f ates classical diffusion.. Formatjon of the FRC 20 WQ 2006/096772
PCT/US2006/008251 Lonv nti%?\aéﬁsgr(aé}qﬁeoaﬁraéé B%see%ﬁ%‘?‘ésr%aéqﬁaﬁé&%erﬁ%ﬁ%%%B}S?Ph%heta
pinch-field r&sisH pretedirramithibesiiechtoviahintusddvaldidsameagnetic field is applied by external

coils surrounding ajpeutkabgas hack-dilied shamber (@nse.tisdias gesuried,the.gas is ionized and
the bias magnetic fi%Id i%frozfznéi}?%tggz plasma. Next, the current in the external coils is 5 rapidly
t

RSP BaitETy OrioR Rt R AGHAAL FETHONHER Comfrd RrtrTecsrebidtamafaten lines to

reversed and the oppositely ori
formihe clobet:topblogipoivtte FRG:SEe &igieI)shhisibarnatiomprosessdssikasgelydempirical and there

exiss almosi A RSB AIHNAMNAIDE [AIMAIoR o he ERC, The meshod has poorreproducibilty

and no timrigag capability as a result. In contrast, the FRC formation methods o ?h(l-:-ep%escent invention
f

allow for anfpie"eBhEEl MEeAPRlcvIIEdh e M sremgvs sifapion aaprbudibteagrdeess. In fact, the
FRC formedibstbgasmathoisoatibemncaseid aventisntamhedunebandris shapgaswelhas other
properties can be . directly influenced by manipulation of the magnetic field applied by the outer field
coils 325. Ii%sr?nl%g%f)ﬁn%%aémﬁﬁ%l%y %?éx[ r%}ci% o%ﬂ ey it V%%ﬁt]ilg B reslite s e formation of

he presentinv
the 18lectricHeleranerpotetitht wetriricisldrandss desorivetdtruetailsabovecMoreowengthe present 15

methods candge easily sxigoLed to.arcalpialsthe FRGI8gactor level parameters and high- energy
fuel currents, and advantageously enables the classical confinement of the ions. Furthermore, the

ag . S .
technique can be SIS, EHIHEEEHp HERIER Brlife vaRpe SISt s sHaniss Bnglyderrhplement - all
highly desirédblésciiaracterstissforseattar. Systemapl) thevpresentsethedsriiR6:fappation relates to
the circulalting plasiig: Pl diin b 20 aeRAs ApRIRciaPA hal lne.clicliatng plagma beam 335
because it is a current, creates a poloidal magnetic field, as would an electiical current in a circular
wiré’Inside Sﬂr@wﬂdﬁ%ﬂﬁf@%a@;ﬁﬁﬁ Heaieanaiapmnidhyiveatic wetudraae Reitrd doasteppases the
externally applipdriragreticiielertise 4o thegutercoili325: Quiside the plasmakeamasp, the
magnetic seelf{j.igallgnﬁoin g@g,ss me ggﬁ%tiigg Oarsizgh.enapﬂ)lieq magnetic field. When the plasma ion current
is 25 sufficiently large, t ese BRI G CARREHNE aplSiRe RETs SUpRItHE FRas St R dreverses
inside the cheangtihgnorasmbrisdicm B8 Setheliebiofamming the ER@ttpologynagshamn in Figs. 3
Maxwell tail so that the electrons can escape. The thermalization process thus results in a
20 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: Joss of electrons. This is particularly important for advanced fuels, where radiation
losses are enhanced by fuel ions with an atomic number Z greater than 1; Z > 1.
25 The electrostatic field also affects ion transport. The majority of particie orbits in the
plasma layer 106 are betatron orbits 112. Large-angle collisions, that is, collisions with

scattering angles between 90° and 180°, can change a betatron orbit to a driff orbit, As
described above, the direction of rotation of the drift orbit is determined by a competition
between the £ x B drift and the gradient drift. Ifthe £ x B drift dominates, the drift orbit

20 rotates in the diamagnetic direction. If the gradient drift dominates, the drift orbit rotates in the
counterdiamagnetic direction. This is shown in Figs. 13A and 13B. Fig. 13A shows a
‘ransition from a betatron orbit o a drift orbit due to a 180° collision, whick occurs at the point
172. The drift orbit continues to rotate in the diamagnetic direction because the & x B drift

dominates. Fig. 13B shows another 180° collisior, but in this case the electrostatic field is
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and S. The requirements for field reversal can be estimated with a simple model. Consider an electric
current [p carried by a ring of major radius ro and minor radius a << ro. The magnetic 30 field at the
center of the ring normal to the ring is Bp = 2rclp/(cr0). Assume that the ring current IP = N,,e(Co/27-,)
is carried by W@ 0¢Etdizhave an angular velocity Do. For a single ion ciRGAatRgoatpsEhts ro =

V0/QO0, C20 = eBolin,c is the c%;%éo ron frequency for an external magnetic field BO. Assume Vo is the
average velBEitP0F R BEAR' .ﬁé]?c?treé\ﬁ%lsea%/r}s O%e]L e ’“é%%i 2005 g?ﬁégc
PCT/US200w/@88251 NneS20 = BP >2Bo (3) roc which implies that N. >2 rola;, and ? ne-Vo (4)

rca; where a, = e2(N,62 7, 3,5 Hh G £ and 590N GRBIY IS dnfnti-dhthe.one 5

dimensional model, the magnetic field from the plasma current is B,, :étit/c),ip, Whe,reega is current per

unit of leng@PRHR HETPEvardAl ARRHTERTEIO T AVaI0ERHPER S & 355 kv WHEFEBb = 69.3 G and

; N.,.M0' = 108« heharrlmodelmwithbpesiathe fingR @ndiBais-averagedt oty thelkkiabtoordinate ~B_) _
(2ir / c)(In Is) (s,4s.the ring spacing), it s.= ro., thi del M Jnagnetic field
as the one é%r%]%fﬁ%i%%nasfpn%gé?eﬁh\?ﬁ‘t ,lepégfﬁ ngﬁ%e%%}%b%% Beégﬁrg Blgt%?%g%ggﬁﬁioggéﬂ&ﬁeqhnique A
preferred mithetitofforrn Hig e RRCWAtHR tEhdoaffembatevaiafreootdestrised hasdiefs herein

termed the ggmmbineshiesribetatiandechpigus.s Jhis.appreacheombines lowsiengegy beams of
plasma ions with betatron h%g elﬁration using the beta&r.on flux .CCH'I 3%%1 Thee1 firtst step in this method is

to inject a sUFEERRRANY: AMATTEP 5 A TAYRI DT BB ACKYPBURY Badima' A the chamber 310 using the
background plasniaisotrces34b 2Qoner daila BRSymdduisesier mag ndiid fietdriekiddthevehamber 310,

which magngtizes;the, background lagma. At Shortiniervals: |awisnesavdendaeams are injected into

the chamber 310 through the injector ports 340 substantially transverse to the externally applied

magnetic ficTerrRitiRe the clerapap erdabhaebsbialindt Besvantiets fhp srideAd4agpe i within the
chamber 31;9&@5119@1@ negligible, and the gradient drift always dominated the £ x B drift. Hence, all the

drift orbits produced by large-angle collisions were lost after a transit time. These experiments
15 reported ion diffusion rates that were faster than those predicted by classical diffusion
estimates.
If there is a strong electrostatic field, the E % B drift dominates the gradient drift, and
the drift orbits rotate in the diamagnetic direction. This was shown above in connection with
Fig. 13A. When these orbifs reach the ends of the FRC, they are refiected back into the region
20 of closed field lines by the Lorentz force; thus, they remain confined in the syster.

The electrostatic fields in the colliding beam system may be strong enough, so that the

E % B drift dominates the gradient drift. Thus, the electrostatic field of the system would avoid
ion transport by eliminating this ion loss mechanism, which is similar to a loss cone in a mirror
device.

25 Another aspect of ion diffusion can be appreciated by considering the effect of small-
angle, electron-ion collisions on betatron orbits. Fig. 14A shows a betatron orbit 112; Fig, 14B
shows the same orbit 112 when small-angle electron~ion collisions are considered 174; Fig.
14C shows the orbit of Fig. 14B followed for a time that is longer by a factor of ten 176; and
Fig, 14D shows the orbit of Fig. 14B followed for a time longer by a factor of twenty 178. It

30 can be seen that the fopology of betatran orbits does not change due to smali-angle, electron-
ion collisions; however, the amplitude of their radial oscillations grows with time, In fact, the
orbits shown in Figs. 14A to 14D fatten out with time, which indicates classical diffusion.

Formation of the FRC
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20 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 oflntense Charged Particle Beams, (1982)). As one of skill in the art can appreciate, the
applied magmadedfietdavill exert a Lorentz force on the injected ion beam BSIsoMiagiBters the

chamber 310; howsyer s dssiied.hal b baam petdelash.Ad.25 s, ot snfet g betatron orbit
b e this rgblf

until the ion beam reaches the circulating plasma beam 335. To solve problem, the ion beams are
neutralized A8l SRr6HEarta s SAtErHsg metiad: F9ienmannttie fsi bearlsbbyigsgirested through an

appropriatessirgagtie-lelg » sushabgethaciuniditestional appliadimagnetic.felgnithin fhe.chamber 310,
the positive| ar ed ions and .ne t%el / char e}%ﬂel trons separate, The ion beam 350 thus
acquires an&)é‘fe%tr}%agéﬁa 0] %%ﬁée%?zh%%n d ge 5 ﬁ%es m&';lg%rc?:é‘”ﬁéE %‘Feﬁ%g% 12 Fhagrena A8l Hiso may be
produced birredly. reyepsedrindibnrrmeagitbt ichip Gmaiety divldgnet alongthelphtreitheion beam. When
subsequentis;32KO:2AARIARTTERGTHLS PRI rigtrusedinto b sanfiogment chamber

310, the rei%ntalnt electric field balances the magnetic force on the beam patrticles, allowing the ion
beam to drift GRSTRRHEH, TGI8 SHIWE BN AR G B SHB SR eEmAT B0 HES  BSntacts the
plasma 335l iksdépitted pedectronndiightthe! plasme 3ghitayvekalangiimagnetic field lines into or out of

the beam 350, whichythecebi. e, e ails IRGY s Apletzalian, Yhen the beam oo longer

electrically polarized, the beam joins the circulating plasma beam in’a betatron orbit around the
priniple axfBBAEYids 2dpMRARICHIAL P sBe Rl SePre Sy amrerith & Sias e Hafrses travels in its
betatron orhittlibés A NGNS BRAMISRT CHRNa WRICH: R HIR-IXESHHS i a:ReIQidaL magnetic

self-field. Tg.praduce the ERC 10.topolo ithin the ¢ ber. 310, it is necessary to increase the
velocity of t%ée%%g.é?r%%%%irgy §?‘§fptlhﬁ%0}1ncr%eg§s%a§“t 18 r}n;%%]?‘ﬁﬁ[ﬁé%}f ?We%ﬁ%d%&i%ogé fi%feld that the
plasma bediPrBason Al desst Ry hemethedneliheticsselififisittislaige rendughtihfairsiotion thé the magnetic

feld at radigklivtagnes FT e AFiRER MILIR NIERRSTRDERTL VRGeS, NG ise to a FRC

(Se% Figs. 3 q\?d 5). It can be a%preciated that, to maintain the radial distance of the circulating 15
plasa bedRT3%5 R BEFEHERi Ao etebedh tdaracask ioupprss madieic field from the
outer coil 32&as the circulating plasmadieame2dhinbseasasdnovetasitynfocontigls System is thus

provided fogmaintaining.an Appropriate applied magnetic field, dictated by the current through the
outer coil 325. AIternei%v%ly, a geco%ajgartlpro o ?rl}gy%@’ﬁéggﬁgep%%vllsd‘ee%ré}qjélamﬁgﬁ%ilagpplied
magnetic fiEldtiRaBleaGHi et b ghaiftsimbinchaskiss sictferprasivra@@eam's orbit as it is accelerated.

In the present methods, FRC formation relates to the circulating plasma beam 335. It
20 can be appreciated that the circulating plasma bearn 335, because it is a current, creates 2
poloidal magnetic field, as would an electrical current in a circular wire. Inside the circulating
plasma beam 335, the magnetic sel-field that it induces opposes the externally applied
magnetic field due to the outer coil 325. Outside the plasma beam 335, thie magnetic self-field
is in the same direction as the applied magnetic field. When the plasma ion current is
25 sufficiently large, the self-field overcomes the applied field, and the magnetic field reverses
inside the circulating plasma beam 333, thereby forming the FRC topology as shown in Figs. 3
and 5.
The requirements for field reversal can be estimated with a simple model. Consider an
electric current Jp carried by a ring of major radius o and minor radius g << ro. The magnetic
30 field at the center of the ring normal to the ring is B, = 2n/#/(cr,). Assume that the ring current
Ip = Nye{Qo/2m) is carried by N, ions that have an angular velocity Qp. Fora singte ion
circulating at radius 1y = Vo/Qq, Qg = eBo/myc is the cyclotron frequency for an external

magnetic field By. Assume ¥ is the average velocity of the beam ions. Field reversal is
defined as

21



To increase the velocity of the circulating plasma beam 335 in its orbit, the betatron flux coil 320 is
provided. Referring to Fig. 17, 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 chargedoiavsirethe plasma beam 335 are accelerated by 25 thig{ridcsdesisetic field,
leading to field reversal as described above. V\f\pee?)ion beams 350, which are neutralized and
polarized as described above, are added 12} the circlilatipg, plasma beam 335, the plagmya beam 335
depolarizes the ion beams. For field reversal, thé€girculating plasma beam 335 is preferably
accelerated 10 g j1otational Rfnesgy; gif Ahout 100 eV, and preferably in a range of about 75 eV to 125
eV. To 30 reach fusion relevant conditions, the circulating plasma beam 335 is preferably accelerated
to about 200 keV and preferably to a range oifagqiﬁc_; 100 keV to 3.3 MeV. FRC format@rp was
successfully demonstrated utilizing the combinéd eam/betatron formation technique. The combined
beam/betatron formatgon tgchnigjue was performed experimentally in a chamber 1 in in diameter and

1.5 in in lendfiG&ing i éxiernalls AbpIfdes WS LBBEIGEERY & BeTiusPobBIeB8251 magnetic field

of ugto 50Qufz.Amagnetis figld-fremdbadetatingRlaema indused By-theybetatin flux coil 320 of up to
5 kG, and a vacuum of 1.2 x 10-5 ton, In the experiment, the background plasma had a density of
1013 cmf3 MBSO ebI§ s Th 8t Arsst HRREERTR Bdamak: Wiqﬁfﬁgé%%l%ﬁ/am.z x 1013 cm-3,
a velocity ob2et18 Zenis;and apuise leogth ofoparundafl saldnaifbeiahty, kigldsgyersal was
observed. Betatron Formation Technique Another preferred method of forming a FRC within the
confinemenesyshe D@ dsdineie(s 1o @B{ép betdtrotbformmatipnitesifique. tihiseddhnique is based
on driving theﬁpdeﬁatro%induced current dire t%to ccelerate a.circlulaténfg ‘ﬁPI sma beam 335 using the
betatron 10 UK coll S0 SIS BIRHE S ERMBEHIASAT SRS CURRMIEH 98 Rl dnfiri&ment system 300
depiéted in Eignbinadk ; elinfewtion Gilwgwnergy ion beams is not necessary. As indicated, the

main component in thebetalanJoNTEian e S #hecbeiaren. Ixcoded20mpunted in the

center and along, the axis of the chamber 310. Due to its separate parallel windings construction, the
coil 320 exHiBItS VIS TOWPIRFG RS FOBBREr BB BT SeF B 9es an HbRdRAY SeRiiPsdece, has a low
LC time conrstagt bednichbignahle sorapittirasyratpedbeti et inctba-iiux 4ol @2@2Breferably, formation

of the FRC commepces ycenerdlzing e sxlemal ield cals 28, A% L5 proyides an axial guide
field as well as radial magnetic field components near the
background plasma in the chamber 310 using the background plasma sources 345, Quter coil

