PLASMA ELECTRIC GENERATION SYSTEM FIELD OF THE
INVENTION The invention relates generally to the field of plasma physics,
and, in particular, to methods and apparati for confining plasma to enable
nuclear fusion and for converting energy from fusion products into
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n(14.1 MeV), D + He 3 -4 a(3.7 MeV) + p(14.7 MeV), and p + B" 3a(8.7

nUQlEL P A RS P R R B h S P 1 G s TR CE S it & uclei are

broR@HHBlRHEIRMSHN O NEILAIRE ANBUURN RANEIGAISR A RIRIQhddenirdicates
helium, and B" indicates Boron- 11. The numbers in parentheses in each
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means that most of the energy of their fusion products is carried by fast 1
mugEeRrons. e disaavintigdsofuskurishicrahamnseiabisdt thy tranrirtare is

at 118! DEHIEQRSer of 10* eV — corresponding ronghly to 100 million degrees Kelvin.
The rate of a fusion reactioﬁ