WO 02/062112 PCTIUS02/02854 MAGNETIC AND ELECTROSTATIC CONFINEMENT OF PLASMA
IN A FIELD REVERSED CONFIGURATION This invention was made with Government supportunder
Contract No. NO0014- 99-1-0857, awarded by the Office of Naval Research. Some background

research wag fsupported by the U.S. Department of Energy for 1992 $e-4.093,,Jdag Government has
certain rights in this invention. FIELD OF THE INVENTION The invention relates generally to the field

of plasma physics, and, in particular, to_methods and apparati for confining plasma. Plasma
confinementW@‘&%@O%@WQ@M%HH&%E%Q% n reaction.
BACKGROUND OF THE INVENT FCANERSHDNOSHIRGIRGSRObY which two light nuclei combine to form
a heavier one. The fusion process releases a tremendous amount of energy in the form of fast moving

particles. BecauseratqminAUFlRkAER s veerhAtess e R e REALRRG, aemgined 15 therein -

there is a repulsive electrostatic, or Coulomb, force between them. For two nuclei to fuse, this

repulsive b&HEPRstREGIBREIRMENBE HESTHEn TR HRRIET RS B5ERFhTEbse enough together

where the shopofaage huclearigreesbesrne SIBNYYENBUEIsL0 TR exe Kapulomb force and
fuse the nuclel.. The energy necessary for the nuclei to overcome the Coulomb barrier is provided by
their thermﬁgﬁgﬁgg&%ﬁ%ﬂ%ﬁ?ﬁo be very high. For example, the fusion rate can be appreciable if

the temperature is at least of the order of 1 o™ eV - corresponding roughly to 100 million degrees
Kelvin. The rate of a fusion reactiorFiSer &R daenBF{H! Fé%erature, and it is characterized by a
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PCTmMsOXb028%pose of enabling  nuclsar fusion reaction.

BACKGROUND OF THE INVENTION
Fusion is the proces.s by which two light nuclei combine to form 2 heavier one.
The fusion process releases a remendous amoumt of energy in the form of fast moving
particles. Because atomic nuclel are positively chargsd — due to the protons contamed
15 therein —— there is a repulsive electrostatic, or Coulomb, force between them. For two
nuclei to fuse, this repulsive barrier must be overcome, which occurs when two nuclel are
brought close enough togsther where the shor{-range nuélear forces become strong
enough to overcome the Coulomb force and fuse the nuclel. The energy necessary for the
nuclei to overcome the Coulomb barrier is provided by their thermal energies, which must
20 be very high. For example, the fusion rate can be appreciable if the temperature is af least
of the order of 10* 8V — comesponding roughly to 100 miltion degrees Kelvin. The rate
of a fusion reaction is a function of the temperature, and it is characterized by a quantity
called reactivity. The reactivity of a D-T reaction, for example, has a broad peak between
30 keV and 100 keV,
25 Typical fusion reactions inchide:
 D4D > HE(03 MeV) + n(2.5 MeV),
D+ T—of3.6 MeV)+n(14.1 MeV),
D+ He' - af3.7 MeV) + p(14.7 MeV), and



p + B" -~ 3a(8.7 MeV), where D indicates deuterium, T indicates tritium, a indicates a helium nucleus,
n indicates a neutron, p indicates a proton, He indicates helium, and B" indicates Boron-l 1. The

numbers in parentheses in each equation indicate the kinetic energy of the fusion 5 products. The first

two reactiQpg disiedabove - the D-D and D-T reactions - are neutroniGyewhigdy/sagans that most of the
energy of their fusion products is carried by fast neutrons. The disadvantages of neutronic reactions
are that (1) the flux of fast neutrons creates many problems, including structural damage of the

reactor walls and high levels 10 of radioactivity for most 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 rétitforiie 185:fioRE Are that (1) their reactivity peaks at a
relatively Igwdempsialueiandita) theltlossasdue tonadiabionamrelatiealyJow because the atomic

numbers of deuterium and tritium are 1. 15 The reactants in the

_ , ther tyo equations - D-He' and p-13"

- are called2HEREHE BB THLEASH GBS HE W%H%n@%gl @ﬁéﬁﬁ%ﬁ% eactions, their
fusion produsts:aemahargediaticRsOngrevaniageoitienrdvanagd doglstgidat they create much
fewer neutrons and therefore suffer less from the disadvantages as sedated with them. In the case of
D-I—§e3, soRfe®t-neutrons are produced by secondary reactions, 20 but these neutrons account for
only about 10 perkefitofwbe-asnrgliatihddusiontpDdetsl TFhepdibneactan is free of fast neutrons,
although it does produce some slow neutrons that result from secondary reactions.but create much
fewer probTEHIEPEnBHE} BRERTS HRHEOSA ﬁw{geae v Ced TielSs i RAIH ésnxéfﬁgc/% t%gfr fusion products
can be collgatechwitthadiighzefiicie atyoupto SAcfencanthin @)direfitenbigyeomyarsion process, their
charged 25 fusion products can I%wg'd go 2 and their kinetic ener verted directly to

c%% &em?élﬁgﬁd?%? " S0 O&IEH%G mr S%é(g% or%?%:%‘éumbers of the ;
advanced fefisimeetivioghfr (Bofbrddeirenicbrieril), Fd<ie fbeanthgiraffdiationdnsses are greater than in

the neutro%ﬁlg%%%%ons.n@ggﬂég&iﬁw ug&@g&é{ﬁ@%g&ﬁ%%%%p%gi%img&%{g&Is to fuse. Their

: [+[8
peak reactivities OC(?UI’ at mu

electricity.

15

20

30

L
ea Val¥ ue ave drsadvantages,10o0. For exampile,

igher tempe
(iess than 30%). The advaniages of neutronic reactions are that (1) their reactivity peaks

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-He® and p-B" — are calied
advanced fuels. Instead of producing fast neutrons, as in the neutronic reactions, their
fusion products are charged particles. One advaniage of the advanced fusls is that they
create ruch fewer nevtrons and therefore suffer less from the disadvaniages associated
with there. In the case of D-He’, some fast nsutrons are produced by secondary reactions,
but these neutrons account for only sbout 10 per cent of the energy of the fusion products.

The p-B" reaction is free of fast neutrons, although it does produce some slow neutrons
that result from secondary reactions buf create much fewer problems. Another advantage
of the advanced fuels is that the energy of their fusion products can be coliscted with &
high efficiency, op to 90 per cent. In a direct energy conversion process, their charged
fusion products can be slowed down and their kinelic energy converted directly to
electricity.

The advanced fuels have disadventages, too. For example, the atomic mumbers of
the advanced fuels are higher (2 for He® and 5 for B). Therefore, their radiation losses
are greater than in the neutronic reactions. Also, it is much more difficult to cause the

advanced fuels to fuse. Their peak reactivities occur at much higher terperatures and do
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W 0 02/062112 PCTIUS02102954 not reach as high as the reactivity for D-T. Causing a fusion
reaction with the advanced fuels thus requires that they be brought to a higher energy state where
their reactivity is significant. Accordingly, the advanced fuels must be contained for a longer time
period whegreidhey can be brought to appropriate fusion conditions. Bcfies@antainment time for a
plasma is At = r2/D, where r is a minimum plasma dimension and D is a diffusion coefficient. The
classical value of the diffusion coefficient is De = az /z 1e , where a, is the ion gyroradius and z;e is
the ion-electron collision time. Diffusion according to the classical diffusion coefficient is called

classical transport. T%e Bohm diffusion caefficient, attri d to_short-wave t&dnstabilities, is 10 Ds
= (1/16)a’?§fn,c,1§\?ﬁ%é% ,g]?sa%ﬁ%eiroeﬁg é%%f%%%%?ﬁﬁ%@%ﬁgécﬁgﬁg%g%ﬁﬁgﬁe ationship is called
anomaloustieansporiaiss fusitiesCoriditioghs DBidbe enfgt 614 vihert(B:mmsathialyus transport results in -

@ much sherier copralnment e (a0 deaslassiceltanshellPisclaton.dgiegmines how lage 2

plasma mu%%%e Ina u5|(§n r%gétor, e requirement tf the containment time for a given amount
of plasma minstirdhonge bt ianugbt themmoprive thegslserddienshave a nuclear fusion reaction. Therefore,

classical ranspod, condifion. s MArs,desliabialnAtysion, faciaL aning Bsmaler initial plasmas.

In early experimen}%s with toroidal confinement of plasma, a containment time of At =r2/D,, was
observed. Bmepsiss dndtheslasidiGipe srssisth Foagessitab wbmaiiheehumoa crsiieie®000 r'/D.,. One
existing fusion reactor concept is the . To"kramak, The magnetic 20 field of.a Tokamak 68 and a typical
particle orbit 66 "ﬁl‘% ﬁﬁ%t‘f‘%’%’g Ry 8" ﬁ%ﬁ"%ﬁ"g“ég‘% ‘365?/%%}cs’1}?§%ffg{r}lne(#oir g %%/née'been focussed on
the TokamalssreReiQrdssing: &Bd el Thess effoasitiavacelisinaedds thestterTational |
Thermonuclear Experimental Reactor. (%ERgéillustra ed jn Fig.. 7. Recent experiments with Tokamaks
suggest thﬁ%ﬂ%ﬁfoﬂﬁ?@ﬁﬁ’ﬁﬁﬁ@w 3° EPHEEH @#ﬁ%ﬁl%%esgélﬁwe minimum plasma dimension
canbe 25 rggu___g%glgsgn@l MeigLs Qigwg%ﬁ%%ﬁ%_%mEmﬁ@é\@Mpe injection of energetic
beams (50 to 100 keV), to heat the plasma to temperatures of 10 to 30 keV. See W. Heidbrink & G.1.
Sadler, 34 Nintlemhipisiolics 380004 tTHRph SigdisBemniiboesi R hase &45¥nments were observed

to slow dowap, s classical e e bRl plasmAcaRU R Ga. disgianomalousl fast

The reason for this is energetic 30 beam ions have a large %&/r_oradius and, as such, are
insensitive toufipott afioasistien determines how large a plasma must be in 2 Tusion reactor, by the

requirement that the containment time for a given amount of plasma must be longer than
15 the time for the plasma to heve a nuclear fusion reaction. Therefore, classical transport
condition is more desirable in a fusion resctor, allowing for smaller initial plasmas.
in early experiments with toroidal confinement of plasma, a containment time of
Af 2 4D, was observed, Progress in the last 40 years has increased the containment time
to Af 2 1000 #/D,. One existing fusion reactor concept is the Tokamak. The magnetic
20 field of a Tokamak 68 and a typical particle orbit 66 are iltustrated in Fig. 5. For the past
30 years, fusion efforts have been focussed on the Tokamak reactor using a D-T fuel.
These efforts have culminated in the International Thermonuciear Experimental Reactor
(ITER), iliusirated in Fig, 7. Recent experiments with Tokamaks seggest that classical
transport, At & /D), is possible, in which case the minimum plasma dimension can be
25 -reduced from meiers to centimeters, These experiments involved the injection of
energstic beams (50 to 100 keV), to heat the plasma to temperatures of 10 10 30 keV. See
W. Heidbrink & G. I. Sadler, 34 Nuclear Fusion 535 {1994). The energetic beam ions in
these experiments were c;bserved to slow down and diffuse classically while the thermal
plasma continued o diffuse anomalously fast. The reason for this is that the energetic
30 ‘beam ions have a large gyroradius and, as such, are msensitive to fuctuations with
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3 WO 02/062112 PCT/US02/02854 wavelengths shorter than the ion gyroradius (7L < a4). The :
short-wavelength fluctuations tend to average over a cycle and thus cancel. Electrons, however, have :
a much smaller gyroradius, so they respond to the fluctuations and transport anomalously. Because of
anomaloug;§ansRed. the minimum dimension of the plasma must be agaiRa6is2:8 meters. Due to this .
dimension, the ITER was created 30 meters high and 30 meters in diameter. This is the smallest D-T .
Tokamak-type reactor that is, feasible. For advanced fuels, such as D-He3 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 fuel has the additional problem that most of the
energy of Wvdengisshriivoiardeve Groedispibg 6y ﬂ‘?\ﬁ@?}ffﬁ%}ﬁ@ﬁm Hise radiation damage |

and inducgdeachivibeinalmostrILeonsl valien matedaisidurde, thedeuiansfidkedn addition, the
conversion of their energy into electricity. must be by a thermal process, which is not more than 30%
efficient. ABBHRIISrEPBERAEFRERESP iﬁ%ﬁ@ﬁmﬂ%@% actor. In a colliding 15 beam

reactor, a backgmungdasmmiihombarsie thbymbeams ahionsonldfenb s eantdse ions with an
energy that is much larger than_the thermal plasma. Producing useful fusjon ctions in this type of
reactor ha&tténh Wﬁ@&‘sigéﬁ’ﬁ‘ég&ﬁm“ﬂhma" ﬁ&%‘ﬁfﬁg%g%t% ﬁ?é{ ?Lﬁl beams. Various
proposals figises BegrnbRe eTiasRabcarilisspobies-and-heimize the ingmiiee auclear reactions. 20
countero B SR e Mo IR THSHE TS0k SRR BORTREFrent system. In U.S,
Patent No xh@bi#:de 2 dendasabyiet flr «dietimmeagreticuekergadtidnjeetechtbmeunteract the effects of
ok L BT S AR BRSPS TSRl e » it
inje@ted amm@@ﬁwmetggismwmmwm aﬁfdkmkadiﬁﬁmrdmdglmﬁeverseq
beame. THEUBEAE TS BESa A e R e e P e oy causec
by electrotis thatascoijibeiy dixesnjert elidoioty et bidntotisarg treater Whidhis iwhs in which
more than 30% efficient.
Another proposed rsactor configuration is a colliding beam reactor. In a colliding
15 beam reactor, a background plasma is bombarded by beams of ions. The beams comprise
tons with an energy that is much larger than the thermal plasma. Producing useful fusion-
reactions in this type of reactor has been infeasibie because fhe background plasma slows
down the ion beams, Various proposals have been made to reduce this problem and
maxinize the nimber of nuciear reactions.
20 For example, 1.8, Patent No. 4,065,351 to Jassby et al. discloses a method of
producing counterstreaming colliding beams of denterons and tritons in a toroidal
confinement system. In U.S, Patent No. 4,057,462 1o Jassby et al,, elsctromagnetic
energy is injected to counteract the effects of bulk equilibrium plasma drag on one of the
ion species. The toroidal confinement system is identified as 2 Tokamak, In U.S. Patent
25 No. 4,894,199 to Rosioker, beams of deuterium and tritium are injected and trapped with
. {he same average velocity in a Tokameak, mirror, or field reversed configuration. Thereis
2 low density cool background plasma for the sole purpose of trapping the beams. The
beams react because they have a high temperature, and slowing down is mainly caused by
electrons that accompany the injected ions. The electrons are heated by the ions in which
30 case the slowing down is minirnal, |



30 case the slowing down is minimal. 4 WO 02/062112 PCT/US02/02854 In none of these devices,
however, does an equilibrium electric field play any part. Further, there is no attempt to reduce, or
even consider, anomalous transport. Other patents consider electrostatic confinement of ions and, in
some casggg fragngtic confinement of electrons. These include U.S. Batgidyhgss,258,402 to 5 ;
Farnsworth and U.S. Patent No. 3,386,883 to Farnsworth, which disclose electrostatic confinement of -
ions and inertial confinement of electrons; U.S. Patent No. 3,530,036 to Hirsch et al. and U.S. Patent
No. 3,530,497 to Hirsch or al. are similar to Farnsworth; U.S. Patent No. 4,233,537 to Limpaeeher,
which discloses electrostatic confinement of ions and {iﬂa@netlc con cg}jggent of electrons with

multipole cusp refERARTG AR LSRG S WHFE 405H ERH: AN AR is similar to

LimpaeCheF&@éﬂ“ﬁi@&M%n@@tEh%l@sﬂdQ@e@Eﬁmmtmm%mmctrostatlc confinement of
electrons and magnetic conflnemen of ion Altﬁﬁu %%hav heen mg# research projects on
'\‘fgﬂﬁ f

electrostatic con Wédsﬁ %E8f BEPELTERY the required
electrostatigdiglels: wheindheniersibmvesthires titdeleisibntar NGRS Adactor. Lastly, 15 none of the

patents cited above dis fie uratio tlc to The field reversed
con%igurati%ﬁrf}? (&}Sifo Ve i}é’ §CC|ge %? % 5‘%9%% ﬁava‘%y EZS S&arch Laboratory
during thetaoni‘mlmaméﬁmemﬁn&rmpmﬁﬁﬁﬁmﬁoﬁdh@ynwmbﬁemmmmécﬁw tiagnetic field reverses

direction, | trat an Fi rt| bits in aFR FRC are sh Fig 11 and Fig.
14. Regar %ﬂfsﬁ Q?O?%@gngnyggse%rc%ﬁ%%ggr%s 3&/%{ k%%n suppc?rt ncﬁ%éw%mted States and

Japan. Theteteist HcdPihebe nsivareciey waipk divcidbe tmmmm@@ﬁFRC research from
1960-1988. e ] M. Tusz ski, 28 o) P, @n FRC development
describes the arc cm%f% nintfj*ecomgrﬁé{r? a{t]}oﬁggo}gﬁtg%%l ee L. C. Steinhauer at al., |
30 Fusion ?etchhﬁh)gﬁ.ﬁﬂ&(ﬂ?@%);sﬁdz mumem@@@mammmﬂ@mm@ has been formed with
the theta pigehnRiied-faenseauence.el JlisJomatianduahod bdipklhRddasand elections each

carry half the current, w |ch su ts In a neg g|b e electrostatic field in the plasma and no electrostatic
confinemersonfivanien s s o fddwogls theesys PROSHICRS CoRtaTRsanIaghetiesic In almost all FRC

confinement of ions, none of ther have succeeded in establishing the required

electrostatic fields when the fons have the required density for a fizsion reactor. | Lastly,

15 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 Naval Research Laboratory during theta pinch experiments. A typical FRC
topology, wherein the internal magnetic field reverses direction, is illustrated in Fig. 8 and
Fig. 10, and parficie orblising FRC are shown in Fig. 11 and Fig. 14. Regarding the

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

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

The ions and electrons in these FRCs were contained magneiically, In almost all FRC



5 experiments, anomalous transport has been assumed. See, e.g., Tuszewski, beginning of section
1.5.2, at page 2072. SUMMARY OF THE INVENTION To address the problems faced by previous
plasma containment systems, a system and apparatus according to an embodiment of the invention
for containing plasma are herein described in which plasma ions are contained magnetically in stable, :
large orbits and electrons are contained electrostatically in an energy well. A major innovation of an
embodiment of the present invention over all previous work with FRCs is the simultaneous

electrostalig cnnliRement ol eleginnsavd ungssiiccalinemant akionswapisplends to avoid

anomalous t_ranspo’rt and facilitate classical containment of both electrons and ions. In this ;
configurafstiotohs-Payragvé’ddequate density and temperature so that upon collisions they are fused
together by the nuclear force, thus releasing fusion energy. According to a first aspect of the present

invention, there is provided an apparatus for containing plasma comprising an elongate chamber
having a principal axis, a magREtéNIAB Hérerdisr ebipedlidNhe chamber to apply a magnetic field

within the_charpel suisiactialhalonad prpdinis.axia.al s Rambes a-aenkeal coupled to he

chamber and concentric with the principal axis of the chamber to create an azimuthal electric field
within thexohappbeiysrdeaipiasnma sobedene kbt anptatarafoonriniieg BRSSIEGES and ions into the
Chamberhé%fnoé%’égﬂg%% a,35and aspest 9&%“&&5@&%5@48@ heieuUsipgvifad a method of

confining a plasma having electrons and ions within an apparatus built in accordance with the first
aspect of siecinvtenticine thenetwetcomapeindpthe stepy willnfagnsticatyvasonfiiiag a plurality of
plasma ion ad electrostatically confining a plurality of plas P? rops. According to a third aspect .
of the pre%%sgr’i I veenr%tci%#,l“t %?ﬁs%%ﬁ%%%rr%ﬁe?ﬁ%‘ﬂ%? ‘?géﬁéga |§g Srqéﬂversed configuration magnetic .
field withigi:autaascher efrastaippandissdmif teatcos dahcegithcthenfirstrespetioof.the invention, the '

method comprising the steps of generating a1 Apalid magneie fed i e chiamber, nfecting plasma
electrons and ions. In this configuration, jons may have adequate density and temperatuze
so that upon collisions they are fused together by the nuclear fores, thus releasing fusion
energy. |

According to a first aspect of the present invention, thers is provided an apparatus
for containing plasma comprising an elongate chamber having a principal axis, a

- magnetic field generator coupled to the chamber to apply a mag&etic ficld within the
chamber substantialty along a principle axis of the chamber, a current coil coupled to the
chamber and concentric with the principal axis of the chamber {0 create an azimuthal
electric field within the chamber, and a plasma source to inject a plasma containing
electrons and ions into the chamber.

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

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

of generating an applied magnetic field in the chamber, injecting plasma mto the



chamber, injecting ion beams into the applied magnetic field within the chamber, forming a rotating
plasma beam within the chamber having a poloidal magnetic self-field, applying an azimuthal electric
field to increase the rotating velocity of the plasma beam to a velocity at which the magnitude of the
magnetic self-field within the plasma beam overcomes the magnitude of the applied magnetic field
causing field reversal, and joining field lines of the applied magnetic field and the magnetic self-field in :
a combined magnetic field having a field reverse configuration (FRC) topology. According to a fourth

aspect of thepreseatiny sptioanthers dspipuidadampeired eifming.adield tenpiged configuration

magnetic Held within a chamber of an apparatus built in _a_ccordanceS'\%g}é e first aspect of the

invention? FABYRAERYSIE SRABHEIT S Sepbbry et AIIaha5BRHY tic field in the chamber,
injecting plasma inte-themapiied crunetiscielt withinathg ceratess Bpplying amazinuthal electric field
within the chamber causing the plasma to rotate .an a polojdal magnetic self-field, and “
increasin@‘fﬂgcfgiﬁﬁ‘é’m‘f’dﬁﬁ@%? 8% ﬁ?ﬁ%uﬁ%%é%é}eétﬁgaﬁa%%ﬂ%&eﬁﬁ% magnetic self-field
within theyplesmastbenieyahibabDie rpptidsithmeia dieltude oid feldpplies] rmagpetiogfield causing field
reversal, joining field lines of the ied.magnetic field -and,the qetic self-field in a combined
magnetic%l%’ﬁ?\ﬁgg]%aﬁgﬂﬁﬁrér\?a %“é‘ ciﬂge%ﬁ%lﬁgﬁi%ﬁm(%ﬁt S%%%or%g%? a'rr?g a%%%é?gred embodiment, a :
plasma confinetinénkidystepndehiprises acoligmisem &Magmetiedield generator for applying a magnetic
field in a direction substantially alo Inci I mapndlanplasmalayss that comprisesa
circulating beamAg?(]l%%ins? p?o%%ﬁ%t%ﬁr%@%ﬁ?ﬁrﬁ? ggg%glﬁayer ar?rgubstantially contained within the
chamber offfagnisticeligidmavesits sonfigumtacnranstia SdiéBetantthrabmaifdmaislectrostatic

energy Wﬁ”i%ﬂz%@&ﬁﬂ%%ﬁ%%@ﬁ?@%%@@c?f%ﬂ@gf‘v‘éﬂ&ofﬂ,e{g&ﬁgﬁ%@n%% igessagurrent coil.