325 produces a magnetic field inside the chamber 310, which magnetizes the background
plasma. At short intervals, low energy ion beams are injected into the chamber 310 through the
injector ports 340 substantially transverse to the externally applied magnetic field within the
chamber 310. As explained above, the ion beams are trapped within the chamber 310 in large

20 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 applied magnetic field will exert a Lorentz {orce on the injected ion
beam as soon as it enters the chamber 310; however, it is desired that the beam not deflect, and

25 thus not enter a betatron orbit, until the ion beam reaches the circulating plasma beam 335, To
solve this problem, the ion beams are neutralized with electrons and, as illustrated in Fig. 15,
when the ion beam 350 is directed through an appropriate magnetic field, such as the
unidirectional applied magnetic field within the chamber 310, the positively charged ions and
negatively charged electrons separate. The ion beam 350 thus acquires an electric self-

30 polarization due to the magnetic field. This magnetic field also may be produced by, e.g., a

permanent maguet or by an electromagnet along the path of the ion beam. When subsequently
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ends to axially confine the plasma injected into the chamber 310. Once sufficient magnetic 20 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 WX 2¥8/fleEma reaches the mid-plane of the chamber 310, ar€driosvsszsially

extending, annular layer of cold, slowly moying plasma is established. At this pojnt the betatron flux
coil 350 1 GBS o S IR VG T 6 S SN B 0rE o e RhRGIRGY il e i
the coil's inténior oBihwirtae piindhscileraffetisiothisaapidlirt redsieimedxi@ikfluk sbawsesdie generation of
an azimutha} electric fielf, 5,568 Figs 4 8)nichnermeates hespacs aounddas flwg coil. By

Maxwell's equations, this electric field E is directly proportional to the change in strength of the
magnetic fluX3iaide tieEhalonemagngdtdicheiati oRe oI Ch ke PaAmhap Wik 2yis & inger electric
field 530 ThensdugirvelycaieatediglaciiicwWialt (= couple sdadie-chargeaipatiiciesdinHdie:ptasma and
causes a popderpmolive forcs, which aceslerates.ihe pariclss.indhie anaularlasmalayer. Electrons,
by virtue of {heir smaller mass. are the firs species to experience acceleration. Tha “initial current
formed by thkopFOaESS is(stsusoptiEatily due to electrons. However, sufficient acceleration time

(around hundredsf migosseeRNEek Wik enontually alealpagin 108 cWIRMNondtWR:2Q06/096772
PCT/USZOOG/OOBZS%ﬁ,eferring to Fig. 18, thi Iectric,fielifgé%celerates the electrons and ions in

S .
opposite difSSTBhS AL BB EHEERE Bk I?F?éﬁa%%ﬁﬁg citl@ P eteMEE arried about equally
by ifns andelelctronghishaotadialyove, the rcurseny cairrecidoyithectotéatingtidadmazdives rise to a self

magnetic 5 fialdy, [he LIealion qhINEAGMUAFRG ORI ReISHR WOSRRE Sell, agnglis field created

by the current in the plasma Ia%%'r ecomes comparable to the applied magnetic field from the
external field"CeitstsB22ps6¢ Kt riidbikiren spetiche dBrmived s e dndetfatépis field lines of the

initial externaidypesdiiethsnagnetcigid hegiaste claseandkarmasthevnR Gl ux. sudacss:(see Figs. 3
and 5). 1O‘Tlg1esb§1se FEIC{‘} gast%blished.% igtrpethod ex ibit%igf(ad?st ma%wetic fleld and particle

. 19, 3 and. 5 C AppIrocia 0 maintam.the rai 1S1a1Ce £ ouguiagng . .
energlies that %re typic not at |pé]ac or reievant operarflng parameters. ?‘I|OW€V€I‘, t é inductive

eledtfic accaleratdafieid Wil hebststrasibiigidas iressutrrinmetse thetatron fegnstid 836 continues to
increase at gsapid Rte: HhesffechotiiaRcassisthal e SRR anIolR). magReic field strength

of the FRC continues to grow. The extent of this process is, thus, 15 primarily limited by the flux coil
power supply*5E& Colftth B Sl R T el Re A BRTIPSS 'S “PREES MasBrl 35 SO kigelbaike However, it
is, in principalpstitaightibrivandito @dcEléraitidinetively, a second outer coil may be used to provide

the additional applied magnetic field that is required to maintain the radius of the plasma
20 beam’s orbit as it is accelerated.
To increase the velocity of the circulating plasma beam 3335 in its orbit, the betatron
flux coil 320 is provided. Referring to Fig, 17, 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
25 this induced electric field, leading io field reversal as described above, When ion beams 350,
which are neutralized and polarized as described above, are added to the circulating plasma
bezam 335, the plasma beam 333 depolarizes the ion beams.
For field reversal, the circulating plasma beam 335 is preferably accelerated to a
rotational energy of about 100 eV, and preferably in a range of about 75 ¢V to 125 eV, To
30 reach fusion relevant conditions, the circulating plasma beam 335 is preferably accelerated to
about 200 keV and preferably to a range of about 100 keV to 3.3 MeV,
FRC formation was successfully demonstrated utilizing the combined beam/betatron
formation technique. The combined beam/betatron formation technigue was performed

experimentally in a chamber 1 m in diameter and 1.5 m in length using an externally applied
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system to reactor relevant conditions. For field reversal, the circulating plasma beam 335 is preferably
accelerated to a rotational energy of about 100 eV, and preferably in a range of about 75 eV to 125
eV. To 20 reach fusion relevant conditions, the circulating plasma beam 335 is preferably accelerated
to about 200%ke\t@mdIpTeferably to a range of about 100 keV to 3.3 MeV. RUK&is1oveBeEaMs are added
to the circulating plasma beam 335, as described above, the plasma beam 335 epolarizes the ion
beams. FR@%‘F?H&@@WGﬁHE|W§QH@b%Fé%?Bﬁ%W%§8W?@EH?’?Pd%§ DR REELGIN®25 demonstrated at
the f0”0W|nQeR&rﬁmlﬁI£Jd@¥§{bsof M—aﬁm chdm barudgmnsmnso “aheutr i digetetens, 1hé in length.
Betatron co dius of orhi Egadlus 0 Mean extern ield produced in
the vacuum’¢ ??%W %g%%n rIéafio auss{S 30 with a?é%lpeﬁ}ﬁ B’eaﬁg % IS gnéa%mrror ratio of 2
to 1. (Sourcea@istenildeasity dﬁétatrdﬁ‘?:oﬂsi aTh@Cﬁ&@lﬁ@ﬁ@@lﬁopram‘éa(wbsﬂalﬁﬁthW Hydrogen gas)
was characierized b m%%e sityof About; 101 3em:34 kinetic temperature of less than 10 eV. 25
wO 2006/096772 P USZOO 008251 The lifetime of the configuration was limited by the total
energy stored¥¥iHe At generally was around 30 s. The experiments proceeded by first
injecting a backgrgmed;@lﬁsmaea)aemb& sMoaradig efFOaiichbleginsmosysted HEicircular fashion
inside the cleEiz enn%g%w %O”%Ctl %nﬁg%‘l §3O guns é% ag;moynted on %Q {p&&r&%‘; gtHyrror coil

assemblies. The guns were azimu y spaced’in an equidistant fas ion and offset relative to the
other set. Th@ﬁmam@mm%@&@dﬁoﬁh@ekﬂﬁg5[6%@##@%1@%%&@?@@%%%@%@?@6?%reated an

annglar plagmadayeso Uponesiailishment-obthislayandhabetay opfiux.coll was-epergized. Rising
current in the betatron coil windings caused. an § rease in, flug inside the ggell which gave rise to an
10 azimuth&FRIEEHTR Fidtd ORGSR AR At S R iR P S Bih current in the
betatron flux coil prethitet:d strongnelworodield, theltichtaodetertiot thmamn il deplgigiea layer and
thereby ind %%&1%5&%%!&@& ihaAl SuiGiRn I SIRNG IsHEERIRNLRIDIYCEY & Wggaglic self field

that altered e externally supplied field and caused the creation of the field reverse conflguratlon

Detailed méﬁ’éﬂ?@rﬁé‘%%ﬁﬁ@%ﬂb%%‘eﬁﬁ@ﬂ‘%ﬂ@ BN SRigRsend PRAAARH & the FRC.

15 an adequate power source, has a low LC time constant, which enables rapid ramp up of the

current in the flux coil 320.

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

20 field is established, the background plasma sources 345 are energized from their own power
supplies. Plasma emanating from the guns streams along the axial guide field and spreads
slightly due to its temperature. As the plasma reaches the mid-plane of the chamber 310, 2
continuous, axially extending, annular layer of cold, slowly moving plasma is established.

At this point the betairon flux coil 320 is energized. The rapidly rising current in the

25 coil 320 causes a fast changing axial flux in the coil’s interior. By virtue of inductive effects
this rapid increase in axial flux causes the generation of an azimuthal electric field E (see Fig.
18), which permeates the space around the flux coil. By Maxwell’s equations, this electric
field E is directly proportional to the change in strength of the magnetic flux inside the coil,
i.e. a faster betatron coil current ramp-up will lead to a stronger electric field.

30 The inductively created electric field E couples to the charged particles in the plasma
and causes a ponderomotive force, which accelerates the particles in the anmular plasma layer.
Electrons, by virtue of their smaller mass, are the first species to experience acceleration. The
initial current formed by this process is, thus, primarily due to electrons. However, sufficient

acceleration time (zround hundreds of micro-seconds) will eventually also lead to jon current.
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An example of typical data is shown by the traces of B-dot probe signals in Fig. 19. The data curve A
represents the absolute strength of the axial component of the magnetic field at the axial mid plane
(75 cm from either end plate) of the experimental chamber and at a radial position of 15 cm. The data
curve B repr#éeateafigs dlisolute strength of the axial component of 20 theP&Eghie/ fisrf bt the

chamber axialpid:lang andat auagdial Aesion eLAQ M. The sHIye: A dala sel, therefore, indicates

magnetic field strength inside of the fuel plasma Iaytledrﬁ(/lbe.tween betatron co and plasma) while the
curve B dat3€stieRspletsahethiatirsnecni edtiemyti oiteriissonmefirearisdrhevager bty data clearly
indicates thatsthexdhersaragnetic field reverses orientation (is negative) between about 23 and 47 s,

while the outer fie!gssﬁt&gi ositi&eﬁ, i.%.é %5 do%%)z%gerl%\éaerse rientation. The time of reversal is limited

by the ramp-up of curren %Ot‘ﬁé SHATON Lo Chee PeakehirEht RIS AEREY ifrtHE8fron coil, the
induéed curfiglst iditherfaiedn plaberatial/ER Stiorsl egyoketrsasbeatics tht BRG:tagdidly cleoal/sy Up to now the

lifetime of the EREnisJimitadshY the-eesrdythabsamhasiragin e, SRR g My Apwith the injection

and trapping experiments, the system can he upgraded to provide longer FRC lifetime and

, th
acceleratior 1538 Féaé%f’(?il?éf)es\?&x(ﬂ‘pﬁ?g?ﬁéi%%.“6%%‘"?%’%“?@8%Rfﬁlérﬁ%}’fdcfhﬁpb%éﬁ&s a compact
FRC, but it i:vedsd tteliusizbederstibightiocadard gactinfle tienin Mesidsnpo rtanttye Hietase FRC created
by this met@glqaggp(&g i sgyéﬁgg)elerated 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.

26 WO 2006/096 772 PEHBS 208008 b iy reflieai e Piasime SsureeTirelistandpedise beam/betatron

FRC formatiaerieehnigues prsnsihe abere:heth el Rrdmpaingenerawioa backarawad plasma via
the flux coil 320. Analogqus transformer, the flyx coil performs the dyties of the primary windings
of the trans zar%qiecr?%ﬁ? e%lﬁg pﬁgs‘r’@lpaeé %Sr%a%éof a%ﬁ’ced:ﬁ* 5%;‘/1%}{%%]}’38‘50&%{}%‘3%1{3&%ctive system to
work efficiepRiyitings iriparasies shepidbreplabnediistaijobgroorsd ictor tRomatey 4odtypital conductors,

such as mejals, AiPIIMANEEAIPES 1885 (GRIFHVE ARy tHE, MELEFANIHEHVE ASiztemperature

increases. The te,mEJ,erature of plasma electrons, in”_ particular, plays an‘important role and, to a large
dedree, de®RRSTHREDRY B ARhRrA RN PRI BY BRSE SR BH E SHisTO s R e ence, dissipation
is due to resistaineenwhichvisceausediby-etedtranmanisalisieasizthehighes theeellisian frequency, the

hlghgr the rS%'r%HHBYreI&&? nglega%?%%&ﬁ %I(lzs(.)ll(-:‘.cpve phenomenain a plasma,lwhere the goulom.b.
collision cross-section is screened. The collision frequency (the rate at which successive collisions
occur) is essenti aﬁyraﬁeld reversal, the circulating plasma beam 335 is preferably accelerated to a

rotational energy of about 100 ¢V, and preferably in a range of about 75 eV to 125 ¢V, To
20 reach fusion relevant conditions, the circulating plasma beam 335 is preferably accelerated to
about 200 keV and preferably to a range of about 100 keV to 3.3 MeV. When ion beams are
added to the circulating piasma beam 335, as described above, the plasma beam 335 |
depolarizes the ion beams,
FRC formation utilizing the betatron formation technique was successfully
25 demonstrated at fhe following parameter levels:
¢ Vacuum chamber dimensions: about 1 m diameter, 1.5 m length.
¢ Betatron coil radius of 10 ¢m.
e Plasma orbit radius of 20 cm,
e Mean external magnetic field produced in the vacuum chamber was up to 100 Gauss,
30 with a ramp-up period of 150 us 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,
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function of density, screened coulomb scattering cross-section and thermal (or average) 15 velocity of
the colliding/scattering charges, i.e.: vc=nav. By definition v scales with T"2, ais proportional to v-0 or,
thus, T-2. The collision frequency VO is, therefore, proportional to nT-3/2. The resistivity is related to
the collision EUEKeYBI2It=vOrn/nee. Hence, the resistivity is proportionEEUS 3P WEEF L notably,
independent of density - a direct result of the fact that even though the number of charge carriers
increases with*deRai it ST Seaiea iRy CEHES Y JoRi L s SOTRAIR Phus, higher
temperature leadsig-highehpiasma:ceradatvity #ngkless dissipative losses. To achieve better
performance with regard to confinement in an FRC.. t [ ' sirable. In the
case of the PEG ililégtféx ?nenﬁ?%%reoaeg 8‘(}:&36%1 é%‘é‘?‘gﬁ? %a%%@%ﬁ%%%%%%%@gg%% (the better a

conductor theapldsabie lgecomresiaha betterthédhigodies i chaphag Bathvedliire pfdsHiafand flux coil),

bettey curregt systainmenttedugad Plasmaesisiviticleads tadess kiglionalidisgipatJe losses and
hence less current loss) and higher_magnetic fi Iql %%rene%thr the stron)ger tsﬁf% cu rfen the more
[

self-field). AdEqHsiE Bt 1R ERATERE EURA Aprasa o iSh And'Betore the flux coil is

engaged wiluiead te fibettémcbupingofithediey coitta theplabmaa@whiklicadvantageously tends to

e o havaonDRP L ALREIMATIA 030E HU R Hhe chauneliheT s bifivh oSt

enhanced betatron‘acceleration (less resistivity leads to better inductive transfer of energy from flux
coil to plasrg)baitigaei e PRRET IYSERBTERS impbur e Hiibe ot Brk gy astépitsented by the
rotating cureensfleyy nvlihermalizeane umite ransdantnergyk tttimatehdeading:tot edting of the

plasma by the flux coil), which wil| consequently increase the ion- 96772
P CTIUS 00T IS R e e o A R ity
and allow uitidribtedyyfodtiedattirablentofitighef EREYHERNS (HigHe ceurPe AtRYIEAd t:8E5HGer fields). To

achieve betleyripifiakplasied gD PRLAkIIe s ARHBIHSIVA PLAS IR O bIGAAS Pravder rdedepicted in Figs.
20A, 20B and 20C, the inductive plasma source 1010 is m,ount%ble within 5 the %pamber 310 about

the end of tHeMAERRER3 315 Al MEITTES R SNEIERTH, SRBLIE S S5 HER™ 658 fHLTE

atis preferably fed
by a high valtage{abeutisTS kV) power source (not shown). Neutral gas, such as Hydrogen (or other

appropriate gaseoys fusion fuel), is, introduced intq;the.. ) Jdirect gas feeds via a
Oknrﬁxemag'ﬂe i Qﬁiggf% B iE:saHiFR SGABY auah.direed 9o

Laval nozzle 1020. S IS contro referab%/ by sets of ultra fast puff valves to produce a

clean shockBrodetance Ao apresers baibrivssienalnd thesxid soveram Hidripastitdiover the

surface of thesolxwindings.t049.af the shaskcoHiOB36) thewindingsl LBdOaraene gizid. The ultra

f rren i
ast curre tposi tion of 15 cm. The data curve B represents the absolute sirength of the axial component of

20 the magnetic field at the chamber axial mid-plane and at a radial position of 30 cm. The curve
A data set, therefore, indicates magnetic field strength inside of the fuel plasma layer (between
betatron coil and plasma) while the curve B data set depicts the magnetic field strength outside
of the fuel plasma layer. The data clearly indicates that the inner magnetic field reverses
orientation (is negative) between about 23 and 47 us, while the outer fieid stays positive, i.e.,

25 does not reverse orientation. The time of reversal is limited by the ramp-up of current in the
betatron coil. Once peak current is reached in the 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

30 reactor reievant 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 sirength. This is

crucial for fusion applications and classical confinement of high-energy fuel beams.
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and flux ramp-up in the low inductance shock coil 1030 leads to a very high electric field within the
gas that causes breakdown, ionization and subsequent ejection of the formed plasma from the
surface of the shock coil 1030 towards the center of the chamber 310. 15 In a preferred embodiment,
the shock coW@aBM:®8fA[rises an annular disc shaped body 1032 bound@®d B¥&ate(tfEtying 1034

formed abo:.;t&ts outﬁfagggigguerr% and an annular hub 1036 formed about its inner periphery. The ring
1034 and h ly beyond the surface of the body 1032 forming the edges of a open

top annular channéhelg@8roThaddedy. taarniiy- 1od aeditnlibi 08 G aralsraferabigtiortned through
unitary moldggl.constiuction ot an 20.28pIRRMAIE BRACERdHEIY e matelal With,goedyacuum properties

and low outgassing properties such as glass, plexiglass, pirex, quartz, ceramics or the like. A

mult-sectiorldd B%OE‘B&%‘?%‘?%%&’F&%‘W&P}&Wé"d“{%nﬁ?é"?i’i]i‘a RSP TRHh & SR RB46%D) to limit the

prodiced plastresfrond:dyiftinginadidity ifheck:aect eysitilid wbilhefShiratig, 0d 2vinetidasaa plurality of

axially extengé%ng%rgg’lo%gogcmﬁpds of each section 1014 include a 25 mounting bracket 1015.
[

The coil windings 1040 are preferably affixed to the face of the coil body 1032 in the channel 1035

using epoxy or soffétRét WpisrOprTstec BEh Bkias TeEhtamiomas e irfageritie e @hdracteristics of the
shock coil 1§36 rilis iRpREaRtioikeanisinduciangs, asiouhashessitlisidhisiisashiaved by using as
few turns in t%% coil 1940 as. pos ib%e, S etll as buil&ii&g% tfhetcoil. 301040 Lp of miJI.tipIe strands of
wire 1042 tHa écpea\l}vgﬁﬁsdafhlp raifter. e ah éxoeameb1r erye mboaiment, t %S?&?ﬂbf&lgé}ﬁﬁrised 24 parallel
strabdls of wirectiongf @etyofawhidhsexeciredscorre doepaiiingavire & e eck veyin @bewtry points

1044 that arg lacatediprefarably ahouthe: €eoseasARaLORheOUIBEPRHmELErAf the;bady 1032 and

end after only one axis encircling turn at exit points 1046 on the inner radius of the body 1032. The
coil winding€*f 3878170 LBEBE 72 HREFRISTIT0 T 08YS T ifdfsigrarsver it entire area
between thesirmeriantoutitisied gegrehchénnell03Mhifraferabiy conoips ofatiandsdidd are

connected 9,3 CARAEIE SI0IA0G PARK. D ARSIk ROVES tﬁggnqebésgvé?a g strands 1042 Trom
to o ;

the same capacitive storage bank or, as in an exemplary embodiment, roups of ;23 strands 1042
eachk’are coftletirafibyethatingierctmnachiyerad by wnecs Sivaigaparatescalpavitivé Storége banks. An

annular discsshapedanezeiebady 10225 conpledabout-ls Innerpermeter io:the Hyk-4036 to form
the Laval nozzle 1020. The surface 1024 of the nozzle body 1022 facing the hub 1036 has an

expanding miF<EEaSHIPp oM e ircalisemirer gk Blamummnss Beiweba reretisiifiice 1024 and the
face 1.037 oftheruial 10367 Adiaceniihaaptenareuphaiyl theeezelfl: of the fact that even

though the number of charge carriers increases with density, the number of scattering centers

20 increases as well. Thus, higher temperature leads to higher plasma conductivity and less
dissipative losses.
' To achieve better performance with regard to confinement in an FRC, a hot plasma is,
therefore, highly desirable. In the case of the PEG system, enhanced electron temperature leads
to improved FRC startup (the better a conductor the plasma becomes, the better the inductive

25 coupling between the plasma and flux coil), befter current sustainment (reduced plasma
resistivity leads to less frictional/dissipative losses and hence less current loss) and higher
magnetic field strength (the stronger the current, the more self-field). Adequate eleciron
tetperature during initial plasma formation and before the flux coil is engaged will lead to
better coupling of the fiux coil to the plasma (which advantageously tends to reduce the

30 formation of azimuthal image currents in the chamber wall). This in fum will result m
enhanced betatron acceleration (less resistivity leads to better inductive transfer of energy from
flux coil to plasma) and plasma heating (some of the imperted directional energy as represented
by the rotating current flow will thermalize and turn to random energy — ultimately leading to

heating of the plasma by the flux coil), which will consequently increase the ion-electron
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10 body 1022, the surface 1024 has a contracting-to-expanding profile defining an azimuthally
extending Laval-type nozzle outlet 1023 between the surface 1024 and the face 1037 of the hub
1036. Attached to the opposite side of the hub 1036 is a valve seat ring 1050 with several valve seats
1054 formedwi® t@6d13tE7 Xace of the ring 1050. The valve seats 1054 are 8fgHeda#@¥rH gas feed
channels 1052 formed through the hub 1036. In operation, neutral gas is eeddtatl ough ultra fast puff
valves in tiseligneissdtsa paueks: (ReRFEREnaliiee ﬁ‘@%@@?&éﬁﬁﬁ&sﬁfgﬁéﬁ%e Lol% 1036. Because of
the constrigting.Rerignsefthenaz semautef 1023 dhaighas tendsitd-tdad sntognddifisthe annular plenum
1025 prior to emanating from the nozzle 1020. Once the ; f% le 1020 and
distributes 20 itself 5?5/3%@5&&5%? 1611%15‘ ggatﬁrelacgl %fﬁ%fggtgsﬁ i%%%%?@%ﬁggﬁ%ﬁ %)ggété he windings
1040 are enaigized. iTFauRfdfa6Bemd eACahd HncHAReaRa AN SN SRTORIRESHEER coil 1030

leads to ayery high electis fieldwithindihe.gas that causes:breakdewndosizatios and subsequent
ejection of the formed (i)lasr_na from the surface of the s?obck tcgﬂ S’L%O to&ag%s&@aﬁgmter of the
chamber 338eBTHE Hﬁ@ﬁ??%ﬁ&ﬂ&qg?ﬁé@%ﬁ?}% Bchronized’ i alf'strands 1042 or groups of
strands 10419t aratntendedtoebEfitedaogetian dnothertoptormsfatiis edsilsle and potentially
adva Ntageous, .19 fire gt E;%{g@ { ETRSJ{%?{;Q&%H&%&@'Ea@tféi}éé%fﬁ%tﬂmﬁoﬁlng.C@ﬂe ba detiberately
instituted between engaging different groups of strands 1042 to fire dlffere%% group of strands at
different tirfeseninped gt diffaravit grolipelet BRI A UMt ARTER SPYT O hpohtint to group
strafds in gway sedhatdhermirangemeantis.azinutbatly synimetriceantaprofitesogufficient coverage of
the surface qf the cail 1040 with curr, rrying wires 1 Y this fashion
it is possibl‘g’ﬁﬁgllf?éé%aé?qgé?ss[i’t%% Cé’é?r@g%%%%e“%nutl n%?szt%ff?g% égﬁga&r%'ls?e%qgﬁg%ggﬁ%ﬁ]ween pulses
is limited byhichwrmuchresntia asiiduevatkbieck poprHEiteads i pyesibiesisraiste pulses between
about 5 and, 600 MICIe-ecaNAs PRAMAR0BIIAG] 23 RETEAHISR006/66825 e apaKd Ppractice, the
input operating parameters are preferat])tl%ras follgw‘% CQargyﬁtg Vgal}na%g:: %;out 10 to 25 IN split supply
Current: upi¥erabssrsrae ttaledrreitc RO IR Witdiigs con 5 Pulse/Rise Time: up to about

fahgs combine
2 microseconds Gas Pepasdranaliout2thitaisipsiiPleurrsizisssiroundd s semgdpdr valve - i.e.:

about 4 to Ei(%@ %ot&)r} édgb%fsa}{ lIHQI] %I%ef() 34 formed about its outer periphery and an annular hub 1036
formed about its inner periphery. The ting 1034 and hub 1036 extend axially beyond the

surface of the body 1032 forming the edges of a open top annular channel 1035. The body
1032, ring 1034 and hub 1036 are preferably formed through unitary molded construction of an

20 appropriate non-conductive material with good vacuum properties and low outgassing
properties such as glass, plexiglass, pirex, quartz, ceramics ot the like.

A multi-sectioned shroud 1012 is preferably coupled to the ring 1034 of the shock coil
1030 to limit the produced plasma from drifting radially. Each section 1014 of the shroud 1012
includes a piurality of axially extending fingers 1016. The ends of each section 1014 include a

25 mounting bracket 1013. ‘

The coil windings 1040 are preferably affixed to the face of the coil body 1032 in the
chanmel 1035 using epoxy or some other appropriate adhesive. To obtain fast electro-magnetic
characteristics of the shock coil 1030, it is important to keep its inductance as low as possible.
This is achieved by using as few turns in the coil 1040 as possible, as well as building the coil

30 1040 up of multiple strands of wire 1042 that are wound in parailel. In an exemplary
embodiment, the coil 1040 comprised 24 parallel strands of wire 1042, each of which executed
one loop. The wires 1042 each begin at entry points 1044 that are located preferably about 13
degrees apart on the outer perimeter of the body 1032 and end after only one axis encircling

turn at exit points 1046 on the inner radius of the body 1032. The coil windings 1040,
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shot In an exemplary embodiment, the input operating parameters were as follows: 10 Charging
Voltage: 12 to 17 kV split supply, i.e.: from -12 IN to +12 kV Current: 2 to 4.5 kA per group of 3
strands, i.e.: 16 to 36 kA total current through all windings combined Pulse/Rise Time: 1 to 1.5
microsecond¥ G486¥eEBure: -15 to 30 psi 15 Plenum size: 0.5 to 1 cm3 BeAIEM6/448252 to 8 cm3

total gas volume per shot The plasma created by this pperatignal metho e jnductive plasma
source 1018°%&Ry %ﬁ?ﬁ%?ﬂ&?&%%w&egt%&ev‘é}%@é%‘ lfggu%ﬂg ng ac ng?\%a%géguﬁ%ga{?éié]ﬁerisﬁcs:
Density -4x3043 GV dT emp eratunescl@-R0Is\¢20 Aapatitirestatee 1O Oropandialnsteer Axial drift

velocity -5-10, %{g@fﬁ&ﬁﬁﬁa’%ﬂ%@%}g Qrientation. ol spues, k%0, he.shapselthe emerging

plasma is annu as a diameter tending to equal the rotating pfasma annulus of the to be

formed FREntefEREE gawe st 3ytredt MY saeha iRty ReR B et H I & h8terably placed

25 on eithepaxighang abtheichanbenad.and preferably fired in parallel. The two formed plasma
distributions drift axially towards the center.of the chamber where they for nnular layer of
plasma that is theﬁ?‘lna&clzlc(Xf:ﬁzeizrraisi:?w ??ﬁg%ﬁ% %%W@Opa%c élg?:r%% ugg%%/nge E D}%ae ngir!mlons and
Electrons imBRC3A R Poouthe havrivezdalléda FoeomaiceHasddhe aniployed foIZE Rcsdibivhich the

current 30 jigicassied.MAiBkyRBlesIRNSHH invelvessaRetalingadiak magnetic fiskdheaduced by two
phased antennas. The electrons_ are magneti%ee)lg an frr{%é.en to the rotatingimag#gtic field lines. This
maintains tH& SWASRE Uttt iR CoiBIoRSTBP the oS R SIS IS BEUEE the 1o R%

e 1ons o be
acceleratechahdl teduihe shdcutienthdbhenatermatsihowevéing snbtesisiable foprmaititaising the current

indefinitely. Dy e been, suscessiul orilisesends MQRI0GIOREEL2 RETIHEAAR1005251 In

the FRCs of the présent system the current is mainly carried by ions that are in betatron orbits which
would not b#ozen to rotating magnetic field lines. The large orbit ions are important for stability and
classical diffusionatasteacbahasismnasideleciiodss s anaptayestaas:ip Kpoletitnsvand the ions are

v by o ectasiots Moy T1E BODET. S Gempeo Sl Eropedeauenoy o

15 with gas feed channels 1052 formed through the hub 1036.

In operation, neutral gas is feed through ultra fast puff valves in the valve seats 1054 to
the gas channels 1052 extending through the hub 1036. Because of the constricting portion of
the nozzie outlet 1023, the gas tends to feed into and fill the annular plenum 10235 prior o
emanating from the nozzie 1020. Once the gas emanates from the nozzle 1020 and distributes

20 itself over the surface of the coil windings 1040 of the shock coil 1030, the windings 1040 are
energized. The ultra fast current and flux ramp-up in the iow inductance shock coil 1030 leads
to a very high electric field within the gas that causes breakdown, ionization and subsequent
ejection of the formed plasma from the surface of the shock coil 1030 towards the center of the
chamber 310.