Preferably, the system further comprises mirror coils near the ends of the chamber_ that increase the

magnitudef ePurtispicerphag megadie ekt nbe b aiernperorigodie mRifay also comprise a
beam injeglonfar Kiscling.heulilizedipnheamintethe applieddnagngtietield, wherein the beam

enters an orbit due to the force caused by the applied magnetic field, In_another preferred

embodimekBibgieasye themiareedaRaiaiend TRERERAR PSSy 65 fidttreversed configuration. 7

increasing the rotational velocity of the plasma to increase the magnitude of the magnetic
self-field within the plasma to a level that overcomes the magnitude of the applied
magnetic field cansing field reversal, and joining feld lines of the applied magnetic field
and the magnetic seli-field in a combined magnetic field having a field reverse
configuration (FRC) topology. |
In a preferred embodiment, a plasma confinement system comprises 2 chamber, a
magnetic field generator for applying a magnetic field in a direction substantially along a
principle axis, and an annular plasma layer that comprises a circulating beam of ions.
lons of the annular plasma beam layer are substantially contained within the chamber
magnetically in orbits and the electrons are substantially contained in an electrostatic
energy well. In one preferred embodiment a magnetic field generator comprises a current
coil, Preferably, the system further comprises mirror coils near the ends of the chamber
that increase the magnitude of the applied magnetic field at the ends of the chamber. The
system may also comprise 2 beam injector for injecting a neutralized ion beam into the
applied magnetic field, wherein the beam enters an orbit due to the force caused by the
applied magnetic field. In another preferred embodiments, the system forms a magnetic
field having a topology of 2 field reversed configuration.



Also disclosed is a method of confining plasma comprising the steps of magnetically confining the

ions in orbits within a magnetic field and electrostatically confining the electrons in an energy well. An .
applied magnetic field may be tuned to produce and control the electrostatic field. In one embodiment
of the method the field is tuned so that the average electron velocity is approximately zero. In another
embodiment, the field is tuned so that the average electron velocity is in the same direction as the |
average ion velocity. In another embodiment of the method, the method forms a field reversed

configuration magpeticfisld 40 whighithe - plasmags santinagdritmpriatepdoembodiments, an annular
plasma layer is contained within a field reversed confi uraﬁi1 magne ic &%ﬂgﬂ}The plasma layer

comprise@3sBERTOLK ceREPREF fIRLs Wﬁ%ﬁ”@%gﬁﬁ%}% %I%ﬁr}’e fons Are non-adiabatic, and _f
electronscopfitaipeet eMthimain mmm.m@mn@mpmmwem@used to rotate and form
a magneliesell fald gl sulcisntmagiude ip U Ield pvarnalreig iRt ambodiments, the

plasma may comprise at least two different ion species, one or both of which may comprise advanced |

fuels. Hatineacribatgiatasies SlaEn Yo is SPRIomrgRshYRTO M2 HaMBE P pPdifithe anomalous
transport«gf ipnsiskisCaNihe €lone:ina dRtunbetausadhetnagnetdadieich mabishes (i.e., is zero) over a -
surface within the plasma. lons having.a large othit tend ta be insensitive t rt-wavelength ‘_
fluctuatioRLTh%R RE ISR ER0 &fb‘{’j@ f %%%%@I%%H‘é%ﬁ:e%gn iﬁléer%ngilgtofz%%e egc%%g for electrons because
they havesssoabogiroraiins:egreto ihdins mialirimsslasms & ectHmsfore sensitive to short-wavelength

fluctuiations thaﬁ&%&gﬁéﬂ Qs HANsPorThaRsingayhe clerimmes aeigerively confined in a
’y an elect

deep potential we rostatic field, which tends to preyvent the anomaloys transport of energy

by electroRET TN RIS SHaH P ARSI R SRR RGN SORRIET ROTH S Fig§Hensity region near the

null surfagadodhesykfasaaidhelnlasmactn e ndoiadizradst ofittettrenergytdmebent in ascending the
energy well, When electrons reach- t lasma surface and leav E‘H&‘%& product ions, they have
little enerﬁ?@éﬁ%ﬁﬁ%ﬁé%lgﬁ%@s%@%%g%?ﬁ%%t%ﬁ%_%%‘%%%%e%t@& to make all the ion drift orbits
rotate in theaifemealjrfedic oisebiivmt seehitedh eycavecdiiiamiseralrhe electrostatic field further provides

a cooling mechaisnfar elegirons . Wish seesaml QipilaloBlessedifdent ion
species, one or both of which may comprise advanced fuels.

Having a non-adiabatic plasma of energefic, large-orbit ions tends to prevent the
anomalous transport of ions. This can be done in a FRC, because the magnetic field
vanishes (i.e., is zero) over a surface within the plasma. Ions having a large orbit tend to
be iﬁsemiﬁve to short-wavelength fluctuations that cause anomalous transport. .

Miagnetic confinement is ineffective for electrons because they have a small
gyroradins-due to their small mass-and are therefore sensitive to short-wavelength
fluctiations ﬂm“z cause anomelous transport, Therefore, the clectrons are effectively
confined in a deep potential well by an electrostatic field, which tends to prevent the
anomalous transport of energy by electrons. The electrons that escape confmement must
travel-from the high density region near the null surface to the surface of the plasma. In so
doing, most of their energy is spent in ascending the energy well. When electrons reach-
the plasma surface and leave with fusion product ions, taey have little energy left 1o
transport. The strong electrostatic field also tends to make all the ion drift orbits rotate in

the diamagnetic direction, so that they are contained. The electrostatic field further

~ provides a cooling mechanism for electrons, which reduces their radiation losses.



The increased containment ability allows for the use of advanced fuels such as D He3 andp-B11, as
well as neutronic reactants such as D-D and D-T. In the D-He3 reaction, fast neutrons are produced
by secondary reactions, but are an improvement over the D-T 7b WO 02/062112 PCT/U502/02854
reaction. Thep-13" reaction, and the like, is preferable because it avoids the problems of fast neutrons:
completely. Another advantage of the advanced fuels is the direct energy conversion of energy from |
the fusion reaction because the fusion products are moving charged particles, which. 5 create an

electrical currentychifisdsc sigrificant: ko vaRaTooRuiokamaksctnexanples Where a thermal

conversionprocess;is used to convert the, kinetic energy of.f eutr into electricity. The
efficiencﬁg?;c ﬁl‘ii?éﬁr:aﬁ‘g B EGHRS gascsiaité %er%a#y%g/g%vh%r%eég?ﬁg erﬁ%gltg)ﬁéy of direct energy
conversifstaanthessdighiasdipseOtdary asptiots.dnt feam impof thepese fitiiéntion will become
apparent from 10 consideration of the following description taken in conjunction-with the

accompanying drawings. BRIEF DESCRIPTION OF THE DRAWINGS Preferred embodiments are
illustrated by way of example, and not by way of limitation, in the figures of the accompanying
drawings, in which like reference numerals 15 refer to like components. Figs. IA and IB show,
respectively, the Lorentz force acting on a positive and a negative charge. Figs. 2A and 2B show
Larmor orbits of charged particles in a constant magnetic field. 20 Fig. 3 shows the f x B drift. Fig. 4
shows the gradient drift, Fig. 5 shows an adiabatic particle orbit in a Tokamak. Fig. 6 shows a
non-adiabatic particle orbit in a betatron. Fig. 7 shows the International Thermonuclear Experimental
Reactor (ITER). 25 Fig. 8 shows the magnetic field of a FRC. Figs. 9A and 9B show, respectively, the
diamagnetic and the counterdiamagnetic

7b



direction in a FRC. Fig. 10 shows the colliding beam system. Fig. I1 shows a betatron orbit. 8 WO
02/062112 PCT/US02/02854 Figs. 12A and 12B show, respectively, the magnetic field and the ‘
direction of the gradient drift in a FRC. Figs. 13A and 13B show, respectively, the electric field and the,

direction g{,&k&,ﬂ@fﬁ drift in a FRC. 5 Figs. 14A,14B and 14C show iopcgfift@fsss Figs. 15A and 15B
show the Lorentz force at the ends of a FRC. Figs. 16A and 16B show the tuning of the electric field

and the electric potential in the colliding beam system. Fig. 17 shows a Maxwell distribution. 10 Figs..
18A and 18B show transitions from betatron orbits to drift orbits due to large-angle, ion-ion collisions.

Figs. 19 show A, B, C ang D betatron orhits when_sm II-an%Ie,,elecigé)g}-éon E§o|lis{i}c};ns are considered,
Figs. 20A, E0and Bs AERRtieR ﬁ%@%ﬁi‘%ﬁﬁ@?ﬁé’@%&ﬁ% e HYEREPIEFIGE 214, 2B, 21C and |

21D show ghe.gfiegts drgibesfining of the external magnetic field BO in a FRC. Figs. 22A, 228, 22C
and 22D show iteration results for a D-T plasma, Figs. 23A, 238, 23C. and ZgD show iteration results
for a D-Fie' pIasrﬁ&?ﬂpfgidﬁ?ﬁﬁﬁgﬁfear%%ﬁefiggﬁﬁésf%?gg%ﬁ'e’ﬁ‘%%cg@%ﬂ’—%ﬁ Shbws an exemplary

confinemegtchanTaas: Figi b hawsiacTauitiatizadde arbeawinas igedlpatintetlyisolarized before
entering a confining chamber. Fig, 27 is a heacgélgn view of r&$é’r%'ze%1£go cfpeam as it contacts

plaéma in &% 5“3?5%8‘??2 iﬁ.az%gpétg‘ JERTTEEhematc of a con ining chamber according -
to a preferiggmen hadisentoia siartiprncesuased to convert the kinetic energy of fast

neutrons into electricity. The efficiency of a thermal conversion process is lower than
30%, whereas the efficiency of direct energy conversion can be as high as 50%.
Other aspects and features of the present invention will become apparent from
10 consideration of the following description taken in conjunction with the accompanying

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
Preferred embodiments are illustrated by way of example, and not by way of
limitation, in the figures of the accompanying drawings, in which like reference nurmerats
i5 refer to like components.
Figs. 1A and 1B show, respectively, the Lorentz force acting on a positive and a
negative charge.
Figs. 2A and 2B show Larmor orbits of charged particles in a constant magnetic
field.
20 Fig. 3 shows the £ x B drift.
Fig. 4 shows the gradiept drift,
Fig, 5 shows an adiabatic pariicle arbit in & Tokamak.
- Fig. 6 shows a non-adiabatic particle orbit in 2 betatron.
Fig. 7 shows the International Thermonuclear Experimental Reactor {ITER),
25 Fig, § shows the magnetic field of a FRC.
Figs. 94 and 9B show, respectively, the diamagpetic and the counterdiamagnetic
direction in a FRC.
Fig. 10 shows the colliding beam system.

Fig. 11 shows a betatron orbit.



Fig. 29 is a side view schematic of a confining chamber according to another preferred embodiment oﬁ
a start-up procedure. Fig. 30 shows traces of B-dot probe indicating the formation of a FRC. 9 WO
021062112 PCT/US02/02854 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS An:
ideal fusi rgﬁf%%zsolves the problem of anomalous transport for bofia-iemns:andselectrons. The
anomalous transport of ions is avoided by magnetic confinement in a field reversed configuration
(FRC) in such a way that the majority of the ions have large, 5 non-adiabatic orbits, making them
insensitive to short-wavelength fluctuations that cause anomalous transport of adiabatic ions. For

electrons, the anomalous transport of energy is avoided by tyning the ext w@pplied magnetic fieldé
to develop a stréigs-dfebamd AEREDOVRIEHRS ‘fﬁlr‘éﬁ%@l%%%#éi dtg%:%%ﬁ/n?ﬁe%@% potential well.

Moreover qthe dusion figkmtasmas that can be used with the present confinement process and

apparatus are not to limited to_neutronic fuels.on ut als ??;_ie\gl %ﬂﬁ&%ﬁbﬁ%ﬁh&de advanced fuels.
(For a discussi%%f%&%@ﬁ@@:?@%@?ﬁgd gcqeec%%. e?#(her, Nuclear Instruments and

Methods |$§I§/%§$1§§§%&rch A271(1988)3J-64 (North Holland Amsterdam).) The solution to the

problem of anomalous transport found herein makes use of a specific magnetic field configuration,
which is the FRGign phidtittBasndideshomiredgfie™®8region in a FRC where the magnetic field

vanishes makeség&oﬁb&gé@%@tﬁ%@@gﬁ@@{&ﬁ@g@@ﬁ&@f non-adiabatic ions. Background
Theory Before destribing the system and apparatus in detail, it Wiﬁ%@sel ful to f.irlst review a few key

concepts necessity. tc e ATa SOt e BIES 16 Aleams FREEN HR2'EGiEe and Particle

Orbits in amgg&ﬂﬁ&%@% g@{gﬁ!e with electric charge g moving with velocity i in a magnetic field B
experiences a force FL given by vxB_ FL =g-, (1) c The force FL is called the Lorentz force. It, as well
as all the formulé’éﬁué%égﬁwg%‘gélﬁ@mwmn‘

10 Figs. 18A and 18B show transitions from betatron orbits to drift orbits dus to
iarge-angie, ion-ion collisions.
Figs. 19 show A, B, C and D betatron orbiis when small-angle, electron-ion
collisions are considered.
Figs. 204, 208 and 20C show the reversal of the magneiic field in 2 FRC.
15 Figs. 214, 218, 21C and 21D show the effects due o tuning of the external
magnetic field B, in a FRC. | ‘
Figs. 22A, 22B, 22C and 22D show iteration resulis for a D-T pi
Figs. 234, 23B, 23C, and 23D show iteration results for a D-He’ plasma. -
Fig. 24 shows iteration results for a p-B'' plasma.
20 Fig. 25 shows an exemplary confinement chamber.
Tig. 26 shows a neutralized jon beam as it is electrically polarized before entering
a confining chamber.

Fig. 27 is a head-on view of a neutralized jon beam as it contacts plasma iz a

confining chamber.
25 Fig. 28 is a side view schematic of a confining chamber according o a preferred

embodiment of a starf-up procedure.

Fig. 29 is a side view schematic of 2 confining chamber according to another

preferred embodiment of a start-up procedurs,

Fig. 30 shows traces of B-dot probe indicating the formation of a FRC.



25 discussion, is given in the gaussian system of units. The direction of the Lorentz force depends on !
the sign of the electric charge g. The force is perpendicular to both velocity and magnetic neld. Fig. IA |
shows the Lorentz force 30 acting on a positive charge. The velocity of the particle is shown by the
vector 32, The etic field is 34. Similarly, Fig. IB shows the Lorenizfatgeq365acting on a negative
charge. 1?9\?&@%%62112 PCT/US02/02854 As explained, the Lorentz force is perpendicular to the
velocity of a particle; thus, a magnetic field is unable to exert force in the direction of the particle's

velocity. It follows from Newton's second law, F = mii , that a magnetic field is unable to accelerate a .

particle in the direction of its velocity. A magnetic field can only b it of a 5 particle, but the
magnitude of its W%@%é%%‘ %ﬁ&%ﬁ&%é@%ﬁggg e orbit of a positively
charged particle ip fcoRsiRRRaENRtIG: iRldRMikhe baraniaufaressifoibigicase is constant in

magnitude, and the orbit 36 of the particle forms a circig. his circ?tflar or, %3%86 ;smcglled a Larmor orbit.
The radiu€t SHFRIHcTEP BHmMAET S EReg AL JRRO IR BTSSR BAGET S IHEVERSEly of a particle has a

componentdhatismaradiet terthesnraaneaticufieltandna: compontmtoitat isspaspelicular to the field. In
such a case, the particle  undergoes two simyltaneous motions:. a-rotation around the magnetic field
i anc 2 SPGB OIS B eSS chi e b (i

<& tWo Motions creates a helix that follows the
magnetic figlghlingdQ:-Ehis i idtieaiethis. Fig: @BbEAipantivtelinitsinapmorenityévolves around a
magnetic field Jine. The number of radians.traveled per, unit time is 9%;1&&]1%' gyrofrequency, which
is denotedaﬁ?‘ﬁfgg%%%% Yﬁ?g’{\%ﬁ & rﬁ%fgﬁ%ed?ﬁégg%%ﬁgﬁ%%ﬁicfé and c is the speedof light.
The gyroraghits abnfifies BAchengethpaiiicie isiegiverebieivte{B)Myrsaher &g fusitndbmponent of the

ve I_Ocity of épa% aasr&%lcecgaegg %sneg i\%zutk?{hteop}'gseenmgo%%gg&en‘: process and apparafus are not

10 Yimited to neatronic fuels only, but aiso advantageously inclnde advanced fuels. (Fpr &

discussion of advanced foels, ses R. Feldbacher & M. Heindler, Nuclear Instruments and
Methads in Physics Research, A271(1988)J1-64 (North Holland Amsterdam}.)

The solution io the problem of anomalous traﬁspﬂrt found herein makes use of 2
specific magnetio field configuration, which is the FRC. In particular, the existence of a

15 region in a FRC where the magnetic field vanishes malkes it possible to have a plasma

comprising a majorify of non-adiabatic ions.
Backeround Theory |

Before describing the system and apparatus in deteil, it will be helpful to first
review a few key conoepts necessery to understand the concepts conteined herein.

20 Lorentz Force and Particle Orbits in a Magnetic Field

A particle with electric charge g moving with velocity ¥ in a magnefic field B
experiences a force 7, given by

- Y% B
L”Q’&x . (1
c .

The force F, | is Qalléd the Loreﬁtrz"forca.. It, as well as all the formmuias used in the present
25 discussion, is given in the gaussian system of units. The dirsction of the Lorentz force
depends on the sign of the slectric charge g. The force is perpendicular to both velocity
and magpetic field. Fig. 1A shows the Lorentz force 30 acting on 2 positive charge. The
velocity of the particle is shown by the vector 32. The magnetic field is 34, Similarly,
Fig. 1B shows the Lorentz force 30 acting on a negafive charge.
10



field. E x Z3 Drift and Gradient Drift 25 Electric fields affect the orbits ofacharged particles, as shown in
Fig. 3. In Fig. 3, the magnetic field 44 points toward the reader. The orbit of a positively charged ion
due to the magnetic field 44 alone would be a circle 36; the same is true for an electron 42. In the

presence @analastric field 46, however, when the ion moves in the ditegtiQa@kthe 11 WO :
02/062112 PCTYUS02/02854 electric field 46, its velocity increases. As can be appreciated; the ion is
accelerated by the force gE . It can further be seen that, according to Eq. 3, the ion's gyroradius will
increase as its velocity does. As the ion is accelerated by the electric field 46, the magnetic field 44

bends the S ion's orbit. At a certain point the ion reverses directi ing.te. move in a direction
opposite to the e?\esc ﬁ%@%%ﬁ%%@ ﬁapperrjpeer?éé the ?g%g%iegc%?eggta , arghﬁd %SEQ gyroradius
therefore denegasisichhe iontbgyroradivsaiuginiiredice obikd matiezsedonityalternation, which gives
rise to a sideways drift_of the ion orhit 48.in the direction 50 as shown in Fig. 3, This motion is called f
x B drift. STRAIRIFRISRFBINB SROBD i 710 thet eamEngive ﬁ%’@?‘i@% $#%P% can be caused by

a gradient phihriagneticchistl ddiasdbusiiategidpnttig fididl eafrigiAh sheeagsietitafield 44 points

towards the reader. The gradient of the_magnetic field is.in the direction.56. The increase of the _
magnetic f S8 BISRREHERG! &53@%?%%8%%8%&%%@ﬁgure. 15 From Egs. 2 and 3,

it follows that theTgy psadhisissithérbirsely ppdpaitehaldeal thetidtrengttnebthaspagietic field. When an
ion moves jn the difection of incre in% magnetic field its gyraradius will decrease, because the
Lorentz fo?é%l ére%%e%f’rgﬁt& érccg ?gp%a. %eign%nﬁﬁ%%ﬁlﬁug’ﬁg%%%g% %ncreases in
alternationihepizhcbifesriseitola Hilewvayis: drifitéttaeainiorbirbsriertite Tiraetioe €0. This motion is
called gra eent.dcréft. %%15"89[;0 egrbltsDGZ&qlrSp@ép the opposite direction 64. Adiabatic and

Non-Adiabatic’Particles Most p asr%gyéorrshprlses adiabatic particles. An adiabatic particle tightly follows
thémagnetic fieldkndly ghehvshsiy shrgthdigiobas usEignaisthelisrar it o borEBEDf an ‘

field and 2 component that is pezpendicular to the field. In such a case, the particle
undergoes two simultaneous motions: a rotaiion around the magnefic field linsand 2
translation along it. The combination of these two motions creates 2 helix that follows the
magnetic field line 40. This is indicated in Fig, 2B.

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

71
=2, @)
mce

where m is the mass of the particie and c¢ is the speed of light, The gyroradius ¢, of 2

20 charged particle is given by.
Vi
ap ==, {3}
o
where v, is the component of the velocity of the particle perpendicular to the magneiic
field,

Ex B Dhrift and Gradient Drift

25 Blectric fields affect the orbits ofcharged particles, as shown in Fig. 3. In Fig. 3,
the magnefic field 44 points toward the reader. The orbit of 2 positively charged ion due
to the magnetic field 44 alone would be a circle 36; the same is trus for an electron 42. In

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

11



adiabatic particle that follows tightly a magnetic field line 68. The magnetic field lines 68 25 depicted
are those of a Tokamak. A non-adiabatic particle has a large gyroradius. It does not follow the
magnetic field lines and is usually energetic. There exist other plasmas that comprise non-adiabatic
particles. Fi&. 6 illustrates a non-adiabatic plasma for the case of a betgé(%gm'&gg Pole pieces 70

generate X MEKEHE field 72. As Fig. 6 illustrates, the particle orbits 74-d0 NGt 30 follow the magnetic

field lines 72. 12 WO 02/062112 PCTIUS02/02854 Radiation in Plasmas A moving charged particle
radiates electromagnetic waves. The power radiated by the particle is proportional to the square of the!
charge. The charge of an ion is Ze, where e is the electron charge and Z is the atomic number. !
Therefore efettatibldas, trevel divithbeddsfr cbselediropptivatedi hradiate adberstrdbpower radiated by _
these Z electrons is_ proportional to the cube of the atomic number (Z3), Charged Particles ina FRC
Fig. 8 shot$ fehehgnk FeerErirebs orRCha S SRR Tl Ty R TR BEFREHSIR i with respect to its axis |
78. In the EREC. dhere.aie tmpdegions of magnetic held lines: open 10 80 and closed 82. The surface ?

dividing the two regions is called the se%aratrix: 84. The FRC forms a cylindrical null surface 86 in
which the magnebitiieienaprereatohth 68&?&&%@8@%@%@%’&%@% field does not

change appreciably i the-suiabodirestion -Atike BRASAGmagnetindinld dersehange appreciably
in the axial direction, The magnetic field along the center axjs 78?#%\?/%%:% direction in the FRC, 15 :

which give@ReHIFIAHE fRCRET SO BsIEPRISTELe PR SRS #RE). In Fig. 9A, the

magnetic figlghQuisideefdhaambayfaaei0¢ igimthaditectioorates Hhedsagnets field inside the null

surface is in the directjon 98. If an ion moves ip,the, direction.1 é) the or%ﬂzsfgrce 30 acting on it

points towAH RS E%&%@ﬁ?%?ggﬁ”agﬁ 365%%’8&?5%%y é%%ﬁ/mge‘"t & right-hand rule. For

particles "Lf%\sw@-' e disectinn:20 10 Laliedidinmagneiiaiihabesgisioreaiways points toward
ur

the null surface 94. This phenomenon gives rise to a particle orbit called betatron orbit, to be
dederibed Braowne Figct® SRhows an ion moving in the direction 104, called counterdiamagnetic.

A gimilar drift can be caused by & gradient of the magnetic field 44 as iliustrated in
Fig. 4. InFig. 4, fhe magnetic field 44 points towards the reader. The gradient of the
magnetic field is in the direction 56. The increase of the magnetic field's swength is
depicted by the denser amoumt of dots in the figure.
15 From Egs. 2 and 3, it follows that the gyroradius is inversely propostional to the
-gtrength of the magnetic field. When an ion moves in the direction of increasing magnetic
field its gyroradius will decrease, becanse the Lorentz force increases, and vice versa.
The ton’s gyroradius thus decreases and increases in alternation, which givesrise to &
sideways.drift of the iop orbit 58 in the direciion 60. This motion is called gradient drift.
20 Electron orbits 62 drift in the opposite direction 64.
Adiabatic and Nop-Adiabatic Parficles

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

25 depicted are those of a Tokamak.