25 The current ramp-up is preferably well synchronized in all strands 1042 or groups of
strands 1042 that are infended to De fired together. Another option that is possible and
potentially advantageous, is to fire different groups of strands at different times. A delay can
be deliberately mstituted between engaging different groups of strands 1042 to fire different
groups of strands at different times. When firing different groups of strands at different times it

30 is important to group strands in a way so that the arrangement is azimuthally symmetric and
provides sufficient coverage of the surface of the coil 1040 with current carrying wires 1042 at
any given power pulse. In this fashion it is possible to create at least two consecutive but
distinct plasma pulses. The delay between pulses is limited by how much neutral gas is

available. In practice, it is possible o fire such pulses between about 5 and 600 micro-seconds
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(30 in) is much longer than any dimension of the plasma. Electrostatic fields can penetrate the FRC
plasma much more easily than electromagnetic waves. The electrostatic wave produced by the
electrodes is designed to travel at a speed that is close to the average azimuthal velocity of the ions,
or of the electworsodfothieravave travels 10 faster than the average speed oPthelisrwsfogiilaccelerate
them and thereby compensate for the drag due to the ion-electron collisions. Electrons, however, are
acceleratedpayt- Coulomb collisions with the ions. In this case the wave must have a speed slower than

the electron avei@g%&?d&(iﬂé’iﬁfﬂ theelectranssil acoelesalethefave: The average electron velocity
is less than the average jon velo elleccstroqs must be driven at two different 15

: i% Sl E:h?gtlh\g 1
frequencies. The%@q&g}gfyéa 8 6@7 it BE ot fond anapgryergy is preferably supplied by the external
circuit. For electronseenenyip camb&iddractedatthaioret frafqdame porietfode Systems A
quadrupole RF driye system Is showniin Fid, 21A-a0d21B. As depicted, the RF drive comprises a

qguadrupolar cyclotron 1110 located within the chamber 310 and having four 20 elongate, azimuthally
symmetrical electf8tiESBHELARMH ﬁﬁﬁ% LiPE4 there between, The guadrupole cyclotron 1110 preferably
produces an electigpatentiabu@ve that satatesiivthe csamedinedtion’ astheawimat e velocity of ions,
but at a greater velocity. lons of appropriate speed can be trapped in this wave, and reflected
periodicallys.)’?'his process increases the momentum and energy of the fuel ions and this increase is
conveyed to the fireiiensiblanaralinsinsiihe FariApEaingsASTIG ST BiHe $JMHNE fuel plasma 335 may

be rgplaced by in@&@g&gﬂ%ﬁ%&‘% 1akany epgvanigntyelncimAmaliematiyeand supplemental method
tt

to drive current is to augment the electrode system with it] | magnetic, fi ojls 1116

iy aF : . | adait, on tic field sojl
positioned about & FRKCBIr 325 g‘éf&i&&i% e%%‘l%tr?)gn?iﬁg,g éc?\@t%%tegre ?ll\%qén at half the
frequency afithiengyctattarelectrodes 30 1112. The following discussion presented here, however, is

dedicated to illustgate the ejectrode ogly yersion {(without magnetic field coils 1116). In Fig. 21 C
electrodes are illustrated for two and four electrode configurations. The potential created by the

electrodes with thegnbiesitast 2pgRed v8ltages are noted in Fig. 21 C for vacuum in the space r < rb.
The expressions ate.fer the: lowest batmenidvd hizy: B MWD 2066096FRRPETINE2006/008251 are

obtained by Sowml%é?n aala'n%f !:?ga%eg%?/%%g gp]éra 50121(3551%8%}8& Sg’rtgetx)rﬁgc&% plasma source 1010
using the parameters noted above has the following advantageous characteristics:
Density ~4x10" em™®
Temperature ~10-20 eV
20 Annular scale ~ 40-50 cm diameter
Axial drift velocity ~5-10 eV.
Due to the shape and orientation of the source 1010, the shape of the emerging plasma is
annular and has 2 diameter tending to equal the rotating plasma annulus of the to be formed
FRC. In a PEG present system two such inductive plasma sources 1010 are preferably placed
25 on either axial end of the chamber 310 and preferably fired in paraliel. The two formed plasma
distributions drift axially towards the center of the chamber 310 where they form the annular
layer of plasma that is then accelerated by the flux coil 320 as described above.
RF Drive For Tons and Electrons in FRC

A RF current drive, cailed a rotomak, has been employed for FRCs in which the current

30 is carried mainly by electrons. It involves a rotating radial magnetic field produced by two
phased anternas. The electrons are magnetized and frozen to the rotating magnetic field lines.
This maintains the current until Coulomb collisions of the ions with electrons cause the ions o
be accelerated and reduce the current. The rotomalk, however, is not suitable for maintaining

the current indefinitely, but it has been successful for milliseconds.
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~r 0"}. 07. x26502) with appropriate boundary conditions. For example for the dipole cyclotron
(D(rb,t)=-Tocoswt for 050<_rr (6) 5 = Vo cos cot for 7r:’505 2,7 (D(r,O;t) is finite. Since (b(r,0;t) is
periodic in O with a period 2ir, it can be expanded. in a Fourier series, i.e.: ~~r-0>t~= tc(r t)e;,~e (7) Zzfi
10 u"(r,t) = 1R¥EHBE 90D (r O';t) (8) 2't and it,, satisfies the equation 63XEBERG6EFEREST)=0 (9) Cos
wt t)= (e-t'-1)=0 if jz=2,4.., etc, iu2r u-i 15tP sth| N0 r(10) 7Z2f=12I-1
Yb The lowest harhBRiEiss ?Fﬂﬁ(P@f%l SES 3’3 G & TRER jtgfﬁ % Higher tgrr‘?)nonl(cs )are 2t-i
(Dr(r-,0,t)=2b4minfwori{2d wihjch vsm[dvm(ﬂiaﬂ)@m} (ﬁl@)aw@@ﬁgn@mﬁr@élépe%dﬁmﬂhe@znmmal direction is

_w/(21-1) Séaet &H&bf@b&&ﬁ&@%%@ﬁ@ﬁﬁﬂgmﬁlkﬁ&%@éﬁ%@ﬁggy@aﬁ@@gu&gio hese

comments app 0 both cases n Fig. 21 C. The frequency w would be close to w; the frequency of
rotation of tr‘i‘é1ibﬁ§1ﬁiransr?§ﬁﬂ?6t’6%%fﬁlﬂ§mﬁﬁ3f6’ﬂ HRETORECTHAYE OTRefr B PIs LOmBRIEY 2 B = w; / 3
and the wavgeampliivgeweile: besishstamtial ixiowess s thussagoae: appraximationeigionsider only

the (30 m) is much longer than any dimension of the plasma. Electrostatic fields can penetrate the
FRC plasma much more easily than electromagnetic waves.

The electrostatic wave produced by the electrodes is designed to travel at a speed that is

close to the average azimuthal velocity of the ions, or of the electrons. If the wave travels

10 faster than the average speed of the ions, it will accelerate them and thereby compensate for the
drag due to the ion-electron collisions. Electrons, however, are accelerated by Coulomb
collisions with the ions. In this case the wave must have a speed slower than the electron
average velocity and the electrons will accelerate the wave. The average electron velocity is
less than the average ion velocity so that the electrons must be driven at two different

15 frequencies. The higher frequency will be for ions and energy is preferably supplied by the
external circnit, For electrons, energy can be extracted at the lower frequency.
Electrode Systems

A quadrupoie RF drive system is shown in Fig. 21A and 21B. As depicted, the RF

drive comprises a guadrupolar cyclotron 1110 located within the chamber 310 and having four

20 clongate, azimuthally symmeitrical electrodes 1112 with gaps 1114 there between, Ths
quadrupole cyclotron 1110 preferably produces an electric potential wave that rotates in the
same direction as the azirnuthal velocity of ions, but af a greater velocity. lons of appropriate
speed can be trapped in this wave, and reflected periodically. This process increases the
momentum and energy of the fuel ions and this increase is conveyed to the fuel fons that are not

25 trapped by collisions. Fuel tons from the fuel plasma 335 may be replaced by injecting neutrals
at any convenient velocity. ‘

An alternative and supplemental method to drive current is to angment the electrode
system with additional magnetic field coils 1116 positioned about the flux coil 325 and
quadrupole cyclotron 1110, and that are driven at half the frequency of the cycloiron electrodes

30 1112. The foliowing discussion presented here, however, is dedicated to illustrate the electrode
only version (without magnetic field coils 1116).
In Fig. 21C electrodes are illustrated for two and four electrode configurations.
The potential created by the electrodes with the indicated applied voltages are noted in

Fig. 21C for vacuum in the space » < . The expressions are for the lowest harmonic. They
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25 lowest harmonic. 32 WO 2006/096772 PCT/US2006/008251 Plasma Effect The response of the
plasma can be described by a dielectric tensor. The electric field produces plasma currents which
produce charge separation according to the charge conservation equation 5 0J+ P=0 (13) where J is
current densigOeatdopis’charge density. The appropriate equation is V E=BIPE4Is06/88834) or V E=-v v
=0 10 where s = 1 + 4ir2 is the dielectric tensor and ,f is the polarizability. If only the contribution of the
electrons isARARABERESRHES G L TEGORHANTH one component s 1+ 47nnnc2 (15) 1= B2 where n is
the density and B is the FRCimmgeretic fiefd) an B vary rapidly with r and B =0 on a surface atr =
ro within the plasma. The eiﬁ@%sﬁ@ﬁﬁr@ﬁj{s Qeﬁ"‘ e"dgassuming 15 elegyons have a small gyroradius
rgfrequency. This

and the electric field changes slowlygompzi#ed to Szl, 7 e%/gnc,ithe qy
approximatiBHPREARE AE W ALY SRR S UG TS “UHAR SEESIFHE SM5s change from drift orbits to
betatron orbits which have a mdkh,.srratiércaespoivsd tocthe electric figld, i.e. si a | near the null surface
fat rs r0. The ions mainly havg petgtﬁogoggpits ahd for.the drift orbits the response to the electric field
is small because the 20 electric field changes at the rate w = co, The net result is that the Laplace
equation is replaced by r b oy bisaini®e52 which must be solved numerically. The additional teen
vanisnes near =g, peiPRaLIar. e gt oG chine Guadpale sasRcbas e form 25 (0
=1 F(r) sin(2 0 - wt) (17) “2 “anhd @& similar form for'the dipole case. Waves traveling in the opposite
direction to the ions (or electrons) will be neglected. Acceleration due to ions trapped in an
electrostatic wave We assume that w_= 2w; + Aw so that the wave 6 =co /2 =w; + dw 12 is a little

faster B(r.Git)= 2 u, (r1)e™ (7
1 ZT y _—ing’ '
10 u,(nf)=—— 1dde™ fr,65¢t) (8)
27}
and u satisfies the equation
18 &8 n’
b g {7, E )= 9
[,, 2,2 ) ©)
u,(r,0)= M(e“"”” - 1):: Oif n=2,4... etc.
inrw
u,{0,1)=0
2wl
. AV cosmt < sin(zl—l)éi[rJ
15 O(r, Byt )=—2= —i . 10
(6:) 4 g 2i-1 \n, (19)
The lowest harmouic is
2V v, .
@, (r,6;1) =~ [sin(wi + ) — sin{wt — )] (1n
b A
Higher harmonics are
2}7 ) 2]
@, (r,6,t)=—= (—7—] $sinfwr + (21-1)8]—sinfor — (21 - 1)8]} (12)
TR
20 The wave speed in the azimuthal direction is 8 =@ /(2/—1) so that the higher

harmonics have a smaller phase velocity and amplitude. These comments apply to both cases

in Fig. 21C. The frequency @ would be close to o, the frequency of rotation of the jons in a
rigid rotor equilibrium for the FRC. Thus & = @, for [=1. For /=2 8=w,/3 and the wave

amplitude would be substantially lower; it is thus a good approximation to consider only the

25 lowest harmonic.
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30 than the ions. The standard rigid rotor distribution function is assumed for the ions 33 WO
2006/096772 PCT/US2006/008251 3/2/ 77t. r f(~ V) 712/ 71,.(r)eXp LV.+V?+(Vs -Yw,)2~ (18)
C2rrT,., 2T,. JJ | The reduced distribution function of interest is v2 min Fr(r',ve) ex - ' (v6 -rwr) 2 rT,.
2T,. The wavE&edockysdi2the electrostatic wave produced by the quadrup&eieyetonsdisssis v,,, = 7-CO
12 =Ywr + @f&sm&?@é”vmg faster than the wave reflect if ve-v,, <2e~p (19) 71Z~ This increases the
wave energy, I.e., 2~ di~~n;in, ~v2 (2vv,)21 0 ,.( dvFr,ve e v6-v,v) (20) dt 4=1,2 f 4p=f',., 2 2 lons
moving slower thatheresprasedidfleptegmc2ebd dgsvried LM Hidentrithensay & heséssindidd at the rate

dYV ~n7nr 3@ dstn vﬁhﬁ%Lfﬁ%hté—m)cﬁplfo%uzévcy&)gé_%éaa&!&&ﬁJaczc/%ai%%\l%};'th@c%a%ga-v y . The net results is

simplified with the change of variable vB =vo - v,,, i.e., j2v pp dW dyll 2n.,n7"
conservation equation

5 v+ P (13)

where J is current density and o is charge density. The appropriate equation is

V. E=4mp=4r5-E (14)
or
V.5 E=-V.-3Y®=0
10 where & =1+ 47} is the dislectric tensor and y i‘s the polarizability. If only the contribution

of the electrons is included the tensor £ is diagonal with one component

4mme?
BZ
where 7 15 the density and B is the FRC magnpetic field. n and B vary rapidly with » and

(1)

g =1+

B =0 on &z surface at r=, within the plasma. The expression for g, is derived assuming

15 electrons have a small gyroradins and the electric field changes slowly compared to
Q, =eB/me, the gyrofrequency. This approximation breaks down near the null surface. The
characteristic orbits change from drift orbits to betatron otbits which have a much smaller
response to the electric field, i.e. & =1 near the nuli surface at =7 The ions mainly have
betatron orbits and for the drift orbits the response to the electric field is small because the

20 electric field changes at the rate @ = @,.

The net result is that the Laplace equation is replaced by

18 8 1 de & 150
e e o e e e e T = () 16
ra & e dr & At (16)

which must be solved numerically. The additional term vanishes near »=r,. The potential for

the lowest harmonic of the quadrupole case has the form

25 ®= ngé—@—sin(zﬁ—a)t) (17)

and a similar form for the dipole case. Waves traveling in the opposite direction to the ions (or
electrons) will be neglected,
Aeceleration due to ions trapped in an electrostatic wave

We assume that @ =2@, + Aw so that the wave =0 /2=, +Aw/2 is a little faster

30 than the ions. The standard rigid rotor distribution function is asswmed for the ions

33



dt dt dt -~ x ~dve(ve)2~Fr(v,v+ve)-Fr(v,v'vs)~ (22) =l,2 15 The approximation P7 [v,,, v. F.(v,v)+ - V6,
(23) B results in dTfv2n;rn.v,,j 2e b0 2 e (24) dt 4=1.2 A ~ rni CVO This has a form similar to Landau
damping, but it is not physically the same because 20 Landau damping (growth) is a linear
phenomena agetiigti tlearly non-linear. 34 WO 2006/096772 PCT/US2@08/083R6808iMce 1/2 BF 2
(25) {v,rw}&Bw,, 2nT,. To /"wo~ eX 2T, If v,,, = rw,there is no.change in the wave energy. If w,,
> rw; or AV,,, > 0, the erg ea stor 4 the ) f nergy eases, This is similar
to the interpretation o#l!\étl’_\ﬁ I&ﬁl eXP therf ét¥c%s%q y > %were aretrrﬂr%re lons going slower
than the wave than faster. Therefore, the wave ener%]y decreases. In the opposite case AV,,, <0, the

wave energy mcr@%fs'@é“ﬁéi‘ﬁﬁvmé’%%@%ﬁfé’é% dintaining the ion energy and momentum with a
guadrupole cyclotron, Thli Ffent dr;qye The Iatler case provides the basis for a converter. Egs.
env,, -

(22) and (24) can b&wse [ icn g'ge(&pph@eibhty to fusion reactor conditions. 10 The power
transferred to the ions wh rw, = AV,,, -- V" the ion thermal velocity, is dW P=2n 7-rdr", o dt
where dW Idt is determinedehyibgs. 42 4pandt{26vivo wirdptdy bhéhindeetatiols dirilyds 1<’eplaced by

cpo(gp), the value af the peak depsity WIGHS ,lower ParRdEde wave amplitude. /~ sre 2erDJ7- 1
15 P=W I(NT/)w'
vy =y, < 2%, (19)