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

30 follow the magnetic fieid lines 72.

12



The Lorentz force in this case points away from the null surface 94. This phenomenon gives rise to a :
type of orbit called a drift orbit, to be described below. The diamagnetic 25 direction for ions is }
counterdiamagnetic for electrons, and vice versa. Fig. 10 shows a ring or annular layer of plasma 106
rotating_i g??g%gmdiamagnetic direction 102. The ring 106 i_s Iocate_g@gﬁgggbiggq null surface 86. 'I_'he
magnetic fie reated by the annular plasma layer 106, in combination with an externally applied
magnetic field 110, forms a magnetic held having the topology of a 30 FRC (The topology is shown in :
Fig 8). 13 WO 02/062112 PCT/US02/02854 The ion beam that forms the plasma layer 106 has a :
temperature; therefore, the velocities of the ions form a Maxwell distribution in a frame rotating at the

average angulaRedibsisgyinPasmmen beam. Collisions between ions of different velocities lead to fusion |

reactions. For this easonthe-plasima bearauerdabisaleda colidinaheaes system. Fig. 11
shows the main type of 1on orbitS in a colliding beam system, called a_betatrop orbit 112. A betatron

orbit 112 danttsasisteissarrarianahie hraveerarfidie thaidthe h (R RE 40P K% xplained above, the

magnetic figld-op;theudlciscle dddavanighes sdhie plane-ofthesfrhirt taisigetpendicular to the axis
78 of the FRC. lons in this orbit 10 112 move in thejr diamagnpetic directi%n 102 fram a starting point
i

116 An iofh % D EFaFISAIORSI AR AvB GG OMe " BRRHRASI T e i tiraetbR (perpendicular to

the null ci_g;!g,&@@ﬂaﬁ@@@&ﬁgggtaﬁ@ﬁ(gJWM{@)circle 114. Fig. 12Ais a graph of the magnetic field
118 in a FRC. The field 118 is derived_using a one-dimensional equilibrium model, to be discussed
below in conjunct8fstith =5+ He thesty of the invention. The horizontal axis of the graph represents
the distance in centimeiess fremdbhediiedods FRCT Maanpar esfiekhisinl kilogerss. As the graph

depicts, the magnetic field 118 vanish t the null circle radius 120. .s,.sﬁ%\( j% @ 12F, a particle

moving neZHHERER @Fgéﬂﬁl?%:jenggﬁ%goaié%?i% rc%ﬁee@r%%sgor%?ﬁcg%%% %%mtlr% a@f\?ay from the null

surface 86T kel lagaalic ThtduPhee disidiesttie willegiols is ddiR{ vbhiterdrerin&gnetie field inside the null

cirele is 124, The direction.af the gradient.diftiaoiven by e SIRASRIAYUCH VB . where Via is the
central part 88 of the FRC the magnetic field does not change appreciably in the axial

direction. Atthe ends 90, the magnetic field does change appreciably in the axjal
direction. The magnetic field along the center axis 78 reverses direction in the FRC,
i5 . which gives rise to the term “Reversed” in Field Reversed Configuration (FRC).
In Fig. 94, the magnetic field outside of the null surface 94 is in the direction 96
The magnetic field inside the mill surface is in the direction 98. If an jon moves in the
direction 100, the Lorentz force 30 acting on it points towards the null surface 94, This is
easily appreciated by applying the right-hand rule. For particies moving in the direction
20 102, called diamagnetic, the Lorentz force elways points toward the null surface 94. This
phenomenon gives Tise to a particle orbit called betatron orbit, to be desaribed below.
Fig. 9B shcwsl an ion moving in the direction 104, called counterdiamagnetic.
The Lorentz force in this case points away from the null surface 94, This phenomenon
givestiseto a typé of orbit called a drift orbit, to be described below. The diamagnetic
25 direction for ions is counterdiamagnetic for electrons, and vice versa,
Fig. 10 shows a ring or annular layer of plasma 106 rotating in the long’
diamagnetic direction 102, The ring 106 is located around the nuli surface 86. The
‘magnetic feld 108 created by the annular plasma layer 106, in combination with an
externally applied magnetic field 110, forms 2 magnetic field having the topology of a
30 FRC (The topology is shown in Fig 8).



gradient of the magnetic field; thus, it can be appreciated by applying the right-hand rule that the
direction of the gradient drift is in the counterdiamagnetic direction, whether the ion is outside or |nS|de
the null circle 128. 25 Fig. 13A is a graph of the electric field 130 in a FRC. The field 130 is derived
using a oRgsdipensional equilibrium model, to be discussed below in senjsstigRwith the theory of

the invention. The horizontal axis of the graph represents the distance in centimeters from the FRC
axis38. The,electric field is in volts/cm. As the graph depicts, the electric field 130 vanishes closeto
the null circle radius 120. 14 WO 02/062112 PCT1[1502/02854 As shown if Fig. 13B, the electric field
for ions is deconfining; it points away from the null surface 132,134. T:E]&e agnetic field, as before, is in
the directions 12'@&%“%&%%@%?@&%@%68 atﬁ%ﬁ?“ﬁf‘ﬁ% %Pé%fﬁeg? the direction of the E

X B drift is,ifthedirmagnets-iraation.heathefsheatiseuisidas wswletze null surface 136. 5

Figs. 14A and 14B show another type of common orbit in a E%% a%IIe a drlsh grblt 138. Drift orbits
138 can begut& FewHEHY Il brate, RSB Eiy 1R e own in Fig. 14B. Drift

orbits 138 sotate-dnctia.disspagnetisdimetingih thenfaydd iddfideiRibatediéngbtiae: counterdiamagnetic
direction if the gradient drift dominates. The drift orbits 138 shown in Figs. 14A and 14B rotate in the
diafhagne¥s¥8-direction 102 from starting point 116. A drift orbit, as shown in Fig. 14C, can be

thought of as a s;mlkpgﬁdwgﬁi&rﬁ@@peaﬂmmw@ibi@gﬁﬁ@ﬁglheaﬁh@s‘mamladle 142 spins around its
axis in the sense 144. |t alsq rolls oveggttﬁ(;,)A %gh |rcle 146 n the. dlrectlon [E omt 140 will trace

in space a ﬁéﬁ?%ﬂlfk?ﬂtajrlto ft%%e e & 8% sﬁovestﬁe%erg% i%%so orentz force at the
ends of a mRCeirkie Fig. %@aﬂmammmmmﬁmm mamagnetvdmmOz with a velocity

148 mamagn tlc fi g% agg%r% ﬁ?ﬁpfﬁ %u%g t{y ose%%%ﬁcngmsr@ﬂgsrmtthat the Lorentz

force 152 ter e region o lines. In this case, therefore, the
Lorgntz forpezmeﬁ}mﬁjmngﬁmamimsommagmﬁs&tahngmmbmhéwwm\ﬂng in the

counterdia netl ectlon with a veIom%Ma#) rcﬂ{%mgﬂ&%%;ggnd}cﬁ&ptQ%lappreuated by

applying th&FigRE- H e RATRe Coren
null circle 114), and & translation along the mull circle 114,

Fig. 124 is & graph of the magnefic field 118 ina FRC. The field 118 is derived
using a one~dimensiona] equilibrium model, to be discussed below in conjunciion with
15 the theory of the invention. The horizontal axis of the graph represents the distance in
centimeterq from the FRC axis 78. The magnetic field is in kilogauss. As the graph
aepscts the megnetic field 118 vanishes at the pull circle radiue 120.
As shown in Fig. 12B, a particle moving near the mull circle will see a gradient
126 of the magnetic field poinfing away from the null surface 86. The magnetic feld
20 outside the mull circle is 122, while the magnetic field inside the null circle is 124, The

direciion of the gradient drift is given by the cross product Ex VB, where VB isthe
gradient of the magnetic field; thus, it can be appreciated by applymng the right-hand rule
fhat the direction of the gradient drift is in the counierdiamagnetic direction, whether te
ion is outside or ingide the nuil circle 128.

28 Fig. 13A is a graph of the eleciric field 130 in a FRC. The field 130 is derived
using a one-dimensional equilibrium model, to be discussed below in canjunciion with
the theory of the invention. The horizontal axis of the graph represents the distance in
cenfimeters from the FRC axis 78, The.electric fieldis in volts/om. As the graph depicts,
the electric field 130 vanishes close o the null circle radins 120.
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tends to push the ion into the region of open field lines. In this case, therefore, the Lorentz force 152 is
deconfining for the ions. 25 Magnetic and Electrostatic Confinement in a FRC A plasma layer 106 (see’
Fig. 10) can be formed in a FRC by injecting energetic ion beams around the null surface 86 in the
diamagnetic direction 102 of ions. (A detailed discussion of different ggthegs.afforming the FRC and
plasma ri SR 2below.) In the circulating plasma laver 106, most of the ions have betatron orbits
112 (see 15 WO 02/062112 PCT/US02/02854 Fig. 11), are energetic, and are non-adiabatic; thus,

they are insensitive to short- wavelength fluctuations that cause anomalous transport, While studying a
plasma layer 106 in equilibrium conditions as described above, it was discovered that the ’

conservation of moshentififignpiaberieiziidisit dowisenisie®Eiiagal YENERTST ions w, and the :
anguar velganoel sieclions sas ThedniaioRdl Whiion b oivelbglamimeoniunction wif he |
theory of t 8%}?/18%@%. %%%%%fic'mﬁgq\% , Z6B0 we = w, L1- where n, = (4) S20u tnrc In Eq. 4, Z is
the ion atomigembeEcMeisi@ipnassigisderaledirotheiasgmuRé tis tHe A @rifiagnitude of the

applied magnetic field, and cis the speed of light. There are three free parame kS in this relation: the
applied mé@WéﬁE%@W@@F‘f@%ﬁ‘r%ﬁ‘%&%ﬁkfg?velfo?:ﬁ{ys%@?1%% t g%lﬁl)sénr%?ﬂa{?\/elocity tee,. If two of

them are known piae thisduenvBeidetermtinedpkofiviomds Bbdduse /s :pﬂa@aézﬁégler 106 is formed by
riecing o SeATS 0 e PR UG ISR Ayl gkisciegine b o ecten
Y, is the injastion, wekbhoity. of fns vr isitheric] 6 ordieiyiendizdenctic direction if the
E % B drift dorinates or in the counterdiamagnetic direction if the gradient drift
dominates. The drift orbits 138 shown in Figs. 14A and 14B rotaie in the diamagnetic
10 direction 102 from starting point 116. '
A drift orbit, as shown in Zt?ig. 14C, can be thought of as a small cixcle‘roﬂingbver
a relatively bigger circle. The small circle 142 spins svound its axis in the sense 144. It
also rolls over fhe big circle 146in the direction 102, The point 140 will trace in space 2 |
path similar to 138. '
15 Figs. 15A and 15B show the direction of the Lorentz Torce at the ends of a FRC.
Tn Fig. 15A, an ion is shown moving in the diamagnefic divection 102 with a velocity 148
in a magnetic field 150, It can be appreciated by appiying the right-hand rale that the
Lorentz force 152 tends to push the jon back into the region of closed field lines. In this
case, therefore, the Lorentz force 152 is confining for the jons. In Fig. 158, anionis
20 shown moving in the counterdiamagnetic direciion with a velocity 148 in a magnefic field
150 Tt can bo appreciated by applying the right-hand rule that the Lorentz force 152
tends to push the ion into the region of open field Hines. In this cas, therefors, the

Lorentz force 152 is ﬁeconﬁning for the ions.

235 ' Magnetic and Blectrostatic Confinement in a FRO
A plasma layer 106 (see Fig. 10) can be formed in a FRC by injeciing energetic
jon beams around the nuli surface 86 in the diamagnetic direction 102 ofions. (A
detailed discussion of different methods of forming the FRC and plasma ring follows

below.) In the circulating plasma layer 106, most of the ions have betatron orbits 112 (see
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ions, and "o is the radius of the null surface 86. The kinetic energy of electrons in the 20 beam has
been ignored because the electron mass me is much smaller than the ion mass m,. For a fixed
injection velocity of the beam (fixed co,), the applied magnetic field Be can be tuned so that different
values of co, are obtainable. As will be shown, tuning the external mgg&] 'ggjggggBe also gives rise to ..
different VA& 8 e electrostatic field inside 25 the plasma layer. This teature of the invention is
illustrated in Figs. 16A and 16B. Fig. 16A shows three plots of the electric field (in volts/cm) obtained
for the same injection velocity, a>; = 1.35 x 10' s', but for three different values of the applied magnetic:
field Be: 16 WO 02/062112 PCTIUS02/02854 Plot Applied magnetic field (Bo} electron angular ;
velocity (Wiglb4, ki3 emigfik Gnd eredbaiBbaticeti’s kirare nOBRFodd i@~ 158 B0=15.5kG

0)Q=1.11X107sl alues af co, in the table :%bove ere determined according to Eq. 4. One can
appreciatévﬁwvg%eg%;gg%\ér%aggﬁss %?é&g(% %n%%?%l g. ,05%1 that electrons rotate in their
counterdiamagnétidieitedtiona BiganioByshiisntbeuBlettriccpniiialfriesesibs) fouset same set of

values of Be o e The IZANIRLK5. I IS ADBANLAGE, R BERS e  disance rom the

FRC axis %ss own In the graph in centimeters. The ahalytic expressions or the electric field and the
elegtric poiagiial adectivetidoeloyuin thempgattionioviithofreitirens yof (He vertioncThese expressions
depend strongly on we. The above results, can.be.explained on s h.?ﬁ unds. When the
ions rotatgg‘lﬁg%&éﬁa}gh%‘@“ﬁg’te%)‘gi}%gﬁrgﬁ?%ﬁ%nigﬁ%@?ﬁ%ﬁfiﬂ%%en%%%@al y gﬁy%itar%%orentz 10 force.
This was ghown in Fig. 9A. For electrons, rotating in the same direction as the ions, the Lorentz force
is in the opposite direction, so that electrons would not be copfined. The electrons leave the plasma
and, as a result, a surplus of positive. ghgrgéﬁls Gheaed, Lh%ﬁ%e_ts up an electric fieldghat prevents
other electrons from leaving the pleasm’zi. TK& direction and € magnitude of this electric field, in

equilibrium, ig 13 et e, B N oD eraon L TIOMEIH L6 GlGY8, Wafpematical details are
given belo C nJuncﬁon Wi eufﬁeo?y of the mvention: 3
10 magnitade of the applied magnetic field, and ¢ is the speed oflight. There are three free '
parameters in this relation: the spplied magnetic field B, the electron angular velocity @,

and the jon angular velocity @, Iftwo of them are known, the third can be determined

from Eq. 4.

Because the piasma layer 106 is formed by injecting ion beams into the FRC, the
15 - angular vetocity of ions ¢, is determined by the injection kinetic energy of the beam W,

whick is given by
1 1
W= E”%Vsz =3 @

Here, V;= ayr,, where ¥, is the injection velocity of ions, @, is the cyclotron frequency of
joms, and r, is the radius of the mull surface 86. The kinstic energy of electrons in the

20 beam has been ignored because the electron mass m, is much smaller than the jon mass
m, _

Far a fixed injection velocity of the beam (fixed @), the applied magnetic field B,
can be tuned so that different values of @, are obtainable. As will be shown, uning the
external magnetic field B, also gives rise io different values of the elecirostatic field inside

25 the plasma leyer. This faahzre of the invention is illustrated in Figs. 16A and 16B. Fig.
164 shows thres plots of the electric Tield (in volis/cm) obtained for the same injection

velocity, @, = 1.35 x 107 s.", but for three different values of the applied magnetic feld By '
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The electrostatic field plays an essential role on the transport of both electrons and ions. Accordingly, |
an important aspect of this invention is that a strong electrostatic field is created inside the plasma ;
layer 106, the magnitude of this electrostatic field is 20 controlled by the value of the applied magnetic
field Be whighsahr.pe easily adjusted. As explained, the electrostatic figlghiggeppfiging for electrons if
co, > 0. As shown in Fig. 168, the depth of the well can be increased by tuning the applied magnetic
field 17 - - ----- ----- - ----- WO 021062112 PCTIUS02/02854 Br. Except for a very narrow region near
the null circle, the electrons always have a small gyroradius. Therefore, electrons respond to f

Jsion-rateThis-diffusion-r-fact, helps

short- Wa\fEnngmwuamswﬂhvan_anemalousI%iasthﬁl
maintain the potengfadtwell once Mheifesinmteactiold QEFurs EM@@W{?(@A}bGI ng of much
higher energy, 5 leave the plasma. To maintain charge quasi-neutrality, the fusion products must pull

electronsjout oFth%S sma with %;h fg&wly taking the electrons from the surface of the plasma
atthesurface

layer. The

density lectrons 3

the plasma-with-the fusion-preductsmust-be-replaced:-othetwise -the—petential

of the plasma &ry low, and the electrons that leave

10 Fig. 17
160 of the

LA AE-ASRSSLE A VAV Ad v g alen) ‘V\IC” vvuu d dlsappear.

shows aMtaxwellian dBtrbULIAH3162 of electrons @riyoveesysetidegetic electrons from the tail';"
Maxwell distribution ¢an reach the surface of theplasma and leave with fusion ions. The

tail 160 of the distril‘l)géion 162 is %ms (.;i%wit(@uously created b ?ct il,eqtron collisions in the region
stil

of high density near

e null sur1ac?e

e energetic electror

$mall gyroradlqs so that

anomalous-diffusion-permits-b-them-toreach-the-surface-fastenough-to-accommodate-the departing

. fusion prOdllt.th Jans. he e eljtg@lc electrglrésdéese Ihe%l wfg{{% ‘%%(g |E%tggnpotentlal well and leave
tic f

with very |

e energy fthoug the electrons can cross t

magn

q rapidly, due to anomalous

transport, apmmwmm@t@mmmmmmﬁmms transported. 20

Another conse nce of the. potenti lW sastr oolln nls
to evapora??/‘gl%{)% %5 % %p

REEIERT Setipte  tor WA

vaporizatiogumkis featds: e Bphed 4y ’ﬂﬁ@ KEeRaHMiNgkis, in Fzgs. 16A and lﬁE, represents the

5

10

20

distance from the FRC axis 78, shown in the graph in centimeters. The analyiic |
expressions of the electric ﬁe’iﬁ and the eleciric potential are given below in cenjmcﬁon
with the theory of the invention. These expressions depend strongly on @,.

The above results can be explained on simple physical grounds, When the fons
roiate in the diamagnetic direction, the ions are confined magnetically by-the Lorentz
force. This was shown in Fig. 8A. For electrons, rotating in the same direcﬁon ag the
ions, the Lorentz force is in the opposiie direction, se that electrons would not be
confined. The electrons leave the plasma and, as a result, a surpius of positive charge s
oreated. This sets up an electric field that prevents other electrons from leaving the
plasma. The direction and the magnitude of this eleciric field, in equilibrivm, is
dstermined by the conservation of momentum. The relevant mathematical details are
given below in conjunction with the theory of the inveniion.

The electrostatic field plays an essential role on the transport of both electrons and
ions. Accordingly, an important aspect of this invention is that a strong electrostatic field
is created inside the plasma layer 106, the magnitude of this electrostatic field is
controlled by the value of the applied magnetic field B, which can be easily adjusted.

As explained, the electrostatic Seld is confining for électrons if @, > 0. As shown
in Fig. 16B, the depth of the well can be increased by tuning the applied magnetic field

17

far ectrons that is similar
Jppf & the latent heat of



liquid water and the surrounding medium, which then thermalize rapidly to a lower temperature faster .
than the heat transport processes can replace the energy. Similarly, for 25 electrons, the potential well -
depth is equivalent to water's latent heat of vaporization. The electrons supply the energy required to
ascend thg.getepuakwell by the thermalization process that re-suppligstha@pesgy of the Maxwell tail
so that the electrons can escape. The thermalization process thus results in a lower electron ‘
temperature, as it is much faster than any heating process. Because of the mass difference between
electrons and 30 protons, the energy transfer time from protons is about 1800 times less than the
electron is WO 02/062112 PCT1US02102554 thermalization time. This cooling mechanism also
reduces thBor ZER P IGSEBTIRRSH B ARG e Bkt fﬁfﬂﬁr@ﬁﬁlﬁﬁf@ﬁﬁ%‘gﬁﬁé’%ﬁﬁéﬁ%els, where

radiation lqsees@ie. emBansetkirinetdanadwhiptomisuiphedradodneitlectrostatic field also
affects ion transport. The jority of?}%1 I% orbits.in_5 the plasma.layer 106}%%% tatron orbits 112.