This increases the wave energy, i.c.,

2ed,
s o= " 2
ﬁﬁwu ZH adad idv Frv, va v ve) :%(va—vw . (20)

=12

Ions moving slower than the wave reflect if

\}2@@30
10 v, =V < .
]'Jli.
and the wave loses energy at the rate
e i Yo = T f 2 Yy —" ?--E
A S m [y gy e el ey . @1
dr =12 s i”—"— 2 2 i

‘V mp
The net results is simplified with the change of variable v; =v, ~ v, i.e.,

J‘Znﬂi

aw dW Inmy,
= = == v, (VY F v +v Fiv,~v 22
e fg(,g)[(w D-F e, vl 22)
i5 The approximation
ar,
Flu=v]=F0)E 25, Ve, @3)
P
results in

24)

fpy=v,

aw ZZn Y | 26330}2@]15

[
a 5 A \omy )

This has a form similar to Landan damping, but it is not physically the same because

20 Landau damping {growth) is a linear phenomena and this is clearly non-linear.
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(26) IT ;=1,2 N, is the line density of ions, i = 1,2 accommodates two types of ions which is usually the
case in areactor. Detailed calculations of F(r) indicate that the wave amplitude rDO(ro) is about a
factor of 10 less than the maximum gap voltage which is 2i This will determine the limitations of 20
this method BfRIBEH967R will be limited by the maximum gap voltage thaP€Af- Bv¥eRivied which is
probably abgyt10 IcVolts for a 1 cm gap. Reactor Requirements For current drive a power P is
preferably transferred to the ions at frequency w; and a power P, is preferably transferred to the
electrons at frequency&p,. This:will ce enﬂse;}ief r 25 the Coulomb interactions between electrons
and ions, which reduces fhe iarmelogt andndTe Ses he dietron velocity. (ftthe absence of the
power transfers, Coulomb collisions would lead to the same velocity for electrons and ions and no
current). ThE 4vEr4yB SRR e i Tarta s me efutipridmy 8F octBrifeary tene® given by 27rro

(Ee~ = IR (26)re3@iMr 2006/096742 PSIAY) $RAAGO0825L svhighad Fidn{GPretaGon §8 the current/unit
Ienggh and -(gz o 2. na gN in, + N,Z2nz, Nae Nave Nat2e is the resistance/unit length. N9, N1,
Ancaly r{gﬁﬁg

N2 are line d&nsities 6f elect hEFTB AL N =R EAT PRES D 88RE 21 oo arn B SR numbers of the

ions; 1,9 andht2(sare. rMbeneftelrtheSvtransiestitaasManTiahs dppelestearsad hejaugrage electric field is
the same for ions.or electrons.because N, -- N: for guasi-neutrality and the charge is gopposite. The
Cnet 1 testh 1 é 18%1/1

NCTreases. ferlree d)%‘l? case aj IIS rtlﬁllr%m eé%aﬂﬁlénﬁ lfh‘gft gn be

power that must be trans 0 the'ion R (=5K
extracted frévadaiaelperidagag Phis is Prrohli(E afhe(R8)r vakereokidesNadnsid @7 r anddra= N9ewe /27r.

For refuelingqwitiothe RExsltvedhe.fuel mavdesepiaced ahAEans At ralesiven by the fusion
timef tF., =1/ nr%/é and tat =1/ n2 (6v), ; 1y and 712 are plasma ion densities and (o0-v) are

reactivities. The magHitudeX }%B%egé%&?dg?sﬁﬁé@i’n]’ec‘téﬂr Fetir &l ({85 EmReEtre dscitielSons that burn

and disappear) will ionize rapidly and accel%ratze gppoé:oulomb collisions
P R £ T
dt
4

where di /d: is determined by Egs. (24) and (25).
To simplify the integration @,(r) is replaced by @, (7, ), the value at the peak density
which is a lower bound of the wave amplitude,
_f,)jsfz 2e® (r >‘IZ
15 P== NI ——ox2l 2
& Z(,,J,{ | 26)

#=1,2 i
N, 1s the line density of ions. i =1,2 accommodates two types of ions which is usually the case
in a reactor.
Detailed caloulations of F(i) indicate that the wave amplitude @, () is about a factor
0f 10 less than the maximum gap voltage which is 2V,. This will determine the limitations of
20 this method of RF drive. V, will be limited by the maximum gap voltage that can be sustained
which is probably about 10 kVolts for 2 I om gap.
Reactor Requirements
For current drive a power P; is preferably transferred to the ions at frequency w, and a
power P, is preferably transferred to the electrons at frequency w,. This will compensate for
25 the Coulomb interactions between electrons and ions, which reduces the ion velocity and
increases the electron velocity. (In the absence of the power transfers, Coulomb collisions
would lead to the same velocity for electrons and ions and no current). The average elestric

field to maintain the equilibrium of electrons and ions is given by

227, (E,) = IR (27)
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up to the average ion velocity in a time of the order of milliseconds (for reactor densities of order 1015
em ). However this requires an addition to (Ea) and an addition to transfer of power to maintain a
steady state. The addition is & E = 115 -Trbo (N,Zina, + N2Z2na2 (30) \'e)- Neel tai tae 20 which will
increase the Weite@*dWwer transfer by about a factor of two (2). The powrIgate/MAtded for
current drive and refueling without exceeding the maximum gap voltage amplitude of 10 kVolts/can.

Considering;fhat théitaguency wil-ha dek@miRaaHestz and the magnetic field will be of order 1.00

kGauss no breakdo@m would be expected. The power that must be transferred for current drive and
refueling is similar for any 25 current drive me Zhoweyer R technology at 1-10 Mega-Hertz has
been an established high-efficiencyfite A TR ﬁy’%ezﬁr“sZThe method described that uses
electrodes instead of antennas has a considerable’ 4dvantdde because the conditions for field
penetrationsae e 38 Wh2806/Q96.7V.2:R G/ LS 20064061825 morenelaxed than for
electro-magnetic waves. Therefqre this method would have advantages_ wi t to circulating
power and ﬁﬁi@r?e?.%si&ﬁ%‘? 1%35%@/%%%381 \ﬁ/gv%stggc?%ﬁigﬂ%sg g}lfoffﬁlll\réllgg‘%%é%%?nside of a
containmept,syistem Sr3Q0islaseribedabove; ardhe: e rtafide sultingplasmamhaving properties
suitable for causing nuclear fusian therein. e particularly, the FRC f ethods can
be accelerﬁ%@ﬁr"fg’% §7'Gesived’level Bf o 55%%?3%%%%6%5/%@% g?%ﬁ(grlléi@ gg\é%\yg%%%%ﬁﬁgls crucial for
fusion appticatimiaadih ctedsical confinement of high-energy fuel beams. In the confinement system
300, therefore, it becomes pos?b__l%t}g ‘rigﬁ?nd confine high-ener&g)plasma beams for sufficient 10
periods of time to cause a fusioh réactitn therewith. To accommodate fusion, the FRC fonned by
these methods is preferably accelerated to appropriate levels of rotational energy and magnetic field
strength byzbéthtnonvacteteratiorextRasibAchcirelers fends to require a particular set of physical
coqgitions for any reaction to t?gz };}e?c,;ef IFOEaagjfition, to achieve &f@cient burn-up of the fuel and obtain
a positive energy balance, 15 the fu hag kept in this state substantially unchanged for
prolonged periods of time. This is important, as high kinetic temperature and/or energy characterize a
fusion relevant-stafe. \Greatioreod this-state, therefore, requires sizeable input of energy, which can
only be recovereg: if most of th flg dergoes fusion. As a can | ent time of
the fuel hasto b %h%%é%ﬁlfgst eﬁ#l %Véag%hlse%%%& fo : %%%t??/% ﬁ%gr? ét;ll%at%%%@a%r?gg consequently
net the fusion times #,, =1/ {ov), and 2, =1/n, <O‘V>2; n; and n are plasma ion densities and

(av} are reactivities. The magnitude will be seconds. The injected neutrals (to replace the

i5 fuel ions that bum and disappeer) will jonize rapidly and accelerate due to Coulomb collisions

up to the average ion velocity in a time of the order of milliseconds (for reactor densities of

order 10%° em™). However this requires an addition to (E 9> and an addition to transfer of

power to maintain a steady state. The addition is

5(E,)= Ve =V (N.Zim, szzmﬂ (30)
Ne L Iry fea
20 which will increase the required power transfer by about a factor of two (2).

The power can be provided for current drive and refueling without exceeding the
maximum gap voltage amplitude of 10 kVolts/cm. Considering that the frequency will be 1-10
Mega-Hertz and the magnetic field will be of order 100 kGauss no breakdown would be
expected. The power that must be transferred for current drive and refueling is similar for any
25 current drive method. However RF technology at 1-10 Mega-Hertz has been an established
high-efficiency technology for many years. The method described that uses electrodes instead

of antennas has a considerable advantage because the conditions for field penetration are much
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20 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 bum times. A typical state for fusion is, thus, characterized by the following physical conditions
(which tend t&9afpaeed on fuel and operating mode): 25 Average ion tePhdrattiredih2alrange of
about 30 to 230 keV and preferably in a ranr(%e of bo%t 80 keV tt 30 kiad\éAveBa e eIeSctron
temperaturBiFT RGBS Sh B B0 KAV And BraTEr B TR A ERGE BFA5SUTEE 100 kev
Coherent enétgyspéthe fuelbeanmsyinjectetfimentieams and circulating plasma beam): 30 in a range
of about 109 key 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 appliedSietdirandsrdhee BB o forrBeRbraréiasiy IUFARGE 5fEBbut 5 to 15 kG).

37 WO 2006/096:642-P bl 52006100 825k Glaspieal £ anfing pept-tisssnigidater thasmthe fuel burn
time and preferably in a range of about 10 1o 10 nds, Fuel ion density.: i [ about 1014
to less thanmi%iaé lﬂc}{rsr]im(’J‘ﬂgateﬁ‘ﬁﬂ%p')rlg/%‘?3 EII&?H %rf¥a%ﬁ%%%§%86lgﬁ? %ui% o1t %%g%)éllmﬁ%g 5 ggttg Fusion
Power: preferabyiysnredrangeiababou Stetey 480 mmeratipbiiepipagitm Ofs éharbe ftefgien To

accommodate;the: fusian gtatedllusimissabavesthe kR Gis wuslerablyasseimtedsdamlevel of
coherent rotational energy preferably in a range é)tf: 86}?%%%%% 0 keV to 3.3 MeV, Qnd ore tp_referably in

a range of aBBUPIEE RAPTPES AP QIRIEAEY EHEIP SVBA SR D BB in a range of
abaut 45 topkR6dkGE tand:menscpréfesabiydiva ftangetbf about 90 to 115 kG. At these levels, high

energy ion beamsy, QL%%%%%J%%%@%% ARd polanzetasdesarhed AhovEy AR njqsted into the

FRC and trapped to form a plasma beam layer wher€in the plasma beam ions are magnetically

confined arfPrrPTRisdaTal RiREREehBIER e bRErs it dthnyorhin el Terpressraliiy: the electron

temperaturenisikephasJenasmaetcady Ressiblesto spdyer dnenamauiboilyreasst ahlkeg radiation,
which can, othervi/ise, lead tor diativ&,ener]g}/ losse Tihe el cgostatic energy f the present
ictent Dlry g 0 Ve

invention p%?fi’a'esnﬁ%dgﬁ)élc & Means 6 accorﬁ%lfig }Hg el and obtaln & post e\%? dlenc;
15 the fuel has to be kept in this state substantially unchanged for prolonged periods of time. This
is important, as high kinetic temperature and/or energy characterize a fusion relevant state.
Creation of this state, therefore, requires sizeable input of energy, which can only be recovered
if most of the fuel undergoes fusion. As a consequence, the confinement time of the fuel has to
be longer than its burn time. This leads to a positive energy balance and consequently net
20 energy oulput.

A significant advantage of the present invention is that the confinement system and
plasma described herein are capable of long confinement times, i.e., confinement times that
exceed fuel bum times. A typical state for fusion is, thus, characterized by the following
physical conditions (which tend to vary based on fuel and operating mode):

25 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 ¢lectron temperature: in a range of about 30 o 100 keV and preferably in a
range of about 80 to 100 keV

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

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

Total magnetic field: in a range of about 47.5 to 120 kG and preferably in 2 range of

about 95 to 120 kG (with the extemally applied field in a range of about 2.5 to 15 kG and

preferably in a range of about 5 to 15 kG).
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this. The ion temperature is preferably kept at a level that provides for efficient burn-up since 20 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 dN@EORIGISHTAsSMa. The magnetic field is consistent with the JEEVreiEEhergy. It is

partially created by the plasma beam_(self-fielg) nd.in turn provides the support and force to keep the
plasma beam on ?ﬁ@%?@ﬂ%ﬁ“ﬁ%‘%%ﬁt rtcl? TtlJCl([: 'ié,ér‘?'nleqj f%%(i%gﬁepar% ic %I%?g orn ift the power core

predominaatiyuneatcthebnedbsdyface 86 from where they emerge by diffusion towards the separatrix 84

(see Figs. 3 and %geﬂ]al%én%}? fo.collisions withelegteans.(as ollisions withiansida not change the
n

center of mass and t ere}fgre dq not cause them to change field lines). Because of their high kinetic
energy (fusitrsef preeiid ichshat much higher energy than the fuel ions), the fusion products can
readjly cross theseparaitx Béwneerthely are beyoothtoet Separalix BAntmyeapeteavefalong the
open field ggg%golégé%}\ﬁded that they experience scattering from ion-ion collisions. Although this

collisional proces§ not lead to diffusion, it can change the direction of the ion velocity vector such

that it points paraflelagstmenpdaigribtififierciarndbemBia g MdRe0 CIrRediec88 #WoH2006/096772