Large-angf& %‘H’sfafﬁ 1%?%% SRR SRR ﬁ@ﬂ can change a
betatron okhitdeha fisitnasaisicAscoascibe d:aiboveydine zdirseaiw!g of xaictitighef ehﬁgfrlft orbit is

determineg mpetitjon be the f x B drift radient drift, If th fx B drift dominates,
the“drift or ?#8%@%&#%% %%gnegﬂ%er%u%son N gra Tdient Cﬁ’l?t& %{mlna S, the drift 10 orbit
rotates in thectounterdidtheageaticrditebtonndinig uacs@memcﬁ«gsﬂoﬁ%mhﬁe&f fiiy. 18A shows a
transition from a betatr. rblt to rift orbi 1 co llision,. whi ch Q¢ at the point 172.
The drift ofdi con%ue;ﬂ%o%fo ate |n('gﬁm‘ginamagnelt%:z1 direc ac]‘:’naggaé}“asuvseet et X%%éél’lft dominates. Fig.
I8B shows demsthmetia (ool istgiesnatwithtiss fosise theieie st taticHisicisthaaicaieethe gradient drift

dominates, I@g@f@&@% dgtates in the counterdiamagnetic direction. The direction of rotation .
of the dnftg etermines w er it is confined or not. A particle moving in a drift orbit will also have :

a Vélocity paralleFig tHelme ik webanthaiintige i gartiens t&9y fivreemeetnd of the FRC to the
other, as ageslhOkils: @9@%@&%&&%@&@&%&%&&&%&&&@0@@ Fﬁi&@xﬂgh an end of the

FRC in a 20 time of the order of the transit time. As shown in connection with Fig. 15A, the Lorentz

force at theawhirgve eishiming ioriy Tor Ml o sifsorstistiiytion E2dmimg gaativenssttion.

created by electron-electron collisions in the region of high density near the pull surface,
The energetic electrons still have 2 small gyroradius, so that anomalous diffusion permits
15 them to reach the surface fast enough fo accommeodate the departing fusion product ions.
‘The energetic electrons lose their energy ascending fhe potential well and leave with very
iittle energy. Although the electrons can cross the magnetic field rapidiy, due to
anomalous fransport, anomalous energy losses tend to be avoided because little energy is
fransported. |
20 Another conseguence of the potential well is 2 strong cooling mechanism for
electrons that is similar fo evaporative cooling. For example, for water to evaporate, it
must be supplied the latent heat of vaporization. This heat 1s supplied by the remaining
Hauid water and the surrounding medium, which then thermalize rapidly to a lower
temperature faster than the heat transport processes can replace the energy. Stmilacly, for
25 electrons, the potential well depth is equivalent to water’s latent heat of vaporization. The
electrons supply the energy required to ascend the potential well by the thermalization
process that re-supplies the energy of the Maxwell tajl so that the electrons can escape.
The thermalization process fhus resulis in a lower electron temperature, as it is muck
faster than any heating process. Becanse of the mass difference between electrons and

30 protons, the energy transfer time from protons is about 1800 times less than the electron
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After a transit time, therefore, ions in drift orbits rotating in the counterdiamagnetic direction are lost.
This phenomenon accounts for a loss mechanism for ions, which is expected to 25 have existed in all
FRC experiments. In fact, in these experiments, the ions carried half of the current and the electrons

carried the.ethgghalf. In these conditions the electric field inside the plagmaasnegligible, and the
gradient drift always dominated the k x B drift. Hence, all the drift orbits produced by large-angle

collisions were lost after a transit time. These experiments reported ion diffusion rates that were faster
than those predicted by 30 classical diffusion estimates. 19 WO 02/062112 PCTIUS02/02954 If there

is a strong_electrostatic.field, the t x B drift dominates the gradient drift, and.the drift orbits rotate in the
diamagne eﬁﬁ%‘éﬁ%?ﬁ%?s §%%%B%%%8ﬁﬁgg§)§%ﬁ%§8§%§% R&Htiese orbits reach
the ends offiieikRei-thely arporafiefiesihackd fitathehseginhiatbclosed fielehtimesdiythe Lorentz force;
thus, they remain 5 opfined in the ?tem. The electrostatic fields in the colliding beam system may
be strong e boéﬁ,ws‘o %r?l%ﬁ}é“ﬁbi‘ drift dominates the gradient drift. Thus, the electrostatic field of

the system woulthavizitrieniiraihddedolaffetimimatimgtins The fogsuiectmatishn pihich is similar to a loss
conge in a mirrar device. 10 Angther aspect of jon diffusion can be appreci .%considering the effect
of Smala T o o T B e O orot 112 Frg.
19B showswitessatmep HofldsiZ2wherbehall-Hi) coelcomenz oridoHisidnsiararifombitiered 174; Fig. 19C

shows the orhit of.Fig..19B foll for a time t ig . d"%tg Lofgen 176; and Fig. 19D
shows the%?kbaﬁso ‘i—ﬁfg.abfé’ﬁ %Ig%% G%Pﬁ%ﬁ?gﬁg%erdﬁg%%g acto;ﬁ%gfgtwe ty 178. It can be seen that
the topology:phdsiattnweehiteedDe s Nl ehangediedasmall-asgie: £lagikdoramegllisions; however,

the amplitude of their radial _oscillations grows with tyne. In fact, the arbits shown jn Figs. 19A to 19D
fatten out WTHTHRIEFARASITCRR A iR @%gﬁ‘ﬁﬁ%r&%ﬁ‘%{ﬁ% % br the purpose of

madeling thgimeentian e onendiensiosl depetldaivrhisaodeln in Figs. 184 and 18B.
| Fig. 18A shows a fransition from a betairen orbit to a drift orbit due to a 180° collision,
which occurs at the point 172, The drift orbit continues fo rotate in the diamagnetic

direction because the F x B drift domvinates, Fig. 18B shows another 180° coliision, but
* in this case the elecirosiatic field is weak and the gradient drift dominates, The drifl orbit
15 thus rotates in the counterdiamagnetic direction.
The direction of rotation of the drift orbit determines whether if is confined or not.
A particla— moving in a drift orbit will also have a velocity paraliel to the FRC axis. ‘The
itme it takes the particie to go from one end of the FRC to the other, as a result of its .
parallel motion, is called transit time; thus, the drift orbits reach an end of the FRC in a
20 " time of the order of the transit time. As shown in connection with F1g 'i:'iA, the Lorentz
force at the ends is confining onky for drift orbits rotating in the diamagnetic direction.
After a transit time, therefore, jons in drift orbits rotating in the counterdismagnetic
direction are lost.
This phenomenon accounds for a loss mechanism for ions, which is expected to
25 have e}dsteci m a}l FRC exééﬁments. In fact, in these experiments, the ions carried hatf of
the current and the electrons carried the other half. In these conditions the electric field
inside the plasma was negligible, and the gradient drift always dominated the ExE drif.
Hence, all the drift orbits produced by large-angle collisions were lost after a transit time.
These experiments reporied ion diffusion rates that were faster than those predicted by
30 classical diffasion estimates.
19




for the colliding beam system is used, as shown in Fig. 10. The results described above were drawn
from this model. This model shows how to derive equilibrium expressions for the particle densities, the |
magnetic field, the electric field, and the electric potential. 25 The equilibrium model presented herein

is valid forglasma.fuel with one type of ions (e.g., in a D-D reactionp-efipufiipia types of ions (e.g.,
D-T, D-Hi, andp-B Vlasov-Maxwell Equations Equilibrium solutions for the particle density and the

electromagnetic fields in a FRC are obtained by solving self-consistently the Vlasov-Maxwell 3
equations: 20 WO 02/062112 PCT/QS02/02S54 aj+{vV)fi+mJIE+cxBVyf=0 (5) (6) cot VxB=4rEe, if;' :
7 +18E ( Cjc $t VE=4r}'ejd fjdi7 (8) 5V B =0, (9)_where j=¢,iandi=1, 2,... for electrons and each
species of ions. H besilivrismratiephyrsitia figdatitis s & diiitidpremaientisfaafientidifica/sit = 0). To solve |
the Viasovaaiiial S8R dneJalianinae saumionsananRiximatans are made: (@) Allthe

equilibrium properties are independent of axial positionz (i.e., 8la"z_10 0). This corresponds to
consideringoanstiismeithifiizahSitfinitecesiesasibisireast hrirdantbedidnbay @ model is valid only for

the central, part 880bas kR e QQ%&@&”%§£§%®%&¥B@%@Eb§éﬂ&%@é&¥tﬂﬁ'§ﬂﬁ%’ all.gguilibrium

properties do not _depend on 0 (i.e., x188 = 0). (c) The Gauss law, Eq. 8, is replaced with the
quasi-neutranip 8IK8 Ejnjej =0. By assuming infinite axial extent of the FRC and cylindrical

symmetry, all therequiligum ProRetias willisepeashonian ihe rdirlsaamdnale mdror this reason,

the equilibrium model discussed herein is called one-dimensional. With these assumptions and
approximatiens xtBeikfadouibiex e beduativifs Mouctheoisctrostatic field of the system

would avoid ion transport by eliminating this ion loss mechanism, which is similarto a
loss cone in a mirror device.

10 Another aspect of ion diffusion can be appreciated by considering the effect of
small-angle, electron-ion collisions on betatron orbits. Fig. 19A shows a betatron orbit
112; Fig. 19B shows fhe same o1bit 112 when small-angie electron-ion collisions are
considered 174; Fig. 19C shows the orbit of Fig. 19B followed for a time that is longer by
a factor of ten 176; and Fig. 19D shows the orbit of Fig. 198 followed for a time longer

15 by a factor of twenty 178, It can be seen that the topoiogy of betatron orbits does not
chenge due to smali-angie, eleciron-ion collisions; however, the amplitude of their radisl
oscillations grows with time. In fact, the orbits shown in Pigs. 194 o 19D fatten out witn

firne, which indicates classical diffusion.

20 Theory of the Invention
a For the purpose of modeling the invention, a one-dimensional equilibrium model
for the colliding beam system is used, as shown in Fig. 10. The results described above
were drawn from this model. This model shows how to derive equilibrinm expressions
for the particle densities, the magnetic field, the eleciric figld, and the electric potential.
25 The equilibrium model presented herein is valid for a plasma fuel with one fype of10ns
{e.g., in a D-D reaction) or mukiiple types of jons (e.g., D-T, D-He', and p-B").
Viasov-Maxwell Equations
BEguilibrium solutions for the particie density and the electromagnetic feldsin a

'ERC are obtained by selving self-consistently the Viasov-Maxwell equations:

20




20 (vW)fj ' E.V,f + " [9xB]V,fi_0 (10) nzj mjc VxB=4c e,Jvfjav (11) ~njej =0. (12) 21 WO 02/062112 2
PCTfU502/02854 Rigid Rotor Distributions To solve Egs. 10 through 12, distribution functions must be
chosen that adequately describe the rotating beams of electrons and ions in a FRC. A reasonable
choice for%sogbgﬂgfzse are the so-called rigid rotor distributions, whichyare Maxwgllian 5 distributions in .
a uniformly rotating frame of reference. Rigid rotor distributions are functions of the constants of '
motion; t pnd 2 SJ P fJtr9 }=C2 J n,(0)exp~- 7 ~> (13) J J ~) where m; is particle.mass, v is velocity,

TJ is temperature, n,(O) is density at r = 0, and uu; is a constant. The constants of the motion are 10 J -
=v2 +eJ(D (for energy) and P, Ear’JG y -yvz)+ e) "I' (for canonical angular momentum), where S is the |
electrostatic potential and 'V is tHe fl ‘9? ctidh. [ The elestrgmaanegtic fields are (elecic field) and E,
ori 5 E 1 avr (magnetic field). ra@e éﬁs i‘r[]ﬂltlirr}gth%] é)&é?glsﬁ?f% fogr energy and canonﬁ%‘};l angular
momentum into Eq. 13 yields [t . .fir.v)= m _-T.j n1(r)expj-2T ~v-olIxrfz~, (14) where 20

Jv-(vIxrlr=(vx+yCOJY +(vy-xtwf)2+v U F = _los (6)
c ot
VXB=— Vf 4V +——
X . ;eiﬁ% D P G
V- E=dry e,|fd 8
;
5 V-B=0, (9

wherej=e¢, iand /=1, 2,... for electrons and sach species of ions. In equilibrinm, all
physical quantities are independe;ﬁ of time (L.e., &/t =0). To solve the Viasov-Maxwell
equations, the following assumptions and approximations are made;
() All the equilibrium properties are independent of axial position z {L.e., 8oz =
10 0). This corresponds to %:onsidering a plasma with an igfinite extension in the axial
| direetion; thus, the model is valid only for the central part 88 of 2 FRC.
| (b) The system has cylindrical symmetry. Hence, all equilibrium properties do not :
depend on 8 (i.e., 686 =0). : .
) {c) The Gauss law, Eq. 8, is replaced with the quasi-neutrality condition: |
15 3, e = 0.
Ry assuming infinite axial extent of the FRC and cyiindrical symmeiry, all the
equilibrinm propeﬁies will depend only on the radial coordinate . Por this reason, the
equitibrium model discussed herein is called one-dimensional. With these assumptions

and approximations, the Viasov-Maxwell equations reduce to:

20 GV, 4L B9, f i fx BV, 1, =0 (10)
ﬂlj mJ,C
= 4z o g |
VxB:—mZe,Evfjw (1)
c 7 l
an.ej =0. (12)
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and nJ(r)=n,(0)explj-Ti "ei(a"; T)-n~' (o r2 (15) 22 W O 02/062112 PCT/US02/02854 That the mean
velocity in Eq. 14 is a uniformly rotating vector gives rise to the name rigid rotor. One of skill in the art °
can appreciate that the choice of rigid rotor distributions for describing electrons and ions in a FRC is

justified begapsgihie only solutions that satisfy Vlasov's equation (Egp@y-asadgid rotor distributions

(e.g., Eqg. 14). A proof of 5 this assertion follows: Proof We require that the solution of Vlasov's

equation (Eqg. 10) be in the form of a drifted Maxwellian: z ( }z nf(r)exp (16) ~-2T.(r) \Wv" 10i.e., a
Maxwelian with particle density nf(r), temperature T1 {r) , and mean velocity u). (r) that are arbitrary

functions o posmn SUbStItUtIn
temperatures Tf Rapid Bol 0B Iy 'h* i

Eq. 16 into the Vlasov's equation (Eq. 10) shows that (a) the
s (b) the mean velocities u, (r) must be uniformly rotating

vectors; and (c) ti‘t?s@ﬁrétﬁdf@ densting o, QiGunus! ﬂ@dﬁ&ﬁammb@h&an #6: Substituting Eq. 16 into Eq..

10 yields a third order

+e E(v-u,)?

10

20
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choice for tms purpose are the so-called rigid rotor distributions, which are Maxwellian
distributions in 2 uniformly rotating frame of reference. Rigid rotor distributions are

functions of the constants of motion

: [ e -,
fj(r’,ﬁ)m[?‘:;) n;(a)expr—f—gf—’—} (13)

where m, is particle mass, ¥ is velocity, 7, is temperatore, 7,{0} is density atr = G, and @;

is a constant. The constants of the mdtion are

g; = -ﬁ%-vz +e,® (for energy) and

e
P =m j{xvy - yv;(}-emj—‘y (for canonical anguiar momentum],
c

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

fields are

E = —%?i {electric field) and
i

1 6“"’
B, == (magneﬁc field).
¥

Substituting the expressions for energy and canomca! angular momentum into Bg, 13
vields

3

ff{rﬁ){%} n, @)exp{-—-%r—caj xFF}, 4
thﬂ"&
(9—d,xF P={v, +yo, F +{y, —xa, J +v
and

1 m,
n,=<r>=njco;~¢xp{-—g{e {@"?‘F}"T” ’ ]} @)
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ynomlal eguatlon in v :n2ftv"_"y:l njfr. u V(Inn )+ ~vVW .+ ~wV)T)...

Tf 2Tz



BT? ...+~f tv'Vul'V1l Tz W'uiv-VT))... +vV(Innf}+ ri212 uJ12~v'VT,}-nit tyVUJ ufe 'VE+ (v X.0-iii 2T~ Tj Tf
cTj 23 WO 02/062112 PCTIUS02/02854 ...+TEuj-0. j For this polynomial equation to hold forallu,
the coefficient of each power of v must vanish. The third-order equation yields Tj (r) = constant. 5 The

second-ordgr.epuation gives (au. au, au= 01-, ax ox i r au- au, au= VispyisWkbadstvxvYV ay ay ay ;
aylx auy aup 1'razazazauauou8uau) X v2 s+V'Y+Sl,~yVviI+xlaxYayaZ YCox Cy +V v(au

+aux + rv (aux + &Y - - =0. x~ax az) Y day a2). For this to hold for all v, we must satisfy =0 (auy aLl

_(au=k auz aLtiy aUx _atC,=allz 10 0 and +-~ +- +- =0, ax" by Or ax by kaxaz JI by az whichis
solved generally by
That the mean velocity in Eq. 14 is a uniformly rotating vector gives rise to the name

tigid rotor. One of skill in the art can appreciate that the choice of rigid rotor distributions
for describing electrons and ions in a FRC is justified because the only solutions that
satisfy Viasov's equation {Bq. 10} are rigid rotor distributions (e.g., Bq. 14). A proofof
5 this assertion follows:
Proof
We require that the solution of Viasov’s equation (Eq 10) be in the form of a
drified Maxwellian:

]

o m ¥ My [ e
f;{nv)-(z ﬂ;{r} | n;(r)exp[ i m(v 7ér)f i (16)

10
i.e., a Maxwellisn with particie denstty #,{), temperature T,{r), 2nd mean velocity
u; {r) that are arbitrary fumctions of position. Substituting Eq. 16 into the Viasov's
equation (Eq. iO} shows that (z) the temperatures 7, (r) must be constants; (b} the mean
velocities #, (r} must be uniformly rotating vectors; and {c} the particle densities », (r)

15 must be of fhe form of Bq, 15, Substituting Eq. 16 into Bq. 10 yields a third-order
polynomial equation in ¥ : '

i}‘a‘i?{lnnj) mj{v % ) E V}u e e ( ) e UL VJT

J § J

E m . j - = - e
b B =4 Y[ x B} (B =1 ) = 0.
AFEG-1) z;.c[ G -1,)

Grouping terms of like orderin v yields

A

: oy aaf. }
20 — - VT,
zzj,?l

o T}, J- V).

i J

[u]

...-w-v(mnj)+%§aﬂa.vz;)~%(a Vi, -aj)-n-fl«ﬁ-é-»%(ﬂxé)-ﬁj

i

T
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uj~r}=( jxr~+uffj (17) In cylindrical coordinates, take iiQj = 0 and wl = ali, which corresponds to
injection perpendicular to a magnetic field in the 2 direction. Then, uj (F) = co jr6 . 15 The zero order
equation indicates that the electric field must be in the radial direction, i.e., f = Err" . The first-order 7
equation i%VB%‘%%Yﬁn by v.vtinnj)--' (v.vuj uj) v B- ' lvx.) uj =0. (18) Tj ji-¢Hsiagegecond termin Eq. 18 -
can be rewritten with 24 WO 02/062112 PCTms02/02854 Qt{r aSde aPCrrararar0G0O" au,1
auelquaue=.000rv.r=cozr19) (NujulJJ.aBra8ra8000~( au,ourouruazazazJ'~z The
fourth term in Eq. 18 can be rewritten with x.8).u =v.(Rxu/)=v((PxA)xuj)=V.[[rl frA.0)z)x{ tjr9)j (rA5)r (20)
v (U1 al. 5 Using Egs. 19 and 20, the first-order Eq. 18 becomes (It )"J 02r_.e' Er+e10)J trAe~r))=0 ar .
Tj Tj cTj ar The solution of this equation is }J#_ﬂﬁ%@r__ebdj(r) eoJjrAar (21) nj(r)=nj(o)exp) 2T. _T.eT.J
where E, = -d(Dldr and n (0) is givenby ™" 7,7 "/ j
For this potynomial equation to hold for all ¥, the coefficient of each power of ¥ must
vanish.

The third-order equation yields 7 {r) = constant.

5 The second-order equation gives
(51&5‘1. aﬁéy auz \ Vx
or a&x ax
- e = bu, ou, Gu, v,
v-\—/’z«:f-vx{xv},vz —t d 2
. g o o
5“:: a!i}, 61‘{:: Vr
gz oz & A )
Bu Bu Bu Bu, Bu, )
eyl Ryl Lyl gy y i
ox oy oz ox oy )

& o
‘..+vxv2(%+aur -}-1;},1;2{...5',{.5_.{_ Y=,
ax &z Q;;

For this to hold for all ¥, we must satisfy

10

which is solved generaliy by
7,7 )=@, <)+, an
In cylindeical coordinates, take &, =0 and &, = @ 2, which corresponds to injection
perpendicular o a magnetic field in the £ direction. Then, i, (F}=a erA .
15 The zero order equation indicates that the electric field must be in the radial
direction, i.e., E = E,7.
The firsi-order equation is now given by
a-v(mj)m%(a-vﬁj-&j)—%ﬁ-é»:»%—{axé)-aj =0. (18)
i i j

The second term in Eq. 18 can be rewritten with
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10 n (0)=n e mJaj +ej Iro)~el~Jrodetro) (22) 10 2Tj Tj cTj Here, njo is the peak density at ro. Solution
of Vlasov-Maxwell Equations Now that it has been proved that it is appropriate to describe ions and
electrons by rigid rotor distributions, the Vlasov's equation (Eq. 10) is replaced by its first-order 15
Moments ¢h8 o slya -n,mjrf6j =nje/ Er +.$, -Tj (23) J [ 0 dr which age-pegsanéstion of momentum
equations. The system of equations to obtain equilibrium solutions reduces to: 25 WO 021062112 ;
PCTIUS02/02854 F ray 1 do . -nrnirar,~=nlej[Er ciT; dr j=e,i=t,2,... (24) 0 18T OB, 4,7 41r 2 8rr 8r ar
= Je =-rnle wi (5) (26) Solution for Plasma with One Tyne of lon 5 Consider first the case of one type
of ion fully stripped. The electric charges are glvgn by eJ = -e,Ze. Solving Eq. 24 for Er with the

electron equation yields E rg) 2:rev, Bu, T dige (27)‘: c ene dr and eliminating Er from the ion equation
yields 1 dlogn - Zre (w, -we) %Vt I dlggne n'g‘é) age (28) nyy COT\ T,.rdrT;Til0 leferentlatlng
Eq. 28 with respect tQ r and UbﬁtltullﬁgaEQI ab, f)ngi obr yleéds JAJ zneer(at ?959) and Zrn; ‘
Vii Oij,r {
=he, arc 171780 v a6 v a0 ’
AR PREUCRE R
oz oz &z i

N

The fourth term in Eq. 18 can be rewritten with
Gx Bz, =7.(Bxa )=5-(v xz)xzzj)ma.Ki.?m{%)f)x(_@jré)j

8
V@, e lrd, ¥ 0
;= (rdy } (20

5 Using Eags. 19 and 20, the first-order Eg. 18 becomes
i e,

g
s (Inn )“""EGJ}?‘ Tj

The sclution of this equation is

] 1
\ [m_,.a}?r' &0 e rd, () .
O ey
where E, = -d®/dr and n{0} 15 given by
' ) w5, eJ.fD(rﬁ ejcofroAg(rG)
' = - : 22
10 7, (0} i eXpIL T Ly 7 e T (22}

Here, my is the paék density atrp.

Solution of Viasov-Maxwell Rquations

Now that it has been proved that it is appropriate to describe ions and electrons by
1igid rofor distributions, the Viasov's equation (Eq. 10) is teplaced by its first-order

i5 moments, i.e.,
.
—nm ro; =nje{E, +f-§i32—j——f} %, (23)

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

equilibrivim solutions reduces to:

2
tn




with T, = T; = constant, and co,, co, constants, obtaining | d 1 dlogn, -4nnZ,e2 (ai-we)2 Z,T,id 1
dlogne (29) rdrrdr T c' T, rdrr dr The new variable ~ Is introduced: r21d 1d-1d 2 (30) 15 5=2r0
rdrrdr r, d'; EQ. 29 can be expressed in terms of the new variable r : d2loggn, 4,neZ,e2ro (a,; €0 )2
Z,Te d2io 5;?1%%1 S -~c2Tid29 Using the quasi-neutrality conditipn,g2lagr., d2logn, ne = Z:n;
d25 = d27 (5)y|e S 26 WO 02/062112 PCT/11S02/02854 d 2 logn ' r44nrn'{lrrro 2 n" (32) d2~
(T,+Z1Tt) c2 (T +?r) NO =4 t9r n,0 M 2 4rcZl e2 t(c), -m, Z; ¢ 4nneoe2 (wl-we)2 Here is defined TT
rOAr.2V Z ¢ (33) 4neOE2 !COI -08( where the meaning of br will become apparent soon. If N, = n/ni0,
where n,, is the peak 5 density atr =r, Eq. 32 becomes z d2dzgA™ =-(- N. (34) Arj5

ra, dn
- M. mjf"a} —njej E e B _1—T - jm3;5=LZ,"' (24)
a1a¥ B 4w 4z
——— e S b e o B Y B0 .0 - {25)
orr or or cjs c };JJ /
2ne; 20, (26)
i

Solntion for Plasmse with One Type of lon

th

Consider fisst the case of one fype of ion fully stripped. The electric charges are
given by ¢,=-¢,Ze. Sclving Eq. 24 for E, with the clectron equation yields

B =g tep Lo O 7
e ¢ en, @
and eliminating Z, from the ion equation yields
s 2 2
1 dlogn, _ Ze o, —-&;B) B, - Z.T 1 dlogn, - m; . mZ,.‘a?e . 28)
roodr e T I r ar T T
10 Differentiating Eg. 28 with rﬁépect to r and substituting Bq. 25 for 4B, Adr yields
= défz -z @, ~w,) ad Zn =r,
dr
with 7, = 7, = constant, and @, @,, constants, obtaining
1d idlogn, __4mZe’ o, -o,) ZT,1d1diogn, 29)
rdrr  dr 1 & T, rdrr dr
The now variabie & is introduced:
. 2 4 2
T 1did 14
s = e o T (30)
= == 27‘9 rdrrde 1) d°€
Eq. 29 can be expressed in terms of the new vasiable &
Plogn,  4dmZer o, -0,) _ZT, d'logn, 3

e T ¢ T, 4%
Using the quasi-nenfrality condition,

4 logn,  dlogn,
i, = 2.5, = 'Zgje = {:gnz s
as d'¢

20 vields
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Using another new variable, Y=2rr-oyields N'_-2XI, dr d'x the solution to which is 10 N,. = coshz (y -
x0) where y0 = y(ro) because of the physical requirement that N,(r) =1. Finally, the ion density is given
by n _n,, (nto (35) cosh22~rD~I I~ h 2jr2-70 Dr L - 2 cos rolsr The significance of ro is that it is the
location ofpeak depsity. Note that n,(0) = n,4r 0), 15 With the ion dengityjspoye,B. can be calculated
using Eq. It, and Er can be calculated using Eq. 27. The electric and magnetic potentialsare . r _ _((:
Er(r)dr' and Jr=0 27 WO 02/062112 PCT/US02/02854 !se = 1 r'B7(r')dr' W = rAB (flux function) (36) -
rdr=0 Taking r ='hro to be the radius at the wall (a choice that will become evident when the

expression for the electric potential O(r) is derived, showing that at r = Jr, the potentlal is zero, i.e., a
conducting Walgatg@r,fpund) the ling*density is u, n 2rr dr 3Al = Z)N; 121 o] eO(zrg) %zn orAr tank -

cosh2(fT, -r~ L‘\ger:( PIOAY {DECAUSE Fa=>"AT) (g}/) —= =8
4nZ’e 0 (o, -, ) v ZJ)
4mn ge* (wf—coe)z

Here is defined

1
rT +£\5
fhr =242 Z; - GE))
damge’ | o, —a,] :

i
r

whers the meaning of Ar will become apparent soen. If N,= n/n,, where n,) is the peak

S density at r = r,, Eq. 32 becomes
4 Jogh, 2;?“@ Ns(%}z w,. 34)
Using another new variable,
y= 2%5 . yields "’: lfi R
“ihe solution to which is -
10 W, = L

cosh® (¥~ 7,
where §, = %{ry)-becavse of the physical requirernent that N{r)} = L.
Finally, the jon density is given by

- Fiyg - B
IR S
COShZ 2[”50_'}(5 —_ l} COSh2 (.‘F_T_iﬂ_
A?“ k 2 ‘\ ?‘UZ}J‘

The significance of 7, is that it is the location of peak density. Note that »,{0) =x, («Ero )

35

15 With the ion density known, B, can be calenlated using Bq. 11, and E, can be calculated
using Bq. 27.

The eleciric and magnetic potentials are

D= -—j: E (r"}dr' and
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Thus, Ar represents an "effective thickness." In other words, for the purpose of line density, the plasma
can be thought of as concentrated at the null circle in a ring of thickness Ar with constant density n,,.
10 The magnetic field is 'r B.(r)=B,(0)- 4r dr neer'(tu;-we). (38) c r=0 The current due to the ion and

electron bgamsis,ra N e'w. -w ) _ - TB~r=c .JO =n2rS(/3, -w.). (39) I1B~=}:DeibsiSing Eq. 39, the

magnetic field can be written as 2r 2rrz -rz 2rrz _ z 15 B,(r)=B.(0)- c IB c IBtanl rAr -B9 c letanh rAr
(40) 00 InEq. 40, B,(0) -BO + 2-21. and c 2r If the plasma current Iv vanishes, the magnetic field is
constant, as expected. 20 These relations are illustrated in Figs. 20A through 20C. rig. 20A shows the
external magnetic field BO 180. Pig. 20B shows the magnetic field due to the ring of 28 WO 021062
112 PCTms02102854 curre tLLS;QgF‘tf;eBne@fg%etic fipld havipg.a magpitude of (2ar|c)I%é§ig. 20C shows
field reversal 184 due to the bver&pping of the two maghetic fields 180,182. The magnetic field is B;

r=-B [1+28 tanhra-Y@-] B |1+arz-tQ (41) ! CBO 6r rO _ ~ pow ~~
") : Talang r = «/%315 to be the racgu(s at)the wall {a choicﬂhatpvﬁll become evident when the

expression for the electric potential ©(r) is derived, showing that at r = ﬁrﬁ the

potential is zero, .., a conducting wall at ground), the line density is

5 W=z, = [ BT g i tanh
¢ LA ol ?‘2 —F’Z ] Gy Ar
coshz( L
| nRAr
o E2mngndr (because ry, >> Ar) 3N

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

10 | The magnetic field is
B,(r)=B,(0)~Z [ Tér" ner'(®, —a,). - (38)
o o=
The current due to the ion and electron beams is
JEy -
Iy= ’ jgdrzwe—) Ja mnoer(a}l. —we). {39)
b im ‘
Using Eq. 39, the magnetic field can be written as
; S 2 PPl
15 Bs(r}mgz(f)%gﬁfg —%-':Ié,tanhr s =--BD-—7-E—I9 tanh L. 40
c ¢ Fhr ¢ To
inEg. 40,
in

B.{0)=—B, +Z=I, and
&

B, (21, }=-B, ﬁc’zze.

¥f the plasma current Iy vanishes, the magnetic feld is constamt, as expected.

20 These relations are illustrated in Figs. 204 through 20C. Fig. 20A shows the

external magnetic field B, 180, Fig. 20B shows fhe magnetic field due to the ring of
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5 using the following definition for /3: 27r .IB __ Ne(@i -a ) 17 rare(-Co.) e BO CBO C 72s0 BO ... 292
+(_,/ZV) cncO e coi-Qe}... Ct'2111.. 4au2e0ez CDI -wv6 BO 8yr(neoTe+niOT, Boz With an ‘
expression for the magnetic field, the electric potential and the magnetic 10 flux can be calculated. 7
From Ea. 2o o WE-P -Te d In tae rw2 (43) C e dr e dr Integrating boh-sides, pfkd- 28 with respect to
r and using the definitions of electric potential and flux function, rl~ (D =-f,OEdr' and T. -j cB,(r')r'dr’, |
(44) 15 which yields =CVeT +Telnne(r)-tnrmz (45) e e 8te(0) e 2 Now, the magnetic flux can be

calculated directly from the expression of the magnetic field (Eq. 41): 1 z "-Ir Ba~I+ ,Ttanhr -r0 'dY"...
r(c)r 20 B2 -B02 rt~allog(cosht rOr ) -7 -log(cosh lit ... 2 2 Ar 29 W(r) 02/062112 PCT/US02/02854
Bart ~rAr |eyrB o &, fbe@noriadrlSubingatingsEqdseitio/ o Feyiddshows BidrA 1(Nbgn (N THi(r)

W B M MW2reversal 184 duc to the overlapping of the two magnetic fields 180,182,

The magnetic field 1s
B,)=-8, [HM& tanh “”0 { } (1)
cB,
3 using the following definition for f:
iy N, elw, ~® )_ gﬁn r,hrelm, -0,
¢ By, B, e B, B
2, AL+ /z )" —@ )
¢ 4o n€ B,
{ 1
Batn o, + 2l )} P
4 e 0 )] =\F. (42)
i BO o
‘With an expression for the magneiic field, the eleciric potential and the magnetic
10 flux can be calculated. From Bq. 27,
B o=tPp L dinn, PR . , (43)
< e ar € ar

Integrating both sides of Bq. 28 with respect to 7 and using the definitions of
electric potential and flux function,
G = —LO Edr and ¥= LGBZ{r’)r'dr‘ 5 (44)
i5 which vields

2.2
Py Loy B mra,

e e n(0) e Z )

Mow, the magretic flux can be caleulated directly from the expression of the
magnetic field (Eq. 41):

wier ?2 - r,t)z ! i
¥ :j;:{}uBa[Hﬁmh = }‘dr
T r
20 ‘ = —g—"—{‘——mwrnﬁrl.iog(cosh i \ logtcosh Hﬂ
2 hr

2 J”‘ij
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c 4 ne(0) e fie{0} c 2 e 2 (47) Using the definition of,6, (15 "~ Bp~rQ6r = ~" 8n (neQTe n;o~r)2 FTE

+T,/2)2 e c c 4=eoe2 (~; -we) =4 we (rxeoTe+ncoT) (48) w, -we ra'Ce Finally, using

Eq. 48, the

expressions for the electric potential and the flux function become Br2 C [neore+nmri'uinne(r) and (49):
2 WY -we enssknef0) _ [ we (neo-Te +nrwT,) L ~ In n(r) o e Bore rn $@+#2d63e8iEa(r) ---BOY' rn w; -we
nee e ne(O) c 2 e ¢ (50) Relationship Between w and co An expression for the electron angular :
velocity are can also be derived from Eqgs. 24 through 26. It is assumed that ions have an average
energy"/zna,lrw;)2, which is determined by the method of formation of the FRC. Therefore, co, is
determined by the |15 FRC formation method; and co, can be determined by Eq. 24 by combining the

equations for electrons and ions to glimﬁmﬁte Q@‘@Mr'c freld: 2 2 n, eeY dne m dn,

~_ ~w; we}B. -Tem; (51) cdrdr Eg. 25 gan then be us%%;{ge}iminate (w; - we) to ogt [

mrwe +nm-+rw;
n+n,mfrw?]=d .

(52) dr(L'8r 30 WO 02/062112 PCTIUS02/02854 Eq. 52 can be integrated from r = 0 to ra = [2r,.

Assuming Yeosiiing EatHé iatnBifisyields

oo @ BolBrbr n(0) L, () o By mral
= £ B 111 e - .
¢ 4 n{0) e =m0y ¢ 2 e 2
Using the definition of £,
(T +1,/2%
@ @ ’ T +7,/2p ¢
5 —2B A Broir === J8a{n, L, 45, 1} 2
- u'\/_g o - \/ 0 ot {-————4:&:?33962 (@, -,)
— 4 @, (neoi’; ‘f'”mf;'}‘
W, ~ @, Hge
Finally, using Eq. 48, fhe expressions for the eleciric potential and the fiux function
becomse '
T{I’)‘v’"-“ Bﬂrz - e neUTe +nz‘01:7 lnng(r) and
2 -0, 7, n, {0}
r 2,2
10 ) (13{?‘}—‘: @, (neche +n{0Tf)_L__z_;_ }nne(?‘) _E}__g__B{)‘P-Z‘ __E?} ﬁ'?e
@, —, Y e | nf0y ¢ 2 <

Relationship Between @, and @,

An expression for the electron engular velocity @, can also be derived from Hgs.
24 farough 26. It is assumed that ions have an average energy Yam{r@,)’, which is

determined by the method of formation of the FRC. Therefore, @, is determined by the

[
(¥

FRC formation method; and @, can bs determined by Eqg. 24 by combining the equations
for elecirons and ions to elimminate the electric feld:

ner

dn, . dn,

—_— e L —

({82 —me}‘g: '_Z:: d?‘ i d?’

.
~\n mrar? +nm, rwﬂ
Eg. 25 can then be used to eliminate (@, - @) to obtam

2 1 . 2 —
{ngmrme + 1y, ]~

30

@

(48)

{49)

(59

&13

(52)




very small at both boundaries and Bz =-BD(1a). Carrying out the integration shows 11B C&~~neo~e T
nroTr~Iz . (53) tneomtve +nromlw i OAr = 2;7 Using Eq. "13 for Ar yields an-equation for we: 5 "
rat+Zn2we =CIO (w,-w ), (54) m, where 62D = ZeBD m,c Some limiting cases derived from Eq. 54
are: l.w ‘%@;}%?f ;eB6; me 2.we=0 and w,=QD;and Zm z Z co. 103 W&y ygwgpd we=wil mr SZD . |
In the first case, the current is carried entirely by electrons moving in their diamagnetic direction (we <.
0). The electrons are confined magnetically, and the ions are confined electrostatically by T.. dn, O for :
r> rD E Zen; dr? 0 forr5rD (55) 15 In the second case, the current is carried entirely by ions "
moving in their diamagnetic direction (w, > 0). If co, is specified from the ion energy Ihm,(rw)2, ;
determineddanstheafidrmizitigimtpd foess =thén we D, anbtuning rileriiibgithdeusifyés of BD, the externally !
applied magnetic field. The ions are magnetically canfined, and electrons are electrostatically conflned
by 20 E = Yenomesbs ot esiprissandr BGfokd. fo/#1) Weromgeptfiointesmiioseho99854 In the third
case, co, >0 and ao > w,. Electrons move in their (é)unter ,
7 g TRE, - Hyo 11,0 }' A\r— [871‘( oT + 1, Tk (53)

Using Eq. 33 for Ar yields an equation for o,:

5 o+ = o, -0,), 54
.

i

ZekE,

where £, =
me

Some limiting cases derived from Eqg. 54 are:

L.a Ganda)~——~g°;
Fi7io

2.0,=0 and @, =0Q,;and
10 1P ey’ wnd o, m{lm‘}i\.
ny £y J
In the first case, the current is carried entirely by electrons moving in their
diamagnetic dizection {@, < §). The electrons are confined magnetically, and the ions are
confined electrostatically by

S0forrz .
Ermiéfi or r"‘ (55)
Zen, dr z0forr <y,

15 In the second case, the current is camried entirely by ions moving in their
diamagnetic direction {m, > 0). If @, is specified from the ion energy Yamfray),
determined in the formation process, then toc ={ and {3, = @, identifies the value of By,
the externally apphied magnetic field. The ions are magneticelly confined, and elecirons
are elecirostatically confined by

T, dn z0forrzr,
20 E =oin—t . 56
" en, dr  SOforr<r 8
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diamagnetic direction and reduce the current density. From Eq. 33, the width of the distribution n,(r) is '
increased; however, the total currentiunit length is Je = Sr-0Jdr = 27C e(w, - co.), where (57) 5NQ =
Jreo2andrne = 2strObrne0 . (58) ,m Here, r8 = Jr, and r Ar cc (w; - we )-' according to Eq. 33. The
electron a city we can be increased by tuning the applied ic fleld Bo. This does not
change ei&%rlﬁ?;kg?%]l% maximum magnetic field produced by the plas%%ﬁ%%vhich is Bo (27c/
c)Fe. However, it does change Ar and, significantly, the potential (D. The 10 maximum value of t is
increased, as is the electric field that confines the electrons. Tuning the Miaenetic Field In Figs. 21
A-L}, the quantities nrineo 186, B, /(B0../)188, CD/cGo 190, and TITO 192 are plotted against r/ro 194
for various values efefigrdidae: valuaraed pRtential Eiaskiimare inargalizagto 00 = 20(TQ + T)le and TO

= (c/o )(Do, A deuterium plasma is assumed 15 with the following data: neo = nq = 1015 cm’; ro = 40
cm; %2m,W@%m;ﬁﬁwﬁmﬁuﬁ%@%\w&&%gﬁﬂﬁ threvaded feistrated in Fig. 21, w,

=1.35 X 1Q4istritenGayiSs theterminesy b Edobd datevatiausyaliygs of Bo: plot 1 applied magnetic
field (B 4) electron angular velocity (wea 154 B0=2.77kG we=0 156 BO=5.15kG we= 0.625x10's' 158

B9=15.5kG ~we=1.11x107s'1 The ¢ %gﬁr\/@i\%ﬂ{/@,ﬁﬂg& 3Q,ik:385 KG involves maggigtic confinement
of both electrons and ions. The potentidl reduc&s to D/410 = m,{rw,)2/[80(T, + T,.)], which is 20
negligible compared to the case co, = 0. The width of the density distribution Aris 32 WO 02/062112
PC%’/USOZ(02854 reduced by a factSr G ,Zgzé?i‘éf"fh'é%?’a%ﬁaum magnetic field BOis ti® same as for w,

= 0. Solution for Plasmas pf Multiple Types of |gns This analysis can be carried out to include plasmas :;
comprising multifigyfres ot aud r4r ac@),. ~@, ) according to E)é 33. The electron anguiar ‘

velocity @, can be increased by tuning the applied magnetic field B, This does not
change either [, or the maximum magnstic field produced by the plasma current, whick is
By \/ﬁ = (21:;’ ¢)ls. However, it does change Ar and, significantly, the potential @. The
10 maximum value of @ is increased, as is the electric field that confines the electrons.
| Taning the Masnetic Field
In Figs. 21 A-D, fhe quantities n/n 186, B, /(BB ] 188, ®/, 190, and WI¥,
192 are plotted against i, 194 for various values of B,. The values of poiential and flux
are normalized to &, = 20{7, + T)}/e and ¥, = (¢/0)®,. A deuterfom plasma is assumed .
15 with the following data: n,, = ny = 10° em™; 7, = 40 cm; Yam (e =300 keV, and 7, =
T,= 100 keV. For each of the cases illustrated in Fig, 21, @, =1.35x107 57, and @, is

determined from Eq. 54 for various vatues of B

Plot | applied magnetio field (B) | electron angular velosity (@)
154 B,=277kG o, =0
156 B,=5.15%C @, =0.625 x 107 &
158 B,=15.5%C @, =111 x10"¢"
i

The case of @, = -, and B, = 1.385 kG involves magpetic confinement of both
electrons aud ions. The potential reduces to D/Q, = m{re,/[80(7, + 7)1, which is
20 negiigible compared fo the case @, = 0. The width of the density disiribution Ar is
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5 ions. Fusion fuels of interest involve two different kinds of ions, e.g., D-T, D-He3, and H- B11 The
equilibrium equations (Egs. 24 through 26) apply, except that j = e, 1, 2 denotes electrons and two
types of ions where Z, =1 in each case and ZZ = Z = 1, 2, 5 for the above fuels. The equations for
electrons grehupsiypes of ions cannot be solved exactly in terms of glegrapiangfunctions.
Accordingly, an iterative method has been developed 10 that begins with an approximate solution. The :
ions are assumed to have the same values of temperature and mean velocity V = rw,. lon-ion 5
collisions drive the distributions toward this state, and the momentum transfer time for the ion-ion
collisions is shorter than for ion-electron collisions by a factor of an order of 1000. By using an
approximatégnsahbyyGiotene il tmdtic: typesreh IS imetcdinidbB, kit us 8 teme singtazion problem. The
momentuna conservation equations for ions are -n,nrrrro, r4E+"I By | -T, d and (59) Tr rrw2 1 T dn,
nZm2r<v2 = n2Ze! Er +-- Bf i dr (60) In the present case, T, = T2 and co, = W2. Adding these two
equations results.i -t )W? = Er.+rw; B=]AT dn, , (61) L dr where n;=nt+ n2; a w2;
T:T1:T2;n,(m,' 1 '.""u” > rproximation is to assume that (m;) and (Z) are
constants obtain@dibgnalgstesniy ndtryden o, (rbgaienercn20risihg makirupssdiies of the respective |

fungtions. .JThe tion of thi IS, no evipus-seluti r the single ion 25
t;pg,lexceg%t' giézls‘ﬁﬁ%s R rQéi%Qi(rﬁnE(;})e'%a’iﬁ@& @f‘%&li}& Qg. vipussplutign for the single |

replaces Z an replaces In,. The valués of n, and n, ¢an be 33 WO
02/062112BC Thesapidnss caistiansd@dromt irougip26) applbidenespi 2 e l=#ynotet can be

appreciateg ol ARG A%RYE e SAMe U UL iaip.hNoyhe-coregksgldtion can be obtained
by iterating the equations:"d log N, =m ra 20 (m; -co,) B, (x,) T, dlog A, +nn(co,r0)2 and (62) d~iT
'BO 2, d,, Tabove fuels. The equations for electrons and two types of ions cannot be soived exactly

in terms of elementary fumciions. Accordingly, an iterative method has been developed
1¢ that begins with an approximate solution. |
The ions are assumed o have the same values of temperature and mean velocity V;
= r@, lon-ion collisions drive the distributions toward this state, and the momentum
transfer fime for the ion-1on collisions is shoster than for ion-eleciron collisions by 2

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

15 ions can be rednced to 2 single ion problem. The momentum conservation equations for
ions are
2 ) an, -
- ) =mel E, +—LB, i~T - aud {59}
L c ar
] ra, o 4y
—n e, =nde E, e =T {60}
¢ r
In the present case, 7, = 7, and @, = @,, Adding these two eguations results in
r
20 — )} wa(Z)e[Er +~”—a—"iﬂz}zi§1~f—a (61)
e r

wheren,=n, tn, =0, =0, I,=7, =1, nf(mi'}f_;r_z}ml + mym,; and n,-( g) =5, + Byl

The approximation is to assume that (mi> and {Z > are constants obtained by

replacing 7,(z) and 1,(r) by 1, and ny, the maximum values of the respective fimctions.

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

25 type, except that (Z) replaces Z and {m;, ) replaces m, The values of n, and n, can be
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5 dlog N2= rx (w,-we)B,( EL dlog Ac+ ~al!5)2 (63) dy -rnz ‘0z T BO T. dsx T where Ni=n (r) NZ
nz(r} =r z EI' = eBo and s22 BO rho n20 2ro nmic tn20 The first iteration can be obtained by
substituting the approximate values of BA) and N,(?) in the right hand sides of Egs. 62 and 63 and
integrating,49 LRkaipthe corrected 10 values of nl(r'~, n2(r), and Bz(r)x&aigiatiens have been carried
out for the data shown in Table 1, below. Numerical results for fusion fuels are shown in Figs. 22 A-D |
through 24 A-D wherein the quantities n,fnpo 206, P/cb0 208, and W/TO 210 are plotted against r/rO
204. Figs. 22 A-D shows the first approximation (solid lines) and the final results (dotted lines) of the
15 iterations for D-T for the normalized density of D 196, the normalized density of T 198, the
normalize dbedettitqotential=20 @némng-tFe.romaliZerd flhc20%: Higsria®dXhl siavd sthe same iterations
for D-HO for the normalized density of D 212, the normalized density of He3 214, the normalized ;
electric potBH fi%?%ﬁi‘i Pﬁéaﬁ%ﬁ%{alized flux 218. Figs. 24 A-D show the same iterations forp-B" for
the normalized densityeefn-22 Qolite:2 Canbrmiatized seirsitynef e u@2@0the normalized electric potential
224, and the normalized flux 226. Convergence of the iteration is most,rapid for D-T. In all cases the
first approximation i¢/éREs&ita thesfin %gﬂﬁ.%e_ﬁ ' Eﬁé’figf})r ggilibriurgsealculations for
different fusion fuels Quéntity uhits B-T B- e3 $:B" b ord3 10" 03571025 34 WO 02/062112 :
PCT/QS02/02554 p-B'l Quantity units D-T ' D.'He aio ctr' 0.5 x 10°s 11% x 1015 0.5 x 10E5 n20 cm~

0.5 loll in x loll 101* \A lew¥'em, 0 54 \T-0761% 61 07, IR H0Q medirs €3
dz T B T & iy
where
2
P
JEL.LC B VI - G N T G Y R e

iy T omy 2r; me oc
The first iteration can be obtained by substituting the approximate vatues of B{E)
and N(£) in the right hand sides of Egs. 62 and 63 and integrating to cbtain the corrected
i values of n,{r}, #,(#), and B,(r).
' Calcnlations have been carried out Tor the data shown in Table 1, below.
Numericel results for fusion fuels are shown in Figs. 22 A-D through 24 A-D» wherein the
_ quantities a,/n,, 206, B/O, 208, and ¥/Y, 210 are plotied against r/r, 204, Figs. 22 A-D
shows the first appmﬁimaﬁgn (solid lines) and the final results (dotied lines) of the
15 iterations for D-T for the normalized density of D 196, the normalized density of T 198,
the normalized electric potential 200, and the normalized flux 202, Figs. 23 A-D show
the same iterations for D-He' for the normalized density of D 212, the normalized density
of He® 214, the normatized slectric potential 216, and the normalized flax 218. Figs. 24
A-D show the same iterations for p-B' for the normalized density of p 220, the
20 normalized density of BY 222, the normalized electric potential 224, and fhe normalized
flux 226. Convergence of the iteration 1s most rapid for D-T. In all cases the first -
approximation is close to the final result.