PCT/US20Q6100825} £R S iarelogyahibr canawsth thedwitomm: applied field provided outside the
FRC topology. Product ions emerge, on different field lines, which they follow wyi distribution of
energies. ARIARIEGEBISH 2 HBes &B%?‘%B@ﬁ?’&%:ﬁ%éﬁé‘%ﬁﬁ%?ﬁ%%%ﬁ?ﬁ%%%%&%% the form of
rotating anmpuéneams fregm dotivendso! theGuslplasmeefobbxam plegforalB0tiAe désign of 5 a

p-B1 1 reagjion, fess Reams illaxaa ks of about. 30 ceplinsiess andrubickngss of about 10

centimeters. e strong magnetic fields found outside the separatrix 84 (typically. around 100 kG),
the productalesis kaveedpiesebaraie BRGBOTER6E Gy FRrtm' e Ve L8 Mt sHiltum value of
about | cm {R.g.mMaximhs At arouns: oM dofibe oSt enengetienprastnndans: &b énittamiithe product
ions have Ionl%tu%inal as well as rotational energy characterized by %2 M(vpar)2 and"/2 M(vPe,P)2.
vpe,P is théAzifithal velocity associated with rotation around a field line as the orbital center. Since
theffeld lines spréaefaeitnfter deatingdrecvisity ks IPRG psoRedy paiestiaisriaeéiergy tends to

decrease whilg, ihe i0tal, eRerMnEeRBIRs.CRRSIAAL, Jhisvsa canseauance aktbeiadiabatis invariance
of the magnetic moment of the product ions, 15 It is WeIu(nown n the art tha% charrl%sd garticles
means of acconiplishing

orbiting in aﬂ?ﬁi‘j’ﬁ@ﬂ& ?i&riﬁ}h%?}é% %ﬁgﬂ&inveﬂmn provides an efi’:’ectlve
this.
The ion temperature is preferably kept at a level that provides for efficient burn-up since
20 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 plasme. 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.
25 Fugion Products
The fusion products are bomn in the power core predominantly near the null surface 86
from where they emerge by diffusion towards the separatrix 84 (see Figs. 3 and 5). 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 lnes). Because of their high kinetic energy (fusion
30 product ions have much higher energy than the fuel ions), the fusion products can readily cross
the separatrix 84. Once they are beyond the separatrix 84, they can leave along the open field
lines 80 provided that they experience scattering from ion-ion collisions. Although this
collisional process does not lead to diffusion, it can change the direction of the ion velocity

vector such that it points parallel to the maguetic fisld. These open field lines 80 connect the
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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'/2 M(vPerp)2/B. The product
ions orbiting around their respective field lines have a magnetic moment and such an adiabatic
invariant asswéled/Wittytheir motion, Since B decreases by a 20 factor oP@bd§eXe/¢lisdiéated by the
spreading of the field lines), it follows that yp,,P will. likewise decrease by a 3.2, Thus, by the time
the product 101s ?aﬁ%?ﬁ RO ﬁg?gllém{é SRHt 1%4?%&%%?3?%%&?@% vﬂ\}%% 185288 han 5% of their
total energyPindothennardgatmdiserati: thednesgylishilthefibingitudnafisormgonedtrBgergy Conversion
25 The diregl £RGIaY CANVBLSIAHRYFERI. Q] Eﬁﬁﬁtﬁéﬁﬁﬁiﬂ}ﬂgaﬂ%ﬁg%@ﬂ%@ﬁ% iBuRIRe cyclotron
converter (ICC) 420 shown in Figs. 22A and 23A coupled to a (partially illustrated) power core 436 of
a colliding SR ABHYSseRT ferB ke ords 6 e P Y ieame p &ier Astish Lystem 400. A
second ICCa(pat' Shawoy Maybe:dispesac eymudetsiepdhsio theclefinatthaeCBERALO0A magnetic cusp
486 is located between the C 410 and the ICC 420 a 0 is formed wh e.CBFR 410 and
100 420 me e B L e O B reviow of
typical cycloiiomddeedicialioriy providedans sbifveritiondistyelsanATarreledddes vamsifetic ions with
velocities pgrpangiciianio.amagnetic:ialdsotate.iprelesles: Therarhi radiusefdhe-enmrgetic ions is
determined by the magnetic field strength and their charge-to-mass ratio, and increases with 39 WO
2006/096772'BCT/US2006/008251 energy. However, the rotation frequency of the ions is
indépendent of théuitelierly pkkisfaots has beeindiplaitedinthetdesy rof Gydlogoeriagtejerators.
Referring (0,F 2. pRNeENIPN cxelal QA ACERISIAION M REHAER IR IMoe C-shaped

0 -

electrodes 710 forming mirror image _sha[t%ed cavities placed in a 5 homogenous magnetic field 720
having field firlédipetpBRaiciim s thedrethsdisld praheririyrhaiatiraTias e siaitecstife page. An
oscillating efgatriconigntial is:applieechbeiwari the:Geashaprel wlactiDeesfseadriguiasthB). lons | are

emitted fro source placed in t{ge cdentef\r of the cyclatron 700.. The mag %ic fjeC{d 720 is adjusted so
115 lfS a CoTl e%uenc%e P]f € adiabalic ﬂV&IlEHiG% Q ¢ magnetis mor{Len 1 f;; 5] 810 et 101’1%. .
that the rotation frequency of the ions matches that of the eléctric potential and associated electric

field3If an idhi srdbkenythia Gapty SotdDaksswseit o biskaipedemsiiofek! 146G impegme direction as

that of the elggiriefigldsilis wacelaratedo. By aaealamding the-1andills anardyiandmarikgadius increase.
When the ion has _traveled a hall circle are (experiencing B(%increase inrﬁaggrgy), it crosses the gap

730 again. NesRHESIECHFEMU0 BRI AR ATIAR - LA B RE o 93571h5E PéVersed direction. The

ion lis M(vpﬁrp)E/B. The product ions orbiting around their respective field lines have a magnetic
momernt and such an adiabatic invariant agsociated with their motion, Since B decreases by a
20 factor of about 10 (indicated by the spreading of the field lines), it follows that vyey, will
likewise decrease by about 3.2. Thus, by the time the product ions amtve 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.

Ynergy Conversion

23 The direct energy conversion system of the present invention comprises an inverse
cyclotron converter (ICC) 420 shown in Figs. 22A and 23A coupled to a (partially illustrated)
power core 436 of a colliding beam fusion reactor (CBFR) 410 to form a plasma-electric power
generation system 400. A second ICC (not shown) may be disposed symmeirically to the left
of the CBFR 410. A magnetic cusp 486 is located between the CBFR 410 and the ICC 420 and

30 is formed when the CBFR 410 and ICC 420 magnetic fields merge.

Before describing the ICC 420 and its operation in detail, a review of a typical cyclotron
accelerator is provided. In conventional cyclotron accelerators, energetic ions with velocities
perpendicular to a magnetic field rotate in circles. The orbit radius of the energetic ions is

determined by the magnetic field sirength and their charge-to-mass ratio, and increases with
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again accelerated, and its energy is further increased. This process is repeated every time the 15 ion
crosses the gap 730 provided its rotation frequency continues to match that of the oscillating electric
field (see Fig. 24C). If on the other hand a particle crosses the gap 730 when the electric field is in the
opposite diredtiprieftiBe decelerated and returned to the source at the BEREr2@HN53akticles with

initial velocities endicular to the netlc Id.720 an t cross the s.130.,in the proper
phase of thel}%gf NG ele e A weﬁ1 cccﬁléerléf ad’ 2 %u%ntﬁfo%%l? ?)1% elry%lnétéahlng is essential
for acceleratisrbetm pmi@ﬂpﬂemahcyﬂ@mrmf M{b@@@é@lﬁt@extract kinetic energy from a pencil beam of

identical energetiGigns; Recsieration 95&9&%1&%1&"‘?M&Q%Q&IQ%WH@QH&E&%VQ% exretion has been
observed for protons, as described by Bloch and Jeffries in Phi's. Rev. 80, 305 (1950). The ions could

be injected teRtHe R sERdtLL {RE BYOToG FRARE 2 BRRSE IR PSS & 25 relative to the

oscilfating fledﬂ;o%Hneﬁsthezga&&\ﬂauIdzmgmr@melﬂeeﬁ@aﬁmwﬂ tofihecacariepding:fon shown in Fig.
24A. As the ions ow dcﬁ% uet mteractgn Wlmatch % rlc f|eI thelrplftlncegccvenertgg{lzetransformed

: o t
into oscﬂlaﬂ?%ng] THic éner frlnralot eelfe%trlc Circuit of W t e gf/c oﬁg IS part. Birect conversion to

electric eneﬁémﬁﬁjf@‘{@é@a&%@%wtéh@} ng1e! secoriaiioary tiiscathereriefhaomtidtce, the ions

of an ion begm wekltthentgs ﬁﬁ%ﬁ@'ﬁ&[@%&%a@!hﬁ%%ﬂh@ﬁﬁ%oyﬂéﬁﬁ&%iﬁ%@&ﬁ phases are
compensated for in theggsqn of the n han of the |or(1§? Id be eﬁté:celer ted and the other
half decelerB¥SHAYPY PAEHIE ?ﬁtél%l? oaﬁ%tlg Bh° %Cfﬁbﬁ & WELIESHEEtte N 58%50%. Moreover

the H)nnglar feisiompiio (udiied HeamB:s distis$edatoiedie of a'xatmﬁﬁwtfﬁbrlmgéemeituy for the
conventiona] cyglaliens A0 WG, 40PRIOBR T 46 B LAHRZ086/008R5 . S5 divtusseAln geater detall

below, the ICC of the present invention accommodates the annular character of the fusion product
beams exitif§"He* PRESFRRIEH FeREticpeharsrese Bl tidr &ifaeiisTdiagee DRAGEDT the ions within

the beam and#hexsgeead ﬁélﬁ‘ﬂﬂm&eﬁf@dﬁshﬁiﬁfﬁﬂmgobmmh&gex%%d dipotihamat sopower core 436
of the CBFR 410 is é'imy%trat on the le de wh Se%n[%g) asma fuel cor%435| $.co flned ina FRC

470 fonned i 18§?f e to émmasg?]netr% fie alsﬁif}ede f)y outside tield Coils 435, The FRC 470 includes

clodéd fieldifimesysgtha sepaParexidsliymetisanfidlenineenggesiwhietichd#iofdlicabove, determines

the IOrOIOertl?s&%ﬁﬁ&e@é&%%ﬁé‘%@é@ﬁébfi@h@d‘hlﬁi@@tﬁépﬁhﬁ@@ pdieloneaiaikt ines480extend away
from the power core 2%6 towards the m%glgnetlc CUS[i 486. A%W sd above, fusign 10 products emerge

from the powWSPESTR 458 Aidh g DI Ti& AiRTe48Y ! hheets A AR DS ST Eom prising
energetic iotis anckech@nijepasiaisakidin gnislectebnsties perpendicular to the magnetic field 720 and

that cross the gaps 730 in the proper phase of the escillating eleciric field will be accelerated.

20 Thus, proper phase matching is essential for acceleration.

In principle, a cyclotron could be used to exiract kinetic energy from a pencil beam of
identical energetic ions. Deceleration of ions with a cyclotron, but without energy extraction
has been obssrved for protons, as described by Bloch and Jeffries in Phyys. Rev. 80, 305 (1950).

The ions could be injected into the cavity such that they are brought into a decelerating phase

25 relative to the oscillating field. All of the ions would then reverse the trajectory T of the
accelerating ion shown in Fig. 24A. As the ions slow down due to interaction with the electric
field, their kinetic energy is transformed into oscillating electric energy in the electric circuit of
which the cyclotron is part. Direct conversion to eleciric energy would be achieved, tending to
occur with very high efficiency.

30 In practice, the ions of an ion beam would enter the cyclotron with all possible phases.
Unless the varying phases are compensated for in the design of the cyclotron, half of the ions
would be accelerated and the other half decelerated. As a result, the maximum conversion
efficiency would effectively be 50%. Moaoreover the annular fusion product ion beams

discussed above are of an unsuitable geometry for the conventional eyclotron.
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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, straight gaps 497 make up the cylinder
surface. In operation, an oscillating potential is applied to the 15 electrodes 494 in an alternating
fashion. The ¥ ebie'Teid2E within the converter has a quadrupole structuP& HY $Aiz8estsin the end
view illustrated in Fig, 22B. The electric fﬁ)lq E gﬁmfé%e on the symmetry axis and increases linearly
with the radius; t%sgéﬁﬂﬁﬁﬁ%ﬁ?t 2G8p X670 addition the 1CC 420 includes outside field coils
488 to formtie amifdar magretitth G fietcbwithin e GO kb Sl TRE N tisipyee AP " Betdbse the

current rung, thrpugl {he J&&véidﬁlhqsgg#%hé%é%ﬂi{gfet@a&M%ﬁ@mgm@gm%me current
running through the CBFR field coils 425, the field lines 496 in the ICC 420 run jn a direction opposite

to the direction ofRgfeddi HieriireS 4goParine EBRY F1 A0 Eha TR #om the power core
436 of the GRERALH, HhetCG420dnciudasan fosl caketDis4925:25 in HEtwWeen then@BFR 410 and
the ICC 420 is a symmetric magnetic.c 486. in. ped_figld i BFR 410
merge With%?]ré%lg?é? I?’nrg%gﬁ% %%%1%’?&6 %}){2%1% 1%%%‘3&%&25”%%&% %cé}lﬁgggc}r%(gis position

about the nislhiinis 46237 486 Ak S14cnicny B bRy 16%ETeh eoneiefoays daterigcs@Sed below, the

magnetic fiﬁ@@hﬁ@@mmmw%@mmmﬁ theiatial melesily mfdhadeame4a4do a rotational
velocity with high efficiency. 30 Fig, F220 i_gusﬁrates attP{pical 4i§)é1 %rbit fé %bvgiftgi tﬁ)% converter 420. The
CBFR 410 R%& 4 ehlilReRics jRimat{ SR s e RSP EtRE T uSion power core 436 With a fusion plasma
coren435 containedeineaefREn4Fpovag netic e dompaiogfidld lidsichithie tadion réactiondaake place. As

noted, the produet nUGIE! ARG &t@g&&-wﬁyg@izﬂa%glfeﬁm%ﬁg@msas annular beams 437 from both
ends of the fuel plasma'435. For eéxample for a 50 MW 41 WO 2006/096772 PCT/US2006/008251

ple ror ) {
design of a p-B 11Thegemmarttde Belaatd Wil /e horaaitiadst 26 Al S it 8RR tHickness of about
10 cm. Themnaasylapbeamhaaaddensityqas l08:emal Becsideh@4eibitydhaetmiabnetic cusp 486

separates the electrons and ions. The electrons follow th netic field lines to the glectron collector
490 and thegiag‘?ﬁé% par%él{t %% X Hé%u%%%%@ﬁ ?Eatog’ %%Otrgj%%%ﬁes argé 5 %t%éifie?j to follow a
subktantiallyitwatickk pathrstoatictheiterfathior thes detapGeRRergiiis herpeired iéht the ions as they

spiral past the, eleciodas d24.conrested 1o aesppantaiseitiinet, showr. dbadessiafmperpendicular
energy is greatest for the highest energy.ions that initz'g%lly ciLcuI te clgse t% tgﬁlglec;[rgges 494, where

the electric TRHTIES HPIRGESPRY F58 S AT A B HRG A B R OE (e A SRR

RaYottidhal energy
approximately egual
In addition, the ICC 420 includes outside field coils 488 to form a uniform magnetic

20 field within the ICC's hollow cylindef geometry. Because the current runs through the ICC
field coils 488 in a direction opposite to the direction of the current running through the CBFR
field coils 423, the field lines 496 in the ICC 420 run in a direction opposite to the direction of
the open field lines 480 of the CBFR 410. At an end furthest from the power core 436 of the
CBER 410, the ICC 420 includes an ion collector 492.

25 In between the CBFR 410 and the ICC 420 is a symmetric magnetic cusp 486 wherein
the open field lines 480 of the CBFR 410 merge with the field lines 496 of the ICC 420. An
annular shaped electron collector 490 is position about the magnetic cusp 486 and electrically
coupled to the jon collector 498, As discussed below, the magnetic field of the magnetic cusps
486 converts the axial velocity of the beam 437 10 a rotational velocity with high efficiency.