Table 1: Numericsl data for souilihriom eajeulations for different fusion fuels

Quantity Units b-T B-He p-BH

Ry

o 10¥ { 10" L 10¥
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2 keV 300 450 300 2mty key ~zv 2 450 675 3300 1 -F COl radls 1.35x10" 1.65x107 1.91x10" r cm

40 40 40 B. kG 5.88 8.25 15.3 (Z,) None 1 3/2 1.67 (m nip 5/2 5/2 2.67 {Z )eB radls 2.35r. 10" 4.95 x
lo' 9.55 x 10" S20="(MOO tvra&s 0.575x 10'1.1 x 10 1.52 x 10" ule-CA~1'~T, keV 96 17092 T,
keV 100 2,%,% é%%z{ rcm' 114 203 313 35 WO 02/06211_2 PCT/USOZ%y@k@ntity Units D-T
D-He3 pBz1 None .228 187 38.3 Structure of the Containment S system Fig. 25 illustrates a preferred |
embodiment of a containment system 300 according to the present invention. The containment |
system 300 comprises a chamber wall 305 that 5 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.
Far plicﬁm&fy this contajgpaent system 39@-to a fusion rgaetpr, it isinecessgry to create a vacuum
or negr vacuum inside [the chamber 310. Concentric with the principle axis 315 is a betatron flux coil
320, [orated withinm the chamber, 310, The betatrgn fluX coil 320 comprises an_10. electri¢al current
-3
carrying medfam adapted to &ffect current%‘&]r% a Ioﬁg cc}lf 55% hown, Wﬁl‘ghxﬂfgeferat ly comprises
parallel-winding-multiple-separate-coils—and-rmestpererably
Hlgg e 0.5 x 10¥ 173 % 10% i
V=V, om 0.54 x 10° 0.661 x 1§ 0764 % 10°
sed
1, keV 300 | 450 300
L '
2
1 3 keV 450 675 3360
PYie1s) '
=@ = o, rad/s 1.35 x 107 1.65 x 107 1.91 x 107
Fy cm 40 40 40
. B kG 5.88 8325 153
@ | Nome 1 31 1.67
() | m, 512 502 2.67
{Z,)eB, radls 2.35 % 107 495 % 10 9.35 x 10
Q, =+
’ {m, e
@ rad/s 0.575 % 10 L1 x 10 1.52% 1
we = mz“}“w_f“} i
|
T, keV 9 170 82
T keV 100 217 235
rolr em® 114 203 313
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parallel windings of about four separate coils, to form a long coil. Persons skilled in the art will
appreciate that current through the betatron coil 320 will result in a magnetic field inside the betatron
coil 320, substantially in the direction of the principle axis 315. 15 Around the outside of the chamber

wall 305 i oal 325. The outer coil 325 produce a relatively agnetic field having
flux substan |§ﬁ{/dgpalrallel with principle axis 315. This magnetic field ié%%ﬁ%ﬁ%?fsymmetrical, The
approximation that the magnetic field due to the outer coil 325 is constant and parallel to axis 315is
most valid away from the ends of the chamber 310. At each end of the chamber 310 is a 20 mirror coil
330. The minor coails 330 are adapted to praduce an increased magnetic field inside the chamber 310
at each enctgﬁ&uﬁ-ﬂpendirrg thepmaagnetic field lpgs inward at epole’end. fSee Fige#8 and |l0.) As
explained, this bending inward of the fi¢ld lines helps to| contain the plagsma 335 in a containment
region; within the chamber 31 eenerall betwegn the mirror cqi@ 330 b/pushmsg3it away from the
ends where it can escape the contaf;lment system ?I;%O. The mirror cails 330°¢an be apapted to
produce-af-inereased—magnetic-field-at-the-ends-by-a-variety-of- methedskrown-inthe-att, including
increasing 36 WO 02/062112 PCTMS02/02054 the number of windings in the mirror coils 330,
increasing e ammeithtiTonghtivet¥ysemn coils 330, or overlapping the mirror coils 330 with the outer

coil 325. The out H%iﬁ%s Qc{’fa?[g%c lown, in Fi t§5t%%@85n%£'c§reéj gutS|de the

nd minercolls: 33
- chamber wall 305;*however, the mag%e nside amber “Ii cases where the 5 chamber wall

305 is constrtistedsefitdnvenidhnctiVee nraterinlestistsias: Metadnipriseymbambramalb@Bubad place the coils
325, 330 ingi I e it 4akes, for %Qﬂ agpetic field to diffuse
throjugh thréﬂvggﬁggg%%%n?g%e re aﬁ?/%%) argg?gj' Sé%\%%%%)’c%%%%é%% systé?n*?;’gg to ré!lact sluggishly.
Similarly, tRkephariberiGigaesy b slonaéskepe of Bhdiomwe)lifddionmelindnber wall 305 forming a
long, annulggring:. |10, SYeh 2 6ASE » G BEIaRR. Hscail 320, could.he implemeniad outside of the

chamber wall 305 in the ¢enter of that annular ring. Preferably, the inner wall forming the center. of

the annulayadwgrivsiie Smphiseber Ath-Eonarnitiayimdtemanstitnagts dlads 2 ResiwnfiBome apparent;
the chambep;336 mukstdhe ghautiicienisizeandnshapedp alowihe ciighiaing, plasma beam .or layer

335 to rotate around the principle axis 315 at a given radius.
0 electrical current carrying medivm adapted to divect current avound a long coil, as shown,

which preferably comprises parallel winding muliiple separate coils, and most perferably
peraliel windings of zbout four separate coils, 1o Torm a long coil. Persons skilled in the
art will appreciate that current through the betatron coil 320 will result in 2 magnetic feld
inside the betatron coil 320, substaniially in the direction of the principle axis 315,

15 Around the oniside of the chamber wall 305 is an outer coil 325, The ounter eoil
323 produce a relatively constant magnetic field having fiux substantially paraliel with

. principle axis 315, This magnetic feld is azimuthally symmetrical. The approximation

that the magnetioc field due to the outer coil 325 is constant and parallel to axis 31518
most valid away from the ends of the chamber 310. At each end of the chamber 310is s

20 mirrer coil 330, The mirror coils 330 are adapted o produce an increased magnetic field
inside the chamber 310 at each end, thus bending the magoetic feld lines inweard at each
end. (SecFigs. 8 and 10.) As explained, this beading inward of the field lines helps to
contain the plasma 335 in a confatnment region within the chamber 310 generally
between the mirror coils 330 by pushing it away from the ends where it can escape the

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

magnefic field at the ends by & variety of methods known in the art, including increasing
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15 The chamber wall 305 may be formed of a material having a high magnetic permeability, such as
steel. In such a case, the chamber wall 305, due to induced countercurrents in the material, helpsto
keep the magnetic flux, from escaping the chamber 310, "compressing" it. If the chamber wall were to
be ma_1d_e %8 Mfﬂ?l _having low magnetic permeability, such as ple% ﬁ%ﬂf}&?gﬁ]er device for |
containing the magnetic 20 flux would be necessary. In such a case, a series of closed-loop, flat metal .
rings could be provided. These rings, known in the art as flux delimiters, would be provided within the
outer coils 325 but outside the circulating plasma beam 335. Further, these flux delimiters could be
passive or active, wherein the active flux delimiters would be driven with a predetermined current to
greater facititatentbre efomiadimgen tiof magnetils Fiik withasing ShthanebetitbersB 1@ wilrernatively, the outer

coils 325 tt&gﬁg%b/% %ﬁéﬁe& Bl X qslim;t%% @g“%ﬁg%ﬂ% .bove, a circulating plasma beam

335, comprising charg ICles, may%}e contained within the chamber 310 by the Lorentz force
caused by the magnetier bl Handontiverowits330i82BovAsin fith Ahandnmdneheytidisma beam 335 are

magnetcaly, 30,cepigeda [Ergs DeiasaR o AROM (e (i Hes famaye el coil 325, which

are 37 WO 021062112 P_C'I’msOZ/02854 parallel to the principle axis 315. One or more beam
injegtion poherdauvaib3alsts provivcer p5e sl anmridbrshotmetelréUraTNg plasma beam 335 in the

chamber 330, /a2 beelEsRck embosimant b inieslornors. 349 3 adapiegainject anion beam at

about the same radial position from the principle axis 315 where the circulating plasma beam 5 335 is
contained (8t itapkeirer the Aesrei feis jo Miffuse mrveiipe cvai BBrimsube aplstaelipaeeR to inject ion beans
350 (See Figa 48 [anaend ipaach i Wedliaslional he:elalon el Ve s0PRiped plasma beam

335. Also provided are one or more background plasma sources 345 for injecting a cloud of

non-energdfit IAS A IEPThEYERGFRISE: BEBDER B AR P BRi SR TERE 20 Background plasma
soyces 34n,a/ 8 AdaRisddanditgrkRiasme Smwiarddhaadisternier ipfdog.shapber 310. It has been

found that directing the plasma this way helps -to better contain the plasma 335 and leads to a higher

density of PSP thieigniitniis Tagrblithmire sridopaing o centerof the

annular ring may qampxisa a non-conducting material such as glass. As will become
apparent, the c_:hamhér 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 2 given radius.

15 The chamber wall 305 may be formed of & material having a high magnetic
permeability, such ag steel, In such a case, the chamber wall 305, due to induced
countercurrents in the material, helps fo keep the magnetic fiux from escaping the
chamber 31{, “compressing” it. If the chamber wall were to be made of a material having
low magnetic permeability, such as plexigiass, another device for containing the magnetic

20 flux would be necessary. In such 2 case, a series of closed-loop, flat metal rings could be
provided. These rings, known in the art as flux delimiters, would be provided within the
outer coils 325 but outside the circulating plasma beam 335, Further, these flux
delimiters could be passive or active, wherein the active fiux delimiters would be driven
with & predetermined cuwirent fo greater facilitate the containment of magnetic flux within

25 the chamber 310, Alternatively, the outer coils 325 themselves could serve as flux
delimiters. _

As explained sbove, a circulating plasma beam 335, comprising charged parficles,
may be contained within the chamber 310 by the Lorentz force caused by the magnetic
field due to the outer coil 325. As such, the ions in the plasma beam 335 are magnetically

36 comiained in large betatron orbits about the flux lines from the outer coil 325, which are
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15 Formation of the FRC Conventional procedures used to form a FRC primarily employ the theta
pinch field reversal procedure. In this conventional method, a bias magnetic field is applied by
external coils surrounding a neutral gas back-filled chamber. Once this has occurred, the gas is
ionized an &JQA agnetic field is frozen in the plasma. Next, the %g{%gn #&g 20 external coils is
rapidly reversed and the oppositely oriented magnetic field lines connect with the previously frozen
lines to form the closed topology of the FRC (see Fig. 8). This formation process is largely empirical
and there exists almost no means of controlling the formation of the FRC. The method has poor
reproducibility and no tuning capability as a result. 25 In contrast, the FRC formation methods of the

present invesitiis tatbvproeiainpis Tontficananprowan inisien Porc s plirantéid reproducible
process. Indackdhe rRG. frmed by he.metiads ebihe:psasenl MysBHoN¢an be tuned and its shape

as well as other properties can be directly-influenced by manipulation of the magnetic field applied by

the outer fRERiEEHSEPSIPRHyhnSHELITSTERE By Alamsds BreraniesBrTabiiBns also 30 results in

the formatiep efdhe.alackicfial danepatapial welk i thppapneceessribrdii S, WO 02/062112 PC
IUS02/02854 detail above. Moreover, the present methods can be eas% extended to accelerate the

FRG to reatols RS frietet@d ter il oafory ebre e fiscin 858 VAR 835 2585 enables the

classical cogfifiempateldhesos.JphelnaieheiachniguaLanhs aswiexssdp@ compact device
and is very robust as well as easy to iImplement - all highly desirable 5 characteristics for reactor

systems. In°tHReSPRBITEAEIRGAEXBRE formation relates to the circulating plasma beam 335. It can be
appreciated that thecHsWEidglas Rabednidshrbdetansesiisa susmptmetaaies a poloidal magnetic |
field, as would an_electrical curtent in a circular wire, Inside the citculati lasma beam 335, the
magnetic s&if? ?&%ﬁﬁ%ﬁ?@é@%ﬁﬁ&%ﬁ%ﬁ%’%@?feﬁ%\|§‘f§a %ﬁ%%’éﬁ%&%%&d due to the outer coil
32500utsideathequiabsianieantd3 54 ihe: magrnicseli dledchisitb tiveradhe dizd ctimir as the applied '

- magnetic ﬁ%@th{%ﬂ%%@%%%%ﬂg igerl]l éﬁggﬂt ?%sdlsrgg ggiz%% 1%§g§&1@e gegé%(%!%%vt?@comes the applied

field, and the ‘magnetic reverses Insi eoCiTeut Aema Daam . Fleereby forming the
FRC - contain the plasma 335 and leads to & higher density of plasma 335 in the containment
region within the chamber 310.
i5 Formation of the FRC

Conventional procedures used to form a FRC primarily employ the theta pinch-
field reversal procedure. In this conventional method, a bias magnetic field is applied by
external coils surrounding & neutral gas back-filied chamber, Once this has occurred, the
gas is jomized and the bias magneiic field is frozen in the plasma. Next, the cwrrent in the

20 external coils 1s rapidly reversed and the oppositely oriented magnetic field lines connect
with the previousty frozen lines to form the closed topology of the FRC (see Fig. 8). This
formation process is largely empirical and there exists almost no means of controiling the
formation of the FRC. The method has poor reproducibility and no tuning capability as a
result. |

23 In contrast, the FRC formation methods of the present invention allow for ample
control and provide a much more transparent and reproducible process. In fact, the FRC
formed by the mefhods of the present invention can be tunsad and iis shape as well as other
properties can be directiy-influenced by manipulation of the magaetic field applied by the
ouier field coils 325. Formation of fhe FRC by mefbods of the present inventions also

30 results in the formation of the electric field and potential well in the manner described in
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topology as shown in Figs. 8 and 10. 15 The requirements for field reversal can be estimated with a
simple model. Consider an electric current IP carried by a ring of major radius r o and minor radius a
<< rr. The magnetic field at the center of the ring normal to the ring is BP = 2itJ,f(cro). ions that have

an angul that the ring current X" = APc(fl0/2zc) is carried bzy ;5@6?)&% a 0. For a single
ion circula |F%g§ﬁ%%2ius r0 = VO/QO0, K20 = eBOImr is the cyclotron 20 f?e%quency L?%/r an external

magnetic field Bo. Assume VO is the average velocity of the beam ions. Field reversal is defined as B" .
= PeC2 >_2Bo, (64) P Yoe which implies that NP >2 rOia;, and AP } eV, (65) ;rat 25 where a; =ellrn |
c2 =1.57 x 10-16 cm and “the ion beam energy is "z mV,"' . In the one- dimensional model, the

magnetic fitsaihrbeventipresmetiprennisahods@pdemsiherefobocreriséruiitof length. The field
reversal reqUILement.is E&%ﬁn@t\é@aﬁ&@égﬁe%gﬁ&ét%éﬁ WE,041002:b 1461k BR2/02854 where

BO=693G and z miVp =100 eV. For a model with periodic rings and B, is averaged over the axial

coordinateqiBsyieal gyntigpment §f (e ionp b SHaRNGT feEniaus ca e SHEMSFMIA have the same

average magpelic feldasdievnadiisansienat uagel it e bGaabingd Beam/Betatron
Techni

Formation gue A preferred method of forming a FRC within the confinement system 300
destribed SbteEGasHer&n e Bt ombined beam/betatron technique. This approach combines

low energy beams, ef3lasmademnsyitirbetatienaceRle o Ysingdhe hekateamiaxscoil 320. 10 The
first step in this method is to inject a substantially annular cloud layer of back%round plasma in the

chamber 37088 RABREHERR FHiRucBRGRReaTRa STy B Hs i $ABTERL € magnetic field
inside the Ghaykkel Bighanbichimagaetizessberical current in 2 circular wire. Inside the

circulating piasma beam 333, the magnetic self-field that it induces opposes the externally

10 applied magnetic field due to the outer coil 325, Outside the plasma beam 335, the
maguefic self-field is in the same direction as the applied magnetic field. When the
plasma ion cuzrent is sufficiently large, the self-field overcomes the applied field, and the
magnetic field reverses inside the circulating plasma beam 33 5, thereby forming the ¥RC
topology as shown in Figs. § and 10, _

15 The requirements for field reversal can be estimated with a simople model.
Consider an sieciric current [, carried by aring of major radius r, and minor ragius ¢ <<
o Tﬁe magnetic field at the center of -the ring normal to the ring is B, = 2rl{cr, ).
Assume that the ring current [, = N,e(£2y/2m) is cartied by N, ions that have an angular
velacity £, For a single ion circylating at radius r, = V,/QY, Q, = eBym,c is the cydlotron

20 frequency for an external magnetic field B, Assume 7, is the average velocity of the

beam ions, Field reversal is defined as

K ef)
B, =—* L 22E,, {64)
7o
which iraplies that N, >2 r/e, and

7
2% (65)

7 ma,

25 where @, = ¢/ md* = 1.57 x 107 cm and the ion beam energy is £,V . In the one-

dimensional model, the magnetic field from the plasma current is B, = (2wic)i,, where [, is

current per umit of lengfh. The field reversal requivement is 1, > eVyinrye; = 0.225 kA/em,
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background plasma. At short intervals, low energy ion beams are injected into the chamber 310 1
through the injector ports 340 substantially transverse to the externally 15 applied magnetic field within
the chamber 310. As explained above, the ion beams are trapped-within the chamber 310 in large
betatron oghitg.hy,this magnetic field. Thelon beams may be generateg-by@n e accelerator, such as
an accelerator comprising an ion diode and a Marx generator. (see R.B. Miller, An Introduction to the
Physics of Intense Charged Particle Beams, (1982)). As one of skill in the art can appreciate, the
externally 20 applied magnetic field will exert a Lorentz force on the injected ion beam as soon as it
enters the chamber 310; however, it is desired that the beam not deflect, and thus not enter a
betatron oxiditre:fitittb@s Ghehé dm, Fé achos dWe Bireutetishwithgeriodic 2ime 388t Adssolve this problem, the |
ion beams are neutralized with electrons and directed through a substantially constant unidirectional
magnetic m@@%@h@%%@éﬁf@;% 3 /&8 3N EsiFbEERS FReFies): hEdethe ion beam 350 is
directed th{ﬁg% ?B? appropriate rsna%n%gﬁé Q%ngég&%ﬁt&% shagged-iansianginegatively charged
electrons separate. The Ion beam this actuires an electric se -polarization due to the magnetic .
field. This miglghetikysfield may be produced by, e.g., a permanent magnet or by an electromagnet 3.
alogg the path oE he.ion, :_ g&gggﬁm%gg%&%dgoduced into the confinement chamber 310, the
30 fesultant electric It € magneftic Torcé on the beam particles, allowing the ion 40 WO
02/062112 PCTIAS6T20Zos4hisbeli formingf BRESTisds paglinshbWeanEd®d-on view of the ion

beam 350 gallieauipcisithie-ainamasia Anderivatpiasteidiamdheaadgss tavel aong
|

magnetic field lines into or out of the beam 350, which thereby drains the beam's electric polarization. -
When the lsemirities frovlerrgisy esent e aiseims ians Sithbeiaren Ar(Bimatie ses s BFREBlasma beam 335 in
a betatron grhit.areynd the principle axis 315, as shown in Fig. 25. When the plasma beam 335 =
travels in its betatron orbit, the moving ions comprise_ a current, which in turn giyes rise to a poloidal

magnetic self-fiel@haBrymeniadiinaehed ifpSuse AL AL PISYH T Mecessary to increase

the Ve'Oci%%@%@gﬂmwtggmﬂmm@m@@mﬁmmw@@m.magaetic self field that
3

the plasma beam 335 causes. When the ma%[\etic self-field“i%ilarglea enou%h, the direction of the
- magnetic ©coil 325 produces & magnetic field inside ¥he chamber 310, which Magnetizes Tne

background plésma. At short intervals, low energy ion beams are injected into the

chamber 310 through the injector ports 340 substantially iransverse to the externally

15 applied magnetic field within the charnber 310. As explained above, the ion beams are
trapped-within the chamber 310 in large betatron orbits by this magnetic field. The ion
beams may be generated by an ion accelerator, such as an accelerator comprising an ion
diode and a Marx generator. (see R.B. Miller, dn Jntroduction to the Physics of Intense
Charged Particle Beams, {1982)). As one of skili in the art can appreciaie, the externally

20 applied magnetic field will exert a Lorentz force on the injected jon beam as soon as it
enters the chamber 310; however, if is desired that the beam not deflect, and thus not enter
& betatron orbit, nntil fhe ion beam reaches the circulating plasma beam 335, To solve
fhis problem, the ion beams are neutralized with electrons and directed through 2
substantially constant unidirectional magnetic field befors entering the chamber 310. As

25 illusirated in Fig. 26, when the fon beam 350 is directed through an appropriate magnetic

| field, the positively charged ions and negafively charged electrons separate. The ion beam
350 thus acquires an electric self-polarization due to the magnetic field. This magnetic
field may be produced by, &.g., a permanent magnet or by an electromagnet along the path
of the ion bearn. When subsequently introduced into the confinement chamber 310, the
30 resultant electric field balances the magnetic foree on the beam particles, allowing the ion
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field at radial distances from the axis 315 within the plasma beam 335 reverses, giving rise to a FRC. f,
(See Figs. 8 and 10). It can be appreciated that, to maintain the radial distance of the circulating
plasma beam 335 in the betatron orbit, it is necessary to 15 increase the applied magnetic field from

the outer ¢oll the plasma beam 335 increases in velocity. A c%} ie is thus provided for
maintainirl%)éa%%%%%priate applied magnetic field, dictated by the current t%ryéaug the outer coil 325.

Alternatively, a second outer coil may be used to provide the additional applied magnetic field that is
required to maintain the radius of the plasma beam's orbit as it is accelerated. 20 To increase the
velocity of the circulating plasma beam 335 in its orbit, the betatron flux coil 320 is provided. Referring

' to Fig. 28, liteatrideppiebiated Hat2Triboasingad-cuivertahteugh trrbetasdh flux coil 320, by
Ampere's La, laeicsaan 2 mutal sleclie feldeimiBighdis shambanhe, The positively charged
ions in the p agkrsn%%é eam 335 are accelerated by this indugced electric field, Iegading to field reversal as

25 describmagbiineiineniien meuhes hrdusuttP ok Birsehatiios ePaBESIFES5, as described
above, the plasma.bear.: an denlatizemiedenbeamnibelaokh iRvar sl tae circulating plasma

beam 33 5'is preferably accelerated to a rotational energy of about 1 00 eV, and preferably in a range
of dbout 75ieviaingphena bear kit ARsisRoR RBYAATEEA HisoRacFe B OGS beam 335 is
preferably g0 agcelerated to. about 200 keV and preferably to a range of about 100 keV to 3.3 MeV.
41 WO 02/062112 PCT/US02/02854 In developing the necessary expressions for the betatron

acceleration, the HaeeibeaiRsma PGl e~ atrids i Rrptes e FREmPHOSHRS SO8RESST ions r= V/S2; will

change begausgVinsiases-addheannlisdnaonesiclieldinnisst chapgade: mamain the radius of the
plasma beam's orbit, ra = Vis2, 5 ar - | aV d' aaa, =0, (66) at - f | alt Cl, a%éklwtfere av _rreaB, eEee
1 atF (67) "aPOLE wfin fi ©oUte0 AP cih i FRSHE IS fifrelocity ot the plasma

10 beam 335, thus increasing the magnitude of the magnetic self-field that the piasma beam
335 causes. When the magnetic self-field is large enough, the direction of the magnetic
field at radial distances from the axis 315 within the plasma beam 333 reverses, giving
rissioa FRC. {See Figs. B and 10). It canbe appreciated that, to maintain the radial

distance of the circulating plasma bearn 333 in the befatron orbit, it is necessary to

13 mncrease the applied magnetic field from the outer coil 3235 as the plasma bean 335
increases in velocity, A control system is thus pro\dded for maintaining an appropriate
applied magnetic field, dictated bjr the current through the outer coil 325. Alternatively, a
second outer coil may be used to provide the additional applied magnetic field that is
required to maintain the radius of the plasma beam’s orbit as ii is acoelerated.