30 Fig. 22C 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 a FRC 470 magnetic field topology in which the
fusion reactions take place. As noted, the product nuclei and charge-neutralizing electrons

emerge as anmular beams 437 from both ends of the fuel plasma 435. For example for a 50 MW
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10 to the initial total energy, i.e., " A vP V2 Mvp 0. Theris a distribution of ion energies and ion initial
radii ro when the ions reach the magnetic cusp 486. However, the initial radii ro tends to be
approximately proportional to the initial velocity vo. The radial magnetic field and the radial beam
velocity prodWée2ePe/8tetiez force in the azimuthal direction. The magnetic REFIEEM&CHISH 486 does

not change the particle gnergy but converts tk inig%I adalv I cil;iysg. a\éthgt%gigggsggual axial
velocity v. atg hog%i%ﬁ%thlg?%%%cé??/s% ?a\}vsgr%?\l}%‘;: vr;r\}luS %’ﬁae ValUe of the azimuthal velocity vl can
be determirdchirohrthe conseivalion dicafonical mbinéRitam’ PRossMng deusity={or (3FMBICA beam ion

enters the IefLhagd Sl e SUSBASRND BAE A0 A 8L 7 QA £t eigrges on he
right hand side of the cusp 486 with r =ro, B. = - Bo, vl= gBorolMc and 20v,=v-v21 Z vo B (32)

where Qo ﬂhﬁf@ﬁ@%&%W@&ﬁi@ﬁ%@?ﬁ'ﬂ’é@%%ﬁ‘ff@dﬁ@ﬁ’c@&?%ﬁiﬁ?i‘o%%ciﬁeﬁEflgnge of Mc about
1-10sMHz, angdipeaierahly-n auangeanf abiout EthQiMig Zaibigh isf thefteqaenEpagwkhich power

generation takes place; £5 I ordec for i o0 19,pass (010401 11e €45 480, el ion
O

gyro-radiusrﬁwnfﬂ%fft € greater than the wi f'the cusp 486 at the radius ro . It is quite feasible
experimentaligvo). rEbiutsestherssaidiaiberyery i metseidb ebighet fre s dias irhiidiedhergy will be

reduced by g, fagionefl0%.Jhen 8% ef theiomenergy wildie senverted to rotational energy. The ion
beam has a distribution of values for vo and ro I—|80we er, because ro is proportional to vo,as 42 WO
i SO

2006/096772 PCTHSIBTEI6825E B AARPif VRS Broperiestol the ERC Based reactor,

the ppnversiomeffisiencutensatatienad Rubrgy teddSiode 9% fartial ivhs: Asrdepictbdin Fig. 22B, the
symmetrical electrode structure of the ICC 420 of the present invention preferably includes four

electrodes 4gialaadiie BhenitBESHBMN & 82EeT Sk o thy Sig s i A Fe £ %8 4%o0 that the
instantaneousayeliagesandeleaitsfields arensilusiratethdheirottagetaridithedahikmeitieuit oscillate

at a frequency of w =.0Q0. The azimuthal electric field Eat the Q&P%QEA lskated in.Fig. 22B and
Fig. 25. Figr?bg%nﬁrug ?ﬁgrsoﬁ%eglagg ﬁ‘(l:% i%)l“aeiﬁlt {13 55’338%%% : eé:twgl_en elec?rrcl)%fe;s 494 an%l the field an ion
experienceses iiotateswithaagybipvalbcigr@Oori cisegisahe mitiab i o Sorip & & revdlation

. . . : s 2 2
15 residual axial velocity v, and an azimuthal velocity v, where vi=v!+vi. The value of the

azimuthal velocity v, can be determined from the conservation of canonical momentum

¥ 2
P, = Myv, m-——qiif’ =———q‘zi° (31)

A beam ion enters the left hand side of the cusp 486 with B, = Bg, v, =vg, vy =0 and r =

ro. It emerges on the right hand side of the cusp 486 with r = ro, B, = - By, V. = gBoro/Mc and

20 v, =4vh=vi

Ve {ﬁ} (32)

where 3 = 95, is the cyclotron frequency. The rotation frequency of the ions is in a Tange of
[

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

25 In order for the ions to pass through the cusp 486, the effective ion gyro-radius must be
greatet 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 fo rotational energy. The ion beam

has a distribution of values for vo end rp. However, because 7y is proportional to vy as
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10 the particle will experience alternately acceleration and deceleration in an order determined by the
initial phase. In addition to the azimuthal electric field E. there is also a radial electric field E,. The
azimuthal field EB is maximum in the gaps 497 and decreases as the radius decreases. Fig 22
assumes theifarlesdtetztes maintaining a constant radius. Because of thB(r&8EH#82He electric
field the deceleration will always dominate over the acceé!erat%:on. The accelerafgon 15 }phase makes the

ion radius ifETEA8EYBdREE NIRRT R RS BhEBLMEFS EHEX REF A B8R Fic HaR the ion radius wil

be larger. Thaxflecteragionphaseavibadamitiatesindependent of the initial phase of the ion because
the radial gradient,of e gz el slegls feldea s alays, Raslle o acureayls he energy

conversion eﬁicier_mcy?gf%ot fimit to 50% due to the initial phase problem associated with
conventionalreseidusnoTrie e iadetes o rsciigerifititant. B8 AEb BYSha¥® Bind produces a net
effect in the madigldirectionthatreminathedieamdraje aiamdethe ligipakiadiusdivithidero velocity in

the plane perpendicular to the axis as in Fig. 22C. The.process.by which ions are.always decelerated
is similar to & HTHETRIE of &6 8‘%8&‘&%9%%{” ol eaalla a%ﬁffer%ﬁ?lécgf) %lq%aé?ﬁ' a@%:eelerators as

IS anessential fea

described inAkSmRatentiNge L/ 36:¢ 914 Kombinakian Bt 2ppsityeiffosuging}and negative lons
(defocusing)_is positive 25 if the magnetic field has a ppsitiv lent,. A strong. focusing quadrupole
doublet lens &SRS ?ﬁ“ﬁig&ﬁ? %ﬁgaﬁ’rssﬁlgﬁﬁée%ggegl{%%ﬁg ltﬁe?%??gg?g)%afﬁ(ﬁdechusing in the y-
direction. Thepsdesnsaensoistssmitdranithiex \windiy Slop&riesiaerchangedoPrtsaiaynieterfield vanishes
on the axis of symmetry and has a positive radial gradient. The net results for an ion Q% m passing
throuigh bot i é)r%géc Sid (I)f”’:X ffﬁlarﬁsr? gﬁe wé%ﬁigﬁcse lieﬁ#éoﬁeaﬁl e%ﬁ%% rtr%leo%l%eér} %:f[ %rod%ppg%rgg_ae.?similar results
have been réporited forsa Headdifassinbetroudiniekestndeld davityredontzinirigial steeirig elial magnetic

field and ting in the TB111 made (see Yoshik .)..This device is called a peniotron. In th
TEI 11 motioine TRBENLAARY Fak SANEINY GA oS s WePo00RB0E P PR 10 CA00R008251 1

which the elggins figldbasguadaupoigsymmelnnd hetesultaars. qualiiadivehe similatte some of the
results described herein. Th uantHa{ive differences in that the resonance ciavi%is much larger
fl. C& f?§ CTalror

ere are
i size (10 rASEFIEIGIRY. URAGESIATRE WiLehors Sommels pyer nd deceliiion Hcice

z) and magnetic field (10
T). Efergy extractidndtbaicthedighifregerenciaiabestie iqyines s rontanadecFimbierlgytapectrum of

the beam reglgqs, ';B&@&ﬁyé%ﬂﬁ»&@t&g&@g@i@éedmﬁo%?&ﬁaepm abiwnkindsehionsisi@ more serious

problem, but the efficiency of conversion is adequate for -a D-He3 reactor that produces 15 MeV

protons. A st pareiekTsrise soyer Bepatit madienir it remuby rlefitsied &4t By2sac.

positive. As a result, the energy conversion efficiency is not limited to 50% due fo the initial
phase problem associated with conventional eyclotrons. The electric field E, is also important.

20 It also oscillates and produces a net effect in the radial direction that returns the beam trajectory
1o the original radius with zero velocity in the plane perpendicular to the axis as in Fig. 22C.
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
25 if the magnetic field has a positive gradient. A strong focusing quadrupole doublet fens is
illustrated in Fig. 26. 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 symmeti’y and has a positive radial gradient. The net results for an ion
beam passing through both lenses is foousing in all directions independent of the order of
36 passage.
Similar resulis have been reported for a beam passing through a resonant cavity
containing a strong axial magnetic field and operating in the TE 11 mode (see Yoshikawa et

al.). This device is called a peniotron. In the TE;; mode the resonant cavity has standing waves
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This result was obtained by computer simulation and a similar result was obtained for the 10 peniotron.
An ion entering at some radius ro spirals down the length of the ICC and after losing the initial
rotational energy converges to a point on a circle of the same radius ro. The initial conditions are
asymmetric; Weipebstate reflects this asymmetry, but it is independent of¢A& SHiEPIRELe so that all
particles are decelerated. The beam at the jon collector.end of the ICC. is. a%aiq %rmtular and of similar

dimensiond® THE RS GrRAFIVEHIEP AL TRUR SR AP B Ee B ARERE §8RS correspondingly
increased. fogl-a Single padiceisn axeactingrelicipnoytof@fisfrasiolet Flowsvanogarious factors,

such as perpendiculay fotationgl ergray of e AnuaR, bEANLBEIRL: fipniersdlis sonyerter, may

reduce this eff iency by tric power extraction would be at about 1-10 MHz and

preferably ¥bursdremetiz, folth HEItBREDTSHmcHoRn e S/ SR BmMTe Ry A 8D bwer

conglitioning.4R,6aMECH IS S RRMENHekn20As SR ik EigsieR3A snd RaBym Meenativeembodiments
of the electrode st,ructugies 494 in the ICC 42b ma]%/ﬁ'%ncgtlaue two ss/%nmetrical %ea@-ﬁgt%%r electrodes

and/or tapeted aiRdE BHEL 454 HoAt 1P BRATS the ton collactor 495 Adjustments fo the ion
dynamics ingidéethesctaitfranaghetis fieMof thsdGC 420 may be implemented using two auxiliary coil

sets 500 and 510, a5, sH0WN.i0 £ A:ansh. 248 wBethaRSeoil AeksihagandibEQ involve adjacent

conductors with oppositely directed currents, so the magnetic fields ha\é)ijs%éls}hﬁt range. A

( S | g _
magnetic-fibi GrEdiar, RS urH SeneATRRI FISHARSR JAY ERmE A Y

e lon rotation frequency
andgphase péuipiii:pele-magneiicfield: astischepiaticatyrilisteagddoif i 2 78] stk produce bunching,
as in a linegr.aceelerator,  Reaglor A0Jkid: 28 iatiates 100 Higasiat. Thedsaeretor cut away

illustrates a'}us[o.n power core region ing superconducting coils to apply a uniform magnetic field
and a flux condiioforrnatioretisisdinelisHe R iems his ayaresd b P dideirP At e ®pposing ends
of the fusiQR:POWSLCH eusefigR.atR4Gle @RekgMeOMeBars londitactanouersidnfoidhedkinetic energy
44 WO 2006/096772 PC};/ S2006/008251 of.the f.u§|orﬂ) % odu %‘;tg %‘li%%tggfﬁ’ g%%%r'g@? support

equipment FEPE GRS REROFRHTSHATE i F1§. 758 Bropuision System oration of the solar

system (ananbeyota)ite quirepopromiisioncespabilitiemfiap4dicls aedaditrcBesravaidBle chemical or
electric propulsign systems. Eak advanced:propulsion AnmicationsateRresant iavention holds the

most promise: design simplicity, high-thrust, high specific impulse hig[;hespe ific. power-density, low
system m a@g’ararlpafpaeejgetﬁgﬁ E%Wéﬁﬁﬂé“&? reduce this efficiency by abouT 5%. Llectric 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.

20 Ag shown in Figs. 23A and 23B, 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 452,

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. 27A and 24B. Both

25 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 schematically iliustrated in
Fig. 27A, will change the ion rotation frequency and phase. A multi-pole magnetic field, as
schematically illustrated in Fig. 278, will produce bunching, as in a linear accelerator.

Reactor

30 Fig. 28 illustrates a 100 MW reactor, The generator cut away illustrates a fusion power
core region having superconducting coils to apply a uniform maguetic field and a flux coil for
formation of 2 magnetic field with field-reversed topology. Adjacent opposing ends of the

fusion power core region are ICC energy converters for direct conversion of the kinetic energy
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no radio-activity. A plasma-thrust propulsion system, in accordance with the present invention, utilizes
the 10 high kinetic energy embedded in the fusion products as they are expelled axially out of the
fusion plasma core. The system 800 is illustrated schematically in Figs. 30 and 31. The system
includes a FR@ pywetsctre 836 colliding beam fusion reactor in which a fBSIEHTEEE8$ES835 is
contained as.described above. The reactor fugther comprises a netic fiel ner. 25, a
curtent coit ORGSR R e oo e 15
described albydie,38.coupled to one end of the power core 836 and intercepts approximately half of the
fusion prodygt partiglesswpich emerge from both ends of the power core 836 in the form of annular
beams 837. As described above, the ICC 820 decelerates them by an inverse .cyclotron process, and
converts their kindti®BHERGPmbS %“I@Eﬁ%&%’ﬁéﬁ% W%%ﬁ%ﬁﬁesn%rﬁ S‘%%ﬁaPﬁlﬁ%gﬁ%/(ﬁiﬁ%éa hdjacent the
othes end otthe:powbestoral836 dmnciditectddtia remailing fyssion. 2Dbpréductpeardele®into space as
tnrust 1. The: ROt ARRM. 84 gl AuslaRaEo iR A Loms aBRRRLAL AR pawer core 830
ines o the ICC f f h

along field lines 837 into the 820 for energy conversion and from the other end of the power core
836 along figlerififempdeduiehterdlneese-Goooranrision Bremes sk PRstOITE ®onverted into
electric energy-oadharmoelectric-energy 25 converter (TEC) 870. Bremsstrahlung energy that is not

converted by the, T, 010,15 nassad o a Bravian-eyele. heal. endine 880, Wasie fgal g rejected to
space.Apower-copn"tiroT su sygfe?n %%118( se€ Fig. Lf I electric and

: monitors all Sources and 'sinks o
heatlenergyrighihiamtaimesysterbeddpératiorlipionerstbgysiene ameresisdovitdaerindépendent source of

energy (i.e, fugl:collsnattenes Slehtgonitiateeperatingafithespace cmfhand prapusign system
from a non 30 operating state. Since the fusion progucts are charge %- articles, the system does not

require the BEHGF AR SipRN ARG A S P EH L AR HRNCA T CHBlPRCRSig%d By dignificantly
reduced sysieminedss esmpatetbte.olhenaucieAritpacepropudsiogmsyistéehsgehbeipetidrmance of the

plasma thrushRIGRYIRIGH SYRIEM, 0. s ahrmacterzedbuhe callawing el prrametare fof a 100
MW p-B 11 fusion core example having a des%n as 45 WO 2006/096772 PCT/US2006/008251

deplieted in feETded shaeificortpieide onperdok B BoE T it 10 LB B B ¢ P ower/Total
Output Power iR TilklenQ:aduct Bitiilied wifich derge from both ends of the power core 836 in the form

of annular beams 837, As described above, the ICC 820 decelerates them by an inverse
cyclotron process, and converts their kinetic energy into electric energy. A magnetic nozzle
850 is positioned adjacent the other end of the power core 836 and directs the remaining fusion

20 product particles into space as thrust T. The annular beam 837 of fusion products stream from
one end of the fusion power core §36 along field lines 837 info the ICC 820 for energy
conversion and from the other end of the power core 836 along field lines 837 out of the nozzle
850 for thrust T.

Bremsstrahlung radiation is converted into electric energy by a thermoelectric-energy

25 converter (TEC) 870. Bremssirahlung energy that is not converted by the TEC 870 is passed to
a Brayton-cycle heat engine 880. Waste hieat is rejected to space. A power-control subsystem
(810, see Fig. 32) monitors all sources and sinks of electric and heat energy fo maintain system
operation in the steady state and to provide an independent source of energy (i.e, fuel-cells,
batteries, etc.) to initiate operation of the space crafi and propulsion system from a non-

30 operating state, Since the fusion products are charged o-particies, the system does not require
the use of massive radiation and neutron shislds and hence is characterized by significantly
reduced system mass compared to other nuclear space propulsion systems.

The performance of the plasma-thrust propulsion system 800 is characterized by the

following kinetic parameters for a 100 MW p-B11 fusion core example having a design as
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Thrust/Total Output Power, T/P0O 281 mN/MW The system 800 exhibits a very high specific impulse,
which allows for high terminal velocities of a space craft utilizing the plasma-thrust propulsion system.
5 A key mission performance/limitation metric for all space vehicles is system mass. The principal
mass compoWEnteiPE blasma-thrust propulsion system 800 are illustrafetiHPRRY&0835hnd 32. The
fusion core 835 requires approximately 50 MW of injected power for steady- state operation. The
system geng?alt%%dé’ﬁ)g?‘%ﬂ \ately 77 MW of nuclear (particle) power, half of which is recovered in the
direct-energy converter 82&ifithrupite. 29% efficiency. Thus, an 10 atiditiBrsal 11.5 MW is needed to
sustain the reactor, Whicflhﬁggg%@ggg,py the TEC 870 and Braytoryheakgngine 880. The principal
source of heat in the plasma-thruster propulsion system 880 is due to Bremsstrahlung radiation. The
TEC 870 recovers approﬂ?ﬁ%ﬁt@?ﬁ?@é%@f&@‘f&%‘?&’ﬁ&rﬁf@ 4.6MW, fransferring approximately 18.2 MW
to the closed-cycle, Brayafidaeat engine 880. 15 The Brayton-heatzérigine 880 comprises a heat

exchanger 860, turbo-alternat ompress /P882, and radiatq§18§§71%§hown in Figure 31. The
Brayton engine 880 supﬁ%%ﬂ%%&‘%gyﬁng V??/R;V"of power needed to sustain the reactor, another 11

MW is dumped directly to space by means of radiators. A closed-cycle, a Brayton-heat engine is a

mature and efficieftoptien teeRyBIkexeessi20 Al pigcied i dheilkGS H:d eRmyion engines the

maximum-cycle temperature is co strai%%d Py majerial con§iderations, which limits the maximum

thermodynafitstigI8 LTRATE FE) BAEEE ol ulsion systen,

an aratBreoﬁorman e map for the Brayton engine,
sevefal design pointsicaindie extiactedTypistbefficientics cancreabiviapitc)68% nRor theepresent

case, 7 MW, is negded.to.be recavered hencenfmlya,4% ¥ eficianey in.convarting waste heat is

acceptable 55 and well within currently attainable limits of conventional Brayton engines. The
component Ad&€ f3r The Brtrecar o et s e nd MY rhiare s RATELfatel*B4sed on
specific-masspajrmetersypicatafammanseshiodustkdal TeoMbidgiesat andhe rangehaf 3 kg/lcWe.
Turbomachings, including compressors, power turbines,,and.heat e 2rs,.are, combined for a
total su bsys?éer\ﬁh}ﬁé}sssfeoﬁgﬁqﬁ ‘E%%%‘" ~§1665%§/’58%Wr§%6ﬁﬁ€%&6/ 6)8%%%1%%2 %Sd %:ktor mass is
estitfated tosBtOMIT, | grafefdbhpadsitg sretimpiberprarre] sviiith ispiraidstl idbart Bigh' thavmal
conductivitygpignificantsystesoweight also comes from the magnets 825 confining the plasma core
835. The superconducting magnetic _coils %126513?@ pr%ferably ma}de of Nb3§§d w ich operates

The principal solirce of heat m asma-thruster propulsion system ue to
Bremsstrahlung radiation. The TEC 870 recovers approximately 20% of the radiation, or
4.6MW, transferring approximately 18.2 MW to the closed-cycle, Brayton-heat engine 880.
15 The Brayton-heat engine 880 comprises a heat exchanger 860, turbo-alternator 884, compressor
882, and radiators 886, as shown in Figure 31. The Brayton engine 880 supplies the remaining
7 MW of power needed to sustain the reactor, another 11 MW is dumped directly to space by
means of radiators.
A closed-cycle, a Brayton-heat engine is a mature and efficient option to convert excess
20 heat rejected by the TEC 870. In Brayton engines the maximum-cycle temperature is
constrained by material considerations, which Hmits the maximum thermodynamic-cycle
efficiency. Based on a standard performance map for the Brayton engine, several design
points can be extracted. Typical efficiencies can reach up to 60%. For the present case, 7 MW
is needed to be recovered, hence, only a 40 % efficiency in converting waste heat is acceptable
25 and well within currently attainable limits of conventional Brayton engines.
The component mass for the entire Brayton engine (less the heat radiators) is caloulated
based on specific-mass parameters typical of advanced industrial technologies, i.e. in the range
of 3 kg/kWe. Turbomachines, including compressors, power turbines, and heat exchangers, are

combined for a total subsystem mass of 18 MT.
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5 stably at 4.51C and at a field of 12.5-13.5 T. The cryogenic requirements for Nb3 Sri are less
stringent than other materials considered. With a magnetic field requirement of 7 Tesla and a device
length of approximately 7.5 meters, the coil needs about 1500 turns of wire carrying 56 kA of current.
Using 0.5- crﬁ%‘é@il@é/%ﬂﬁé the total mass of this coil is about 3097 kg. ThETiHRAAERiFFtooling

system is compn ?&F umps one tte%cig \'ﬁd reﬁt alsn C C[Jat'l'heelo tqg%lv pass of these
pumps is approxi ‘éf% 3R E B e G i Fis énﬁ) Upport the maghets and all
internal connfehemslﬂgbrﬂl@urdldmdmsmde of 0.01-m thick kevlar/carbon carbon composite with a

total mass of abay £ £z ko, 108 %@{m@ﬁ%@y&rﬂ%mﬁe m&gﬂa@%&s%&s%ﬁ%%e@&ﬂ&m@nor from the

large temperature variation'in space is estimated _at 643 gPThe total mass for the magnet subsystem
825 is, theretdre TaH SR G RATIIERENTERE $Re G PIHRERB e N B Bk 8pFRiBriate for space
applisationssyeilel besxamdinduciiondie . on RFQ. ’Aj&pﬁ@oxgﬁﬂﬁeéy;ﬂ&memsﬁa@ﬁ:&&%was flown on a

scientific rocket an(ghsuc&es%{gtl %Iﬁeéﬁ%n%re&e%gea%?%r?ft%ghlc\{oé ene Ong g]ygl cigbjectlon of ion

beams into spag Ina pre ferre iment, Six Injecto 0 distr ute ength of the
CBFR, threeimcebv@%pé@p@so@mmﬁatﬁlmecﬂ@ﬁ- @M%%@@h&%&%@é&#ﬁé@m 20 with an

overall dimepgign.ef:3 Meiers Jong:anekaR920: A hadius. oﬁaﬁbcmetsmﬁeg@m@ ampdon source,
preferaby 0.02- me rs long.and 0.020-meters a?lus that su?h I|e5| n| dro en . or boron. One

source is Nty THrELEY 1&@@?&?&“@8%% SRR RTR R

S BEPRGRE K ithin cufrently
attaitable lirmits;weithodésigrprefinementsdonshagekthelitaralenrassiint hding uthe tseurpes and the

acceleratorsy st be abaut 0. 2ndlbe.cone shaned|CGliepanerpconverter 820 is located

at one end of the reactor 836, which is preferably made of stainless steel. With a base radius of 0.5
meters and Eeléﬁé‘ﬁfktﬁ*@am%‘i‘é@“?ﬁ@tm}iﬁé%@i|§%§6BF&§%§@N‘E6553@“%’??95#%%‘?‘%pply 820
(inverter/co rﬁiﬁﬂa&i’()n ﬁ@@@vefaﬂa&i dicastethigntlane, IeepvebagHirntaratéet ficspowey estivepower supply

mass is ab 812 | ed 1o % glreE rstart th CBER N‘ﬁhe stored capacity is
30 about 30 a%ls% ?sag%%sﬁt % g '?esr%Ea o y, a Ezf (:E))ILT'I’dEL a(iso be used. Additional control

unité-‘coordlnate éﬁ@reﬁ%h bf @Ft@@@m&ﬁﬁ@n%omtééﬁﬁm@emﬂﬁ%@%mé@ﬁ%@éd to be 30

kg. The tOtakﬁﬂﬂi&E&Pﬁ%r&@@@rt%ﬁMQﬁﬁt@W m%&% &%ot&lﬁ@f@@as eptimatedsatabput 2.25 MT. A
magnetic nozzle 850 is located at the oth end ofé {1' sion core 835. The nozzle 850 47 WO

00610067 75 BE PRI SHSEETE TS D FIBEREHE s VRS AP He WERPSRR T Barticle flow. It is
estimated thadstheimagaef the pndgneticnhodintenrand thedGfE e dboutted sializsinderigithiare

comprised o&‘é%ﬁ?@?&%%p&ch species of ion. Each injector 840 is preferably a 30 beamlet RFQ

20 with an overall dimension of 0.2 meters long and a (.020-m radius, Each injecior requires an
ion source, preferaby 0.02-meters long and 0.020-meters radius, that supplies ionized hydrogen
or boron. One source is needed for each accelerator. Both the injector and the source are well
within currently attainable limits; with design refinements for space their total mass, including
the sources and the accelerators, should be about 60 kg.

25 The cone-shaped ICC direct energy converter 820 is located at one end of the reactor 836,
which is preferably made of stainless steel. With a base radius of 0.5 meters and a length of 2
meters, the ICC mass is approximately 1696 kg. An RF power supply 820 (inverier/converter)
recovers the dirscted-ion flow, converting it info electric power. The power supply mass is
about 30 kg. A storage battery 812 is used to start/re-start the CBFR. The stored capacity is

30 about 30 MI. Its mass is about 500 kg, Aliernately, a fuel cell could also be uged. Additional
control units coordinate operation of all the components. The confrol-subsystern mass is
estimated to be 30 kg. The total energy converter/starter subsystem mass is, therefore,
estimated at about 2.25 MT,

A magnetic nozzle 850 is located at the other end of the fusion core 835. The nozzle 850
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magnets and relatively low-mass, structural components. The TEC 870 recovers energy from the
electromagnetic emissions of the fusion core. It 5 is preferably a thin-film structure made of 0.02-cm
thick boron-carbide/silicon-gennanium, which has a mass density of about 5 g/cm3. The TEC 870 is
located at th&fx8bae@h6artd preferably completely lines the inner surface dfGhéy&tetdtedre; the mass
of the TEC 870 is desgmated ad%%bs ut 400 k 'eﬂéﬁ r%%a}n flux gnto the 1’%%18& )is 1.2 MW/m‘ and its
peak opera ?ﬁlés?%rﬁ%e}sé?ﬁ% 96 Bs2imad b be fesdihan 1800 K AT TheTotat pla‘“sx?ﬁlsas- ruster
propulsion systersirsigitus bstivateed shbairaur38nvwThoThise defiprssdied nawradnivgtirgssion-critical
parameters for.tbe presentvdiscussed QMW maltnletal Mass/Total Power, M7/Po 0.33 x 10-3
kg/W Thrust/Mass, T/MT 0.85 x 10-3 N/lcg While the invention is susceptible to various modifications
and alternative fdfthdEs 58 ?ﬁé&‘?ﬁ%@%%?é“tﬂ@r’é%&?%@@ﬁ LHSHATH P Gt 5GS alid is herein
descfibed insdetaitatty shbuldibestncersiood ofowsver ifaabienioyenitilisongtiadedimited to the
particular form. disclosed, but to the.contrary, the.in lon is 1o cover all madifications, equivalents,
B oo B R e e e B B B2 1006772
PCT/LIS2006T6@B2 5 tal isnerin denes sariacrebibtoretiaraper Gomprithgialdfidddial chamber wall

having first a@&%a@n@b@ﬂd@oa@d anR radity ki osulatincEbreaks extanding @aﬁa{%@dgng the chamber
wall between and in spaced relation V\gth h% first a %Os??%gnd ends. 2. The chamber of claim | wherein
0T

the pluralityoéjifs fﬁtélﬁﬁéﬁn’ée%‘%léelég HTge ] (To‘fssfg%%ﬁe e chamber wall. 3. The chamber of claim 1
whérein the charfiberwiglasfottnedeobroptalod syEle: crambénobaiaime2 avkiengi b3t pllirality of

insulating bregks, IREIHAE. A/ ASWANNG A ﬁaén@a%rfﬁfiﬂm@eﬁ!%fqéca;,@&z GRgmReLAt claim 4 wherein

the insulating material is a ceramic material. 6. The chamber of claim 4 further comprising a plurality
of shrouds positioned within the chamber and over the insulating material. 7. The chamber of claim 4
further comprising a sealingipaie/Extsriding,overthe slot. 8. ThgThamhgywf claim 7 wherein the

insulating material is co%&%&g@sﬁzfﬁﬁlmg 0.85 x 10° N/kg

While the invention is susceptible to various modifications and alternative forms, a
15 specific example thereof has beer shown in the drawings and is herein described in detail. If
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 ciaims.
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plate. 9. The chamber of claim 7 further comprising a means for forming a seal between the sealing
plate and the chamber wall. 10. The chamber of claim 9 wherein the sealing plate is formed from
fiberglass material. 11. The chamber of claim 1 further comprising a magnetic field generator coupled
to the chambBEP geHéFating a unidirectional magnetic field within the chBRIBEF2eP9/08ichamber of
claim 11 wherein the magnetic field generator includes a plurality of field coils extending azimuthally
about the pERthEEPBIMhE chamber wall. 13. The chamber of claim 12 wherein the plurality of field
coils are parallely: . oriemtaekteotieabattrenpidnd he chamber of claim 12 wherein the plurality of field
coils includes irs; i o0 SRl AN AL Ballsnd.cHhe shianiper of claim 11 further comprising a

betatron flux coil extending concentrically with the chamber wall. 16. The chamber of claim 15 wherein

the betatron flux esiugipsfioi Biits e BecFE bRl AR SO = Pher SREREEFS @8 15 wherein
the betatrog,fux collinciyelemamivralibeahdarallel wound coils. 18. The chamber of claim 1 further
comprising one of morejonpeam injectors athaogal e ANd radiall. shaced flamaopitudinal axs
of the chamber wall. 19. The Chamber claim 18 wherein the’ion beam i Jectors include a means for
neutralizingdheélechecioimirgevelithe ion beams emitted by the ion beam injectors. 20. The chamber of

claim 1 further comprising.aplastmarspuice faeianningamsanwuarn closstebbastground plasma toward
a chamber mid-plane. 21. The champer, of claim 1 furtger omFrisirll .energy conl\égrtg{s coupled to the
first and second énds of P& ARRSE FH IPFHL LY 8t DR 2 Wereis the energy converters
include a plusalityneinasiadlyrextending: electrodes with longitudinal spaces there between. 23. The
chamber of claim22 furfel.comprisiag:a bl oldield falle exlandiag caeut igngrimeter of the

plurality of electrodes. 2 amber of claim 23 further compri,singg first and second ion collectors
and first and secbnd eldbareiabieefelam 4 further comprising a plurality o shrouds positioned

within the chamber and over the insulating material.

7. The chamber of claim 4 further comprising a sealing plate extending over the
slot.

8. The chamber of claim 7 wherein the insulating material is coupled to the sealing
plate.

9. The chamber of claim 7 further comprising a means for forming a seal between

the sealing plate and the chamber wall.

10.  The chamber of claim 9 wherein the sealing plate is formed from fiberglass
material.

11.  The chamber of claim 1 further comprising a magnetic field generator coupled
to the chamber for generating a unidirectional magnetic field within the chamber.

12.  The chamber of claim 11 wherein the magnetic field generator includes a
plurality of field coils extending azimuthally about the perimeter of the chamber wall.

13, The chamber of claim 12 wherein the plurality of field coils are parallely
oriented to one another.

14, The chamber of claim 12 wherein the plurality of field coils includes first and
second sets of mirror coils.

15.  The chamber of claim 11 further comprising a betatron flux coil extending
concentrically with the chamber wall.

16.  The chamber of claim 13 wherein the betatron flux coil is position outside of the

chamber wall.
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17. The chamber of claim 15 wherein the betatron flux coil includes a plurality of
paralle! wound coils.

18, The chamber of claim ! further comprising one or more ion beam injectors
orthogonal to and radially spaced from a longitudinal axis of the chamber wall.

I9. The chamber claim 18 wherein the ion beam injectors include a means for
neutralizing the electric charge of the ion beams emitted by the ion beam injectors.

20.  The chamber of claim | further comprising a plasma source for forming a
annular cloud of background plasma toward a chamber mid-plane.

21. The chamber of claim 1 further comprising energy converters coupled to the
first and second ends of the chamber wall.

22, The chamber of claim 21 wherein the energy converters include a plurality of
axially extending electrodes with longitudinal spaces there between.

23.  The chamber of claim 22 further comprising a plurality of field coils extending
about the perimeter of the plurality of electrodes.

24, The chamber of claim 23 further comprising first and second ion collectors and

first and second electron collectors.
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