20 To increase the velocity of the circulating plasma beam 235 in its orbit, the
betatron fiux coil 320 is provided. Referring to Fig. 28, it can be appreciated that
increasing a current through the betatron fiux coil 320, by Ampere’s Law, induces an
arimuthal electric field, E, inside the chamber 310, The positively charged ions in the

-plasma beam 335 are accelerated by this induced electric field, leading to field reversal as

25 described above, When ion beams are added fo the circulating plesma beam 3335, as
described above, the plasma beam 335 depolarizes the ion beams.

For field reversal, the circulating plasma beam 335 is preferably accelerated to &
rotational energy of about 100 eV, and preferably in a range of about 75 &V 1o 125 eV,
To reach fusion relevant conditions, the circulating plasma beam 335 is preferably

30 accelerated to.about 200 ke'V and preferably to & range of about 100 keV 10 3.3 MeV.
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‘fro B_ 2nrdr = nrp (B (68) 10 where 2 (BZ)=-BF~~0~ -B~[1-[]]. (69) From Eq. 67, it follows that \\\
a(B) aB (70) at-2 atL 'and (B,) = -2B, +B. , assuming that the initial values of B. and B, are both BO.
Eq. 67 15 can be expressed asaV __ e rp 7(By) (71) at 2m,c at After integration from the initial to
final state i.mVp =,0 and "'mV" =IF, the final values of the m i i are: B, =B0-=2.19 |
kG (72) 2%%?%2‘& #-22 Yi BF_B4I~l 0+1 Y1 -1{1=10.7kG, .(73) J JJ 42 2’%‘46%%112 |
PCTIUS0O2/02854 assuming Bo = 69.3 Cl, WJWO0 = 1000, and rJre = 2. This calculation applies to a
collection of ions, provided that they are all located at nearly the same radius rO and the number Of
ions is insufficient to alter the magnetic fields. The modifications of the basic betatron equations to
accommodate tH frederins BrasterrifrBesRes fon e bsHbiusers it Euilibrium to describe the
multi-ring plasma; Heam. Asguming e-ngsheie serRad.eualonadhe-tojgtlings and the
z-dependence can be neglected. The equilibrium is a self-consistent solution of the Vlasov-Maxwell

equations thatasisasRse dHivrsre A SRRl mepTeic SedmtramBe ionagisd e 1 -} (74) cosh 2 F

ro radius of the plasma beam’s orbit, ry, = V/Q,
g 1iéF ¥V oG, B
CAPN R e 6
. bt 51[8{' 0, 33} (65)
where
o _neldB ek e | ?ili, (67)
& me 0t m m,c 27, Ot ,
and ¥ is the magnetic flux:
¥ = [ B 2mrdr = ar} (B,), (68)
16 wiere
2 r 2
(B,)=-B, (”—] - B{‘i -(5&) 1 . (69)
From Eq. 67, it follows that ]
" alB
#B,) _ _,a8. 70
ot bt
and {B,}=~2B, + B,, assuming that fhe initial values of Bpand B, are both By, Eq. 67
15 can be expressed as
ov e B(B,)
em L 2L 71)
ot Zm.e o ot (
After integration from the initial to final states where Lm ¥} =, apd $mV”? =W , the
final values of the magnetic felds are:
B, =Bﬁ\/ﬁf~ = 2.19kG (72)
Wy
20 and

(YT
BFMB{}L%+[?‘){\’WB i}j 10,73, {73)

&
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rOdr ) which applies to the electrons and protons (assuming quasi neutrality); rQ is the position of the |
density maximum; and Ar is the width of the distribution; and (b) The magnetic field is B = -Be - 2Taln :
(r-ra} -tank, - (75) crol+r 15 where B, is the external field produced by the outer coil 325. Initially, B, :
= BO. This_solution satisfies the boundary conditions thatr =ra and r = ductors (B"0,0,a, =
0) and eéﬁ%g%g}n %i%s with potential 4) = 0. The boundary conditions aip;cegsa @?g%llf a =Q +rb)12. re=
10 ern and r. = 20 em, so it follows that 7,= 26.5 cm, 1P is the plasma current per unit length. 20 The
average velocities of the beam particles are V, = roar, and V, = rOCQe, which are related by the :
equilibrium condition: tv.I we=CO, 1- (76) where S2, = eB j(m,c). Initially, it is assumed B, = Bo, w, = |
92,, and arssuGinfiR e itial FEHuibARImpateré.s an BisculodiicnsphicthiatathellEHeB and the (C)B x b
drifts canceb2o. Qiheneariliia are.Rassille.Ace1ding da.he Ahoice:ff. hdile- gauilibrium equations
43 WO 02/_062_11 PCT/US02/02854 are assumed to be valid if wiand B, are slowly varying functions |
of time, buiaes i \prsHicigw vl Ssrmrapriqfridsondition for this is the same as Eq. 66. Eq. 67 is also |
similar, but the fhe iynaiRifabasRn AA0INERBLEIRHLS 1A sBR MGEAX (B-) + 2r TP P Z -
r. (77) Crb+ra5and )z -B(I BS 1[21 (78) The magnetic energy per unit length duel to the beam current :
is 2frdr( B mBopiepwill beagyd on 2 one-dimensional equilibrinm to describe fhe multi-ring plasma -'

beam, assuming the xings have spread out along the field lines and the z-dependence can

be neglected. The equilibrivm is 2 seli-consistent solution of the Vlasov-Maxwell

equations that cam be summarized as follows:

{a) The density distribution is
)
10 R = e B (74)
I
l\ by J

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

the density maximuim; and A is the width of the distribution; and

(b) The magnetic feld is
247 22
B =B, -t tanh(" L J - (75)
¢ robar
15 where B, is the external field produced by the outer coil 325, Initially, B, =B, This

solution satisfies the boundary conditions that » = r, and r = r, are conductors (B, = 0}
and equipoteniials with potential ® = (. The boundary conditions are safisfied if
2= (P +r2)/2. r,=10 cm and 7= 20 em, so it follows that 7, = 26.5 cm. [ is the
plasmea current per unit length.
20 The average velocifies of the beam particles ate 7, = ryw, and V, = ry@,, which are
related by the equilibrivm condifion:
@xmﬁffﬂ, (76)
Lo )
where 0, = eB m<). Initially, it is assumed B, = B, @, = ), and @, = 0. {In the initial

equilibrium theze is an electric field such that the Ex 5 andthe VEx B drifis cancel,

b
Lh

Other equilibria are possible according to the choice of B,.) The equilibrium equations
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8zc 2 P from which 10 L = bz - a2 ZX?z and P rb + a2 cz 1Bs~~'Bz+ CZ LPIP. (80) ,_ The betatron
condition of Eq. 70 is thus modified so that a8, aB azP at = _2 at ,tat ' (81) and Eq. 67 becomes: "I", e

raB~ - e aB, e L al., IS 7.6 ---- --- (82) at mf C at 2m1C at Prat 27a’ at Amer integrating, r s z ~ &B,
=-2BQ~ 1 ,YV-1].(83) PIL RoJFor W =100 eV and W = 100.keM (AT, = -7.49 kG.
Integration of 1 and 82 determines the value of the magnetic field produced by the field coil: 20 .

B,=BbIf =2, 19 kG (84) 44 WO 02/062112 PCT[US02/02854 and 2 2 _ 2 BF, =BFO -(rmo ay Ai,
-~'0 era ABA =25 kG . (85) ra If the final energy is 200 keV, B, = 3.13 kG and BF = 34.5 kG. The
magnetic energy in the flux coil would be Br rrPl =172 kJ. The plasma current is initially 0.225 87, 5
kAlcm corrazsspetenagiedavaliighatiemnicld %t saulyvapnneiuneiaasesise BkAfeM8nd a magnetic field

0f 626 kG. . {he ahove CHGH NS AG Siag SHeIAGORIPHE §0/I§100%is0 similar, but

the fiux function ¥ has an additional term, ie., ¥ =m¢ (B, ) where

L2 2
<B,>=Bz+-é"f»fp{“; | (77)
/

el )

R S

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

5 and

mcir[ \J ELFJ;, (79)
from which
10 | I, = -;i; 2"’; L
b
(B)=F + ;%LPIP . (80)

i o mm O
and By, 67 becomes:
f B L o
15 - O _end e B e % )
o me b ome " & mam O
After integrating,
r 2Lt -1
AB, = 2B, 1+ zw}( @?‘ : (83)
L) WHD ]

Bor W,= 100 €V and W=100keV, AE, = -7.49kG . Inisgration of Bqs. 81 and 82
determines the vatue of the magnetic field produced by the feld coil:

20 - B =3B, ZEE_ =2.19kG (84)
Wy

44




has been neglected. In the injection/trapping phase, it was equivalent to 0.38 volts/em. It decreases
as the electron temperature increases during acceleration. The inductive drag, which is included; is
4.7 volts/cm, assuming acceleration to 200 keV in 100 P. 10 The betatron flux coil 320 also balances
the drag fggg]u%é' J%ns and inductance. The frictional and inductive q;@,)g‘ys? escribed by the
equation: ~Th +1 e L 8Ib (86) C~t b I_tbe tb( mb 2mo at where (Tim) < Trb < (Tim). Here, Vb is the :
beam velocity, T. and T, are electron and ion temperatures, Ib is the beam ion current, and 15
L=0.01257rO In1Ba77=0.71/ | 'is the ring inductance. Also, r = 20 cm and a = 4 cm. The Coulomb drag
is determined by 3 Y2 2 5) fi =195 sec 4 r(mne4InA 2 ~~2m,|3rb% tbi = a 54.8,u see (87) 4mme InA
20 To comg€nsate the drag, the betatron flux coil 320 must provide an electric field of 1.9 volts/em
(0.38 volts/cm for the Coulomb drag and 1.56 vol lzcm :1; r the inductive drag). The magnetic field in
the betatron flux coil 320 must inckease by 78:Ggussrds ot ish this, in whichgegse Vb will be
constant. The rise time of the Currefit tq 4.5 kA 45 Wi 02/062112 PCT/U602/02854 is'18 s, so that
the magnetic field BF will increase {tl)a/ 1.4 kG. The magnetic field energy required in the betatron flux
coil 320 is BF x = S TOHEE AU EESchy TSI BT Beiator PormEmER e

thnigque Another
preferred method of forming a F'RC within 2the confinement system 300 is_herein termed the betatron
formation m@@eM@an@iWﬁﬁgéﬁviﬁbqn@Mﬁ current is initially 0.225

&

5 A/em corresponding to a magnstic field of 140 G, which increases to 10kA/em and a
magnetic field of 626 kG. In the above caloulations, the drag due to Coulomb coliisions
has been neglected. In the injection/trapping phass, it was equivalent to 0.38 voltsfom. It
decreases as the electron temperature increases during acceleration. The inductive drag,
which is included, is 4.7 volis/cm, assuming acceleration to 200 keV in 100 ps.

10 The betatron fiux coil 320 also balances the drag from collisions and inductance,
The frictional and inductive drag can be described by the eguation.
2 ar,
é.{i = —Vbri-i“}“ _...f..., L &
ot Ltbe Ly | my Zmr, B¢

(86)

where (T/m) < ¥, < (T.jm). Here, V, is the beam velocity, 7, and 7, are electron and ion

temperatures, , 1s the beam ion cusrent, and

[ B0 7
15 L=0.01257r|In| — |—— ] ={.71401
Lie ) 4]
is the ring Inductance. Alsc, ;=20 cm andg=4 om.
The Coulomb drag is determined by
3 {2(m TV
I e e S == 195 1 980
b 4\/75[?:2)1234 InA “
2./ 2m,
£, = —————=54 811808¢C {87
" 4amet A #

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

volts/om {0.38 volis/em for the Coulomb drag and 1.56 volts/em for the inductive drag).
The magnetic field in the betatron flux coil 320 must increase by 78 Gauss/ps to

accomplish this, in which case ¥, will be constant. The rise time of the current fo 4.5 kA
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betatron induced current directly to accelerate a circulating plasma beam 335 using the betatron flux
coil 320. A preferred embodiment of this technique uses the confinement 10 system 300 depicted in
Fig. 25, except that the injection of low energy ion beams is not necessary. As indicated, the main
compone%g}(}%% lg}eztatron formation technique is the betatron flux coj 32Q maiiated in the center and
along the axis 0 ghe chamber 310. Due to its separate parallel windings construction, the coil 320
exhibits very low inductance 15 and, when coupled to an adequate power source, has a low 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 tnagrectiet e ehagneiisdinih B willdnatease by d fok&idiiy ewansis SASBERa injected into the
chamber 39@%1 cepuificient 2R magnetic field is established, the background plasma sources 345
are energized from their own power supplies. Plasma emanating from the guns streams along the

axial guide field and sprgads ing@_@_I_ dg?mtw%ég}gﬁger }u:r]e_zb,%% he plasma reaches_ mid-plape of
the chamber 310, a continuous, a)glaﬁz)yfextendlng, annular fayer'of cold, slowly moving - plasma is
established. 25 At this point the betatron flux coil 320 is energized. The rapidly rising current in the coil :
320 causes a fast changing axial flux in the coil's interior. By virtue of inductive effects this rapid
increase in axial feteat Remitherdiobaation of an azimuthal electric field E (see Fig. 29), which

permeates the space.around the flux col,.B .Maxﬂ%y ; tions,- this. ic figldkis directly
proportional to thgnc%éeﬁgéam S r‘e“r?é%%‘%# %%Xjnﬁgane |c%%%m%%%%§é%§%%(2ﬂu802/02054 inside :
the coil, i.ehesefasterdddiairantooifcoatnt kahwprup Wildéstinigu tthesrgernaiBoritifield: The inductively
created eleclie feidicauplesdio dhe.Ahargedpauelasinbe plasa-and s ponderomotive

force, which accelerates the particles in the annular plasma’s layer. Electrons, by virtue of their smaller

mass, are thriafivst bpeeid $10 xpufurdembodanenitid HiTiselninng EerGACIBATEEBY this process s,
thug, primagygg%gﬁﬁ@d&ﬁ@é%mé&% shfficieniasssleraipatme (aupadibypdreds of

micro-seco
ﬂCCﬁSS&?}’.

As indicated, the main component in the betatron formation technique is the
betatron flux coil 320 mounted in the center and along the axis of the chamber 310. Due
to its separate paralis] windings construction, the coil 320 exhibits very low inductance

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

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

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

25 Af this point the betatron. fhx coil 320 is energized. The rapidly rising current n

~ the coil 320 causes a fast changing axial flux in the coil’s interior. By virtue of inductive
effects this rapid increase in axial fiux causes the generation of an azimuthal electric field
E (ses Fig, 29), which permeates the space around the fiux coil. By Mazwell’s equations,
this electric field is directly propostional 1o the change in strength of the magneiic flux
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eventually also lead to ion current. Referring to Fig. 29, this electric field accelerates the electrons and
ions in opposite directions. Once both species reach their terminal 10 velocities, current is carried |
about equally by ions and electrons, As noted above, the current carried by the rotating plasma gives -
rise to a sglf, agpgtic field. The creation of the actual FRC topologysggigdsmaan the self magnetic -
field created by the current in the plasma layer becomes comparable to the applied magnetic field :
from the external field coils 325, 330. At this point magnetic reconnection 15 occurs and the open field
lines of the initial externally produced magnetic field begin to close and form the FRC flux surfaces '
(see Figs. 8 and 10), The base FRC established by this mg—:-l3 od exhibits modest magnetic field and

particle er&igrbHRat dre’ § BRI RPABPLEYE SRR ERPaTh BBt R T RR e B Fowever, the

inductive glggtric acceleration field will persist, as long as the current in the betatron 20 flux coil 320 :
continues to increase at a rapid rate. The effect of this process is that the energy and-total magnetic
field strength ofﬁ’@ t?ﬁ?ﬁﬁ@ F&e%\% & ?S?ﬁ%‘?ﬁ%?g 8 scie?él,l g%g,gg???narily limited by the
flux coil pewetasaplyoaseenntivdédodelitely otciemvanhs eepicks ia inassierghsnyy storage bank.

However, jt is, in.principal, strai qrwar%}to accelerate the system to reactor relevant conditions. 25
For field r«i?}’eerrsg‘r}% gf%zl‘élﬁﬁ"g%%‘é%a eam %f%Bﬂri‘éa%?éjfré"Fa ?%3585@%’{%%’ %0 a rotational energy of -
about 100zekéiamibpr&ier atitiliaera fgma bt AceM o thes mitiadlp desich fusion relevant
conditions, the circ ating gla%na eam 335 is.preferably. acceler te%riéq g&gg gkeY and preferably
toa range%?”g-g%sut Bokev o ?%?ﬁgg;.ﬁwnés%%gf{ &m%%u%%ée%&g}e% to %he c%rgﬁ%;lting plasma beam
335, as describelyaovesdieid0cpsn RbbumBRF e pbtiivescthe ol esivatezewO 02(062112 ;
PCTIUSO2400md BRSNS PR dARRINO, AL ERS Fsialiehmsberiment 1: Propagating and

iz

trapping of a neut bea™ in a magnetic_containment vessel to create an FRC. Beam
prepagatiorsiapiti axaqupien) Mewaes bessanaly derioa sndesgtemme following 5 parameter levels:

Vacuum chambey dimensigns yakaHkl JA-HAMEIRL rdurid JeRGxives risc to 2 self

magnetic field. The creation of the actual FRC topology sets in when the self magnetic
field created by the current in the plasmea layer becomes comparable to the applied
magnetic field from the external field coils 325, 330. At this point magnefic reconnection

15 occurs and the open field lines of the initial externally produced magnetic field begin to
close and form the FRC flux surfaces (see Figs. § and 10).

The bass FRC established by this method exhibits modest magnetic field and
particle energies that are typically not at reactor relevant operating parameters. However,
the inductive eleciric acceleration field will persist, as long as the current in the betatron

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

25 For field reversal, the circulating plasma beam 333 is preferably accelerated to 2
rotational energy of about 100 €V, and preferably in a range of about 75 eV 1o 125 &V,
To reach fusion relevant conditions, the circulating plasma beam 335 is preferably
accelerated to about 200 keV and preferably to a range of about 100 keV to 3.3 MeV.

' When ion beams are added o the circulating plasma beam 335, as described above, the

30 plasma beam 335 depolarizes the ion beams.
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(r) Betatron coil radius of 10 cm. Plasma beam orbit radius of 20 cm. Mean kinetic energy of streaming
beam plasma was measured to be about 100 eV, 10 with a density of about 10Y3 cm-, kinetic
temperature on the order of 10 eV and a pulse-length of about 20 s. (r) Mean magnetic field produced :
in the trapQ,i’gg2 lume was around 100 Gauss, with a ramp-up period,of 42 passource: Outer coils
and betatron colls. (r) Neutralizing background plasma (substantially Hydrogen gas) was characterized
15 by a mean density of about 1073 ens', kinetic temperature of less than 10 eV. The beam was
generated in a deflagration type plasma gun. The plasma beam source was neutral Hydrogen gas,
which was |nJected through the back of the gun through a special puff valve. Different geometrical

: Be s Hifzedaran overall cylindrical arrangement. The charging

voltage was typl%&ﬁﬁU%MWﬁ@@Mﬁﬁ@&@@mWs in the guns

exceeded 250,000 A. Durlng part of the experimental runs, additional pre-ionized plasma was
provided b?"’if‘fé?%%‘fggtﬁ 4456t hfdifperipheral cable guns feeding into the central gun electrode
assembly before pdutingopizatier Aduispbaasdiniantionshisdemudstedion @deéntdedspulse lengths of
above 25 us. 25 Th erging low energy neutralized beam was cooled by means of streaming
thro%gh a GATERAE %t"‘?i%n -conducting material before entering the main vacuum chamber. The beam
plasma was alsowanma@ﬁﬁwed}m&ﬁmﬁfmmgntﬁmmgmms #tlraghy means of permanent magnets.
The beam self fp arized Whlle frave i@ hrough the drift tube and entering the 30 chamber, causing
the generatlon 0 atﬁ%%?oht%rhuﬁ el c field that offset the magnetic 48 WO 02/062112
PCTmUSOZ/ozssmaﬁﬁhjb&ameémmaﬁambéMrmBy virtue of this mechanism it was possible to propagate
beams as chara r|z bove through a.region of mag atic field i tign. Upon further
penetration into the- er e beagm reag% %Hﬁea%%s?r’ed or%cﬂ'tl'r é%%%ghbqé% n%;\guntered a layer of
ba¢kground plasmahmdw%d(ﬁmtaﬂémt,m Bogpansundrotiverdudate dlastbyer sources. The

proximity of Sufficient electaR density,..

e Mean magnetic field produced in the trapping volume was around 100 Gauss, with

2 ramp-up period of 150 ps. Source: Outer cofls and betatron coils.
7 s Neutralizing background plasma (substantially Hydrogen gas) was characterized

15 by 2 mean density of about 10* cm™, kinetic temperature of less than 10 eV,

The beam was generated in a deflagration type plasma gun. The plasma beam
source was nevital Hydrogen gas, which was inj jected through the back of the gun thmugh
a special puff vaive, Different geometrical designs of the electrods assembiy were
utilized in an overall cylindrical arrangement. The charging voltage was typically

20 adjusted between 5 and 7.5 kV. Peak breakdown currents in the guns exceeded 250,000
A. During part of the experimenta! rums, addifional pre-ionized plasma wes provided by
means of an array of small peripheral ceble guns feeding into the central gun elecirode
assembly before, during or afier newiral gas injection. This provided for extended puise
iengths of above 25 ps.

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

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

30 -chamber, causing the generafion of a beam-internal eleciric field that offset the magnetic

48



caused the beam to loose its self-polarization field and follow single particle like orbits, essentially
trapping the beam. Faraday cup and B-dot probe measurements confirmed the trapping of the beam
and its orbit. The beam was observed to have performed the desired circular orbit upon trapping. The
beam plaspaanas {ellowed along its orbit for close to 3/ 10 of a turn. Bagpsepswsements indicated that
continued frictional and inductive losses caused the beam particles to loose sufficient energy for them
to curl inward from the desired orbit and hit the betatron coil surface at around the 3/4 tuna mark. To
prevent this, the losses could be compensated by supplying additional energy to the orbiting beam by

i“ductive'yﬁgglvgéé&g%#% Racles By mea laRkeialion cal kKRR iRRRke vk formation utiizing

the combine ation yechpique. FRC formation was successfully demonstrated
utilizing thescbersirae:dbave/ierastorrtsion afinmeatiniigliav it dsRisiEd beam/betatron formation

technique 20 wag,perirmed experimentalyin.a,cham el Bddiasieieeansil 5 in in length using

an externally applied magnetic field of up to 500 0, a magnetic field from the betatron flux coil 320 of

up to 5 kGlogribmapd cucnneirad 2 Jevr oS harkerumenisgpemauifedivg 2p FERY PEGHYplasma had a density
of 1ots Cm@%aﬁﬂ%ﬁmmwwﬂz% Fydipgeaheambaviparandensily of 12 x 10t3 cm', a
X

velocity of 2 x 10’ curls, and a pulse 25 length of around 20 pss (at half h%ii%gt). Field reversal was
|

observed. ExpaHOsHS RO B ARy ik pidpbrrsrsaneritkdis 608> FRC formation
utilizing th%@&%@ﬁiﬁ%&@é@éﬂ%&ﬁﬁb@%&%@@ sHeeessiulbrlamanstatadattiaedatiowing parameter

levels: Vacuum chamber dimensions: about | m diameter, 1.5 in length. 30 (r).Betatron coil radius of

10 cm. 49 Veryine RS e rEpenfatiorsio Fhs hea P R BRS S ANG L TRIBEHLRHE%h external
magnetic figlghpregueashinihigiMacuusbehambezwas #desifie ayswiviihousatmpsup period of 150
gs and a mirror ratig of 2 to 1. (Source: Outer coils agldd betatg?n qQils). .,
10 of a turn. The measurements indicated that contirmed frictional and mdGctive losses
caused the beam particles to loose sufficient energy for them to curl inward from the
desired orbit and hit the betatron coil surface at around the % turn mark. To prevent this,
{he losses could be compensated by supplying additional energy to the orbiiing beam by

induetively driving the particles by means of the betafron coil. -

[
U

Experiment 2: FRC formation utilizing the combined beam/betatron Jarmation
technigue. 4 ’
FRC formation was successfolly demonstrated utilizing the cornbined
beam/betatron formation techni@e. The combined beam/betatron formation technigne
20 was performed experimentally in a chamber 1 m in diameter and 1.5 m in length using an
externally applied magpetic field of up to 500 G, a magnetic field from the betatron flux
coil 320 of up to 5 kG, and 2 vacunm 0 1.2 % 107 torr. In the experiment, the
backgrotmd plasma had & density of 10° cm™ and the jon beam was a neutralized
Hydrogen beam having a density of 1.2 x 10" em™, a velocity of 2 x 107 cm/s, and a pulse
25 tength of around 20 ps (at halfheight). Field reversal was observed.
‘Experiment 3: FRC jormation utilizing the betatron formation technigue.
FRC formation utilizing the betatron formation technigue was successfully
demonstrated at the following parameter ievels:
¢ Vacuum chamber dimensions: about I m diameter, 1.5 m length.

30 o Retatron coil radius of 10 cm,
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5 a The background plasma (substantially Hydrogen gas) was characterized by a mean density of :
about 10" cma kinetic temperature of less than 10 eV. The lifetime of tine configuration was limited by
the total energy stored in the experiment and generally was around 30 gs. The experiments ‘

proce_edewﬂg%ghimec_ting a background plasma Iaygr by two 10 setg af caaxiakeable guns mounted
in a circular fashion'inside the chamber. Each collection of S guns was mounted on one of the two

mirror coil assemblies. The guns were azimuthally spaced in an equidistant fashion and offset relative
to the other set. This arrangement allowed for the guns to be fired simultaneously and thereby created -
an annular plasma layer. 15 Upon establishment of this layer, the betatron flux coil was energized. i
Rising currerft inﬁh&“kﬁ’é?ﬁ’ﬁtd‘ﬁdéﬁpm&mgs caused an increase in flux inside the coil, which gave rise

to an azimuthg! elegtyis field cwliog Areldsiie Lelale P.ealn ks daw uiaTsh high current in the

betatron flux coil produced a strong electric field, which accelerated the annular plasma layer and
thereby induced g@ﬁeﬁ’%w RHASENAD A TRt arfe m BPBERTC 84 magnetic sell
field that altered-cthe sxtecnally, supplied field and caused the creation of-the field reversed
configuration. Detailed measurements with B-dot loops identified ggﬁ%%%%k strength and duration of

the FRC. An dxaniIRAGraTRALP s (SORBH B rEea saso e iGh&fE# Fig. 30. The data

curve A represenig;tie abselutersterigimaldhepxiateompengnt eb#ia 25 magnetic field at the axial
mid-plane (75 cm from either_end plate) of the experimental chamber and at g.radial position of 15

cm. The data %ur%‘*@%i%%w&%%&%f@assﬁ%ﬁ YO#lﬁ“ltg ?Iggﬁ%%??%a@gf the magnetic field at .
the chamber axialpug-Rianedgsentia vas@baesitar.of 30 cm. The curve A data set, therefore, '

e el o Sl e s Nl sk e g ol rd o)
50 WO 02/a624f13RiETHI BRI 285 A ddtr: cleailly fadivatesithabt¢hbanber Bmbnetic field reverses
o SR R s e sl Ao . doco o
were azimuthally spaced in an equidistant fashion and offset rélative to the other set. This '
arrangement allowsd for the guns to be fired stmultaneousiy and therehy created an
annular plasma layer. .
15 Upon esteblishment of this layer, thé betatron flux coil was energized. Rising
current in the betatron coil windings caused an increase in flux inside the coil, which gave
rise to an azimuihal eféci‘ric field curling around the betatron coil. Quick ramp—lﬁp and
high current in the betatron fiux eoil produced a strong electric field, which accelerated
the annuiar plasma layer and thereby induced a sizesbls current. Sufficiently strong -
20 . plasma current produced a magnetic self-field that altered the externally supplied feld
and cansed the creation of'the field reversed configuration. Detailed measurements with
B-dot loops identified the extent, strength and duration of the FRC.
An example of typical data is shown by the traces of B-dot probe signals in Fig.
30. The data curve A represenis the absoluie strength of the axial component of the-
.25 magnetic field at the axial mid-plane (75 om from either end piate) of the experimental
- chamber and at a radial position of 15 cm. The data curve B represents the absolute
strength of the axial component of the magnetic field at the chamber axial mid-plane and
at a radial position of 30 cm. The curve A data set, therefore, indicates magnetic field
- strength inside of the fuel plasma layer (between betatron coil and plasma) while the
30 curve B data set depicts the magnetic field strength outside of the fuel plasma layer. The
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Once peak current is reached in the betatron colil, the induced current in the fuel plasma 5 layer starts
to decrease and the FRO 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 upgrad%gﬁf&@ﬂde longer FRC lifetime and acceleration to reactQr-releyantparameters. Overall,
this technique not only produces a compact FRC, but it is also robust and 10 straightforward to
implement. Most importantly, the base FRC created by-this method can be easily accelerated to any
desired level of rotational energy antimagnetic field strength. This is crucial for fusion applications and -
classical confinement of high-energy fuel beams. Experiment 4. FRC formation utilizing the betatron
formation t&¥R AR, ladjoaisdd B E1BCraPAR RS TRTREPL HREBEeRHS R9&Hiation technique has been
performed gxpesinasatallyima chambes ddbi-digaales angibO Mminieagtheing an externally applied |
magnetic field of up to 5000 x, a magnetic field from the betatron flux coil 320 of up to 5 kG, and a
vacuum of B iR TS AR BE K GRS RO B S88 S &ntially Hydrogen
with cf)f a dleﬁﬁﬁé’p@ﬁ’lﬁir&ﬂﬂ' iﬁ&eﬂ;@ﬂ?@tﬂ%@%&éﬁ& aﬁgt&ﬁﬁdfeﬁ@' ieerevefsatusagaalaserved. (Ij:usiorg .
Significantly, these two techniques for forming a FRC inside of a containment system 300 describe
above, or t%’é(‘iﬂ(“@@é?\%ﬁ?ﬁﬁ%gﬁﬁg@ﬁ%ﬁ%@”ﬁ%ﬁer@@%ﬁ’a IW%%‘? dfear fusion therein.
More partidifandy bihedResfotmeddl: thase mekhagerdbesnnibevatbcridmdatbioany desired level of
rotational energy and magnetic field strength. This js crucial for fusi jcations and classical
confinement %ﬂ?@eﬂﬁg} tsflﬁl%? BeEhE %ﬁﬁ%g{%ﬁﬁ%o %Vﬁ%es?&%mﬁ%gﬁ)ﬂpe, it becomes
possible todtegtemtidnoonfinehijgvaneagymplasma beams for sufficient periods of time to cause a fusion
reaction therewith, 30.To.accommodate fusion, the FRC fo these methods is preferably 51 :
Wo 021062112 PO T SR BTN a0 O AR AT gy and magneti
fielthstrengéirdighthetanbie agetesstidrics usfriphiguiednstefitls cereguiydtespaatticdlar set of physical

can be easily accslerated {o any desired level of rotational energy and magnetic field

strength. - This is crucial for fusion applications and classical confinement of high-energy
~ fuel beams.
Experiment 4: FRC formation utilizing the betatron formation technigue.

15 An attempt {o form an FRC utilizing the betatron formation technique has been
performed experimentally in & chamber | min diameter and 1.5 m in length using an
externally applied magnetic field of up to 500 G g magﬁetic field ﬁfom the betatron flux
coil 320 of up to 5 kG, and a vacuum of 5 x 10° torr. In the experiment, the background
plasma comprised substantially Hydrogen with of a density of 10” cm™® and a lifetime of

20 about 40 ps. Field reversal was observed.

Fusion
Significantty, these two technigues for forming a FRC inside of a containment
system 300 described above, or the like, can result in plasmas baving properties. snitable

for causing nuciear fusion therein. More parficuiarly, the FRC formed by these methods

o]
LR

can be accelerated to any desired level of rotational energy and magnetic field stremgth,
This is crucial for fusion applications and classical confinement of high-energy fuel
beams. In the confinement system 300, therefore, it becomes possible to trap and confine
high-energy plasma beams for sufficient periods of ttme to cause a fusion reaction
therewith.

30 To accommeodate fusion, the FRC formed by these methods is preferably
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conditions for any reaction to take place. In addition, to achieve efficient burn-up of the fuel and obtain :
a positive energy balance, the fuel has to be kept in this state substantially 5 unchanged for prolonged :
periods of time. This is important, as high kinetic temperature and/or energy characterize a fusion |
relevant sigfg,.tkegtion of this state, therefore, requires sizeable inpuisfgnergys 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 _
energy 10 output A significant advantage of the present invention is that the confinement system and
plasma described herein are capable of long confinement times, i.e., confinement times that exceed .

e
fuel bum tiﬁ%ﬂ%ﬁﬁ?@ﬁf@%ﬁﬁ%iﬁﬁ&%@@ﬁ@f%@éﬂﬁ%ﬁﬁé sk5R8tiImG physical conditions

(wWhich tengdansarnebasasherfuplansheparating medel: A9 ANSIRISIQRiBaRgrature: in a range of
about 30 to 230 keV and preferably in a _range of about 80 keV tq 230 keV Average electron

temperatufSBHiiTEg ES FEASEER ST PHE KU LRE Bre et SR srticiem U PRB0HF 80 to 100 keV

Coherent gngrgns ebihe fuelibeamsrtinietied, ive heamsaneigcHaipgrplasmangibeam): in a range
of about 100 keV t

3.3 MeV and preferably in a range of about 3 .keVto3.3MeV. Total magnetic
field: in a r4f Boar %%ef’opigﬁf‘&&fa &?%é SEF%FéF’ PR & 3% BIFGERFT20 kG (with the
externally applieehbiglddnmacenge dhatotihitodd Keaandogriesablytiarsaange of about 5 to 15 kG).
25 Classical Confinement time,.greater than the.fuel burn time and preferably in a range of about 10
to 100 secEﬁ&E&ﬁ%ﬁg&?ﬁ%%ﬁfy%‘ﬁ%’% g’eﬁﬁﬁw Iibef“pt‘(’)@ieegsg %4% %{(Seﬂ‘%%ér{l and preferably in a
range of ahatérdd4iigot Otsscraoiataehetsibn deniwenedpt éferadiithafielhage wfialgput 50 to 450 kWicm

(power pereﬁl’%?.grg of h%mﬂ%% Lgé%t 52 WO 02106%}&2 PCTfUSOZ/O%OS 9 accommodate the

. X ; ¢e and conseguen ar
fusion staté Musuated a ove, the C? %o%?gﬁe%%y ooy s i

10 output.

A sigunificant advantage of the present invention is that the confinement system
and plasma described herein are capable of long confinement times, i.e., cor;ﬁnement
times that excsed fusl burn times. A typical state for fusion is, thus, characterized by the
foliowing physical conditions {which tend to vary based on fue] and operating mods}:

15 Average ion temperature: in a range of about 30 to 230 keV and preferably in‘ 8
range of about 80 keV 1o 230 keV |

Average electron t&mpsramre: in a range of about 30 to 100 keV and preferably i
& range of about 80 fo 100 keV

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

2¢ beam): in arange of about 100 keV to 3.3 MeV and preferably in a range of about 300
keV t0 3.3 MeV. .
Total magnstic feld: in a range of about 47.5 to 120 kG and preferably in 2 Tange
“of about 95 to 120 kG (with the externally epplied field in & range of about 2.5 0 15 kG
and preferably in a range of about 5 fo 15 kG,
25 . Classical Confinement time: greater than the fuel bum time and preferably in 2
- remge of about 10 to 100 seconds.

Fuel ion density: in a range of about 10™ io less than 10* e and preferably in a
range of abeut 10 to 10" em™.

Total Fusion Power: preferably in a range of about 50 to 450 kW/em {power per

30 cm of chamber length)
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accelerated to a level of coherent rotational energy preferably in a range of about 100 keV to 3.3 MeV,
and more preferably in a range of about 300 keV to 3.3 MeV, and a level of magnetic field strength
preferably in a range of about 45 to 120 kG, and more preferably 5 in a range of about 90 to 115 k0. At’
these leveils) fligirapergy ion beams can be injected into the FRC anddramspeak¢siform a plasma beam:
layer wherein the plasma beam ions are magnetically confined and the plasma beam electrons are
electrostatically confined. Preferably, the electron temperature is kept as low as practically possible to :
reduce the amount of bremsstrahlung radiation, which can, otherwise, lead to radiative energy 10 ’

losses. The elechogialic eRIOLIELA! IDe RiGaSRLI WAL REQVidgRARiective means of

accomplishing this. The ion temperature is preferably kept at a level'that provides for efficient burn-up
since the fusiderated $s evtion ¢oharfuhutdiond rnsreiRppdraRian M igheg vt et &8 of the fuel ion '

beams is ?&?%@U%%’J&%ﬁ%ﬁ%@ﬁk@%Q:%&ié‘@&'&é?%@.ﬁﬂ@c@?&&%ﬁ@% 45 It also minimizes

the effects o |ns‘tab’|lities on the fuel plasma. The magnetic field is consistent with the beam rotation
energy. It Bagastiafplémrshpyiemprsmmrreatepssi findPhke-rd mosvieesithe support and

forae to kegp, theplasmanrary e8ithe desied abituFysien-Pradeias2@:He-hesian products are born,
predominantly néar the null surface from where thely emerge bﬁédiffusion towards the separatrix 84

(see Fig. gyt iieiRdaadaapamsio ARl aRiRaNCTEE WEREB IS HAFMBAeId 6 Ethange the center of
mass and gheselose deyAatcsanse hemiosehangedislolinarl-Benause @ktheit high kinetic energy

(product ions have much higher energy than the fuel ions), the fusion pro,% cts can readily cross the .
25 separatrix 84 FESTraeP S HIEch e ARPHHE S SRRETR ' TR BEIANL AV #%F?gr?%éc%pen field lines 80
provided thias {heyRxPerienceBRalelHg:fo bR 401 aalishnd-Altheuyktnbimeagilisional process does
not lead to_diffusion, it can change the djrection of the ion ,velocg%%vecto "fs‘#h that it points parallel to

the SnagnoHEHE1 o FlSCRS B ST TIOL o e RSB SR 0 e B

& 857e With the uniform
applied fielek presigtahmgtside the 30 FRC topology. Product ions emerge on different field lines, which
they follow with aT}:%?io\{lv tce)n%%rlaggg %slpzre?egaglrpégp%/gt% 35\?& that provides for efficient burn-up .:
since the fusion cross-section is & function of lon temperature. High direct energy of the
fuel jon beams is essential to provide classical transport as discussed in this apphication.
- 15 1t also minimizes the effects of instabilities on the fuel plasma. The magnetic field 1s
consistent with the beam rotation energy. It is partiafly created by the plasma beam (self-
field) and in tarn provides the support and force to keep the plasma beam on the desired
orbit,
Fusion Products
20 - . The fusion products are born predominanily near the null surface from where they
emerge by diffasion towards the separatrix 84 {ses Fig, 8). This is due to collisions with
electrons {as collisions with fons do not chiange the center of mass and therefore do not
canse them to change field ines). Because of their high kinetic energy (product ions
have much higher energy than the fuel jons}, the fusion products can readily cross the
25 separatrix 84. Once they are beyand the separatrix 84, they can leave along the open
field Knes 80 provided that they experience scattering from fon-ion collisions. Although
this collisional process does notlead to diffusion, it can change the direction of the ion
velocity vectar such that it poinis parallel to the nagnetic field. These open feld lines 80
connect the FRC topolcgﬁr of the core with the uniform applied field provided outside the
30 FRC topology. Product ions emerge on different field lines, which they follow with &
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distribution of energies; advantageously in the form of a rotating annular beam. In the strong magnetic
fields found outside the separatrix 84 (typically around 100 kG), the productions have an associated
distribution of gyro-radii that varies from a minimum value of about | cm to a maximum of around 3 cm
for the mo‘&t0 rgﬁgc product ions. 5 Initially the product ions have IWQ (a& a3 well as rotational '
energy charac rlzed by /2 M(vj and p!2 M(vJE1p)2. vp~, is the azimuthal velocity associated with
rotation around a field line as the orbital center. Since the field lines spread out after - leaving the
vicinity of the FRC topology, the rotational energy tends to decrease while the total energy remains !
constant. This is a consequence of the adiabatic i |nvar|ance of the a 0 magnetic moment of the product -

ions. It is WATERINERRCH FPREiST ARACREIRY ARG AR ShB GRS BRLmHETR dPhave a magnetic 1
moment aggagiaRdNMHNGIRFIRTIORsiHR m@sﬁma{mﬁtgb@ieai@wm adongy slow changing magnetic
field, there also exists an adiabatic invariant of the mot| n descnbepl %I#/ %2 M(vp,,)2/T3. The
productlon%m&ﬁﬁfﬂ%s W masRere Wﬁé’ P REe and such an
adiabatic %W@@Bﬁ@ﬁ&ﬁ%@d}%ﬂnﬁh@ﬁrﬁt@ﬂ@bz&iﬁﬁ&x&ﬂgcmageﬁs@yoadadm of about 10
(indicated by the spreading of the field lines ows that N,,, jkewise decrease by about 1.2.
T'huis; by the timESXHEH FSCRIEEIGHERS VS @%’n ?geﬁﬂ% B¥&otational energy would be
less than S5¥xektheisdetal ng}f/am mnqﬁfmdspgjm@sé allthethabradogyyissiodhaedorditudinal
component. 20 While the invention is ptible t arl us ification and Iternatlve forms, a
specific exEHHRE Hew ‘g?ﬂﬁ@ éﬁ&%ﬁ%% “Hr ?169831 a%né)gznergm escrl ad in detail. It should
be undersmﬁngmmm@mmmmmmnwgbrﬁmﬁxaopdactm&avﬁdmmﬂlsclosed but to

the contrar e invention is to Il mOdIflcatIOI’lS uw n g!lter ves falling within the
spirit and s gngf”%e aﬁlgendle%" I:?ﬁs B EmE” f n ap%gk?é%us (Sg‘r—‘contgigk%ng plasma comprising :

an @longatenepstithesheinfyie prideip airaxik, iawahdmetic ficlet: gedisixivresupidgits the chamber to
apply a ma&%eclc field withi tgee Q‘%ngber s M@ﬁ% gﬂg&geﬁ Qﬂ@(&@gﬁsﬁxpfﬂnﬁghamber a
i°Coup p fed to the En &hcentric Wit

current coil cou er an e principal axis of the
case of particles moving along a siow changing magnetic field, fhere also exisis an

adiabatic invariant of the motion described by % M(V,,,)/B. The product ions orbiting
around fheir respective field lines have a2 magnetic moment and such an adiabatic

15 mvariant associated with their motion. Since B decreases by a factor of about 10
(indicated by the spreading of the field lines), it follows that Ve, Will likewise decrease by
about 3.2, Thus, by the time the product ions arrive at the uniform field region their
rotational energy would be less than 5% of their total energy; in other words akmost all the
energy is in the longimdinal component.

20 While the invention is susceptible to various modifications and aitemnative forms,
a specific sxample thereof hag been shown in the drawings and is herein desoribed in
detail. ¥t should be understood, however, that the invention is not to be limited to the
particular form disclosed, but to the confrary, the invention is 1o cover all modifications,

eguivatents, and altemnatives failing within the spirit and scope of the appended claims,




chamber to create an azimuthal electric field within the chamber, and a plasma source to inject a
plasma containing electrons and ions into the chamber. 2. The apparatus of claim | wherein the
magnetic field generator comprises a plurality of field coils extending about the chamber. 3. The
apparatus of claims 1 and 2 wherein the magnetic field generator comprises a plurality of mirror coils.
4. The apparatus of claims | through 3 wherein the magnetic field generator is positioned external to
the chamber. 5. The apparatus of claims 1 through 3 wherein the magnetic field generator is
positione&wRiN the chamber. 6. The apparatus of claims 1 through 5 wherein the magnetic field
generator is tunable. 7. The apparatus of claims 1 through 6 further comprising a control system o
coupled to the magnetitFRRPGENRdPAfOF TR BIABRASIRESPEIaims | through 7 wherein the current coil -
is a betatron quxa cail. 9 ;I'hﬁagg akrma‘gy% of clacimaﬂxt}grough 8 wherein the current coil includes parallel
windings of a pIur%ﬁ ?/ng? ggpara &GO BERY AN 10, The apparatus of claims | through 9

further comprisinga,beATRiNERIATS: SAURIER B0R.GREMDER) isshizn haamaAlaihe chamber.

11. The apparatus of claim 10 wherein the ion beam injectors are adapted to inject electric charge
neutralizediiamntReamsaniaithaechamheipkadher appaeaitsof claims 1 through 11 wherein the
chamber is generally cylindrical. 13. The apparatus of claims | through 12 wherein the chamber has a
generally annularpstapeticorpsst setienaie Fhé @ppatausitf biamrsbahroaghtis wherein the
plasma source comprises a plurality of background plasma guns oriented to inject a background

plasma alGHERE frfieainar ekt rdechisied e SmPHIZRR of the chamber.

a plasma source to inject a plasma containing electrons and ions into the chamber.

2. The apparatus of claim 1 wherein the magnetic field generator comprises a
plurality of field coils extending about the chamber.

3. The apparatus of claims 1 and 2 wherein the magnetic field generafor comprises
a plurality of mirror coils.

4, The apparatus of claims 1 through 3 wherein the magnetic field generator 1s
positioned exiernal {o the chamber.

5. The apparatus _of claims 1 through 3 whersin the magnetic field genemfér is
positioned within the chamber.

6. The apparatus of claims 1 through 5 whersin the maguoetic field generator is
tonable.

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

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

g The apparatus of claims 1 through 8 wherein the curreni coil includes parallel

windings of a plurality of separate coils.




15. The apparatus of claim 1 , wherein the magnetic field generator comprises a plurality of field coils
extending about the chamber and first and second mirror coils positioned adjacent opposing ends of
the current coil, wherein the first and second mirror coils increase the magnitude of the magnetic field

generated by the magnetic fieldu%e ator %}%c the first and secong ends,ofttge current coil. 16.
The apparatus (;ffdg;aim&lsﬁﬁ at?ﬁ%xﬁg é%%ﬂsﬁ, urﬁggr5 (%%hﬁgig?r?ﬁgﬁn%ggm%fﬁjgﬁ%Ps to inject ion beams

into the chamherdiva dirsation.suRstantialb.Prrpendicilacto field lines of a magnetic field producible
by the magnetic field generator. 17. The apparatus of claim 16, wherein the ion beams are self
polarized. 56 1i.  The apparatus of claim 10 wherein the ion beam injectors are adapted to inject
electric charge neutralized ion beams mto the chamber.
12 The apparatus of claims | through 11 wherein the chamhér i generally
oylindrical.
13, The apparatus of claims ! through 12 wherein the chamber has 2 generally
annularly shaped cross-section.
14, The appatatus of claims 1 through 13 wherein the plasma source comprises a
plurality of background plasms guns oriented to inject a background plasma along the principle
axis of the chamber toward a mid-plane of the chamber.
15, The apparatus of claim 1, wherein the magnetic field generator comprises 2
plurality of field coils extending about the chamber and first and second mirror coils positioned
adjacent opposing ends of the current coil, wherein the first and second mirror coils increase
tﬁe magnitude of the magnetic field generated by the magnetic field generator adjacent the first
and second ends of the current coil.
16.  The apparatus of claims } ﬁxmugh 9 and 15, further comprising lion beam
injectors to injecf ion beams into the chamber in a direction substantially perpendicular to fisld

Hnes of a magnetic fieid producible by the magnetic field generator.

17.  The apparatus of claim 16, wherein the 1on beams are self polarized.

56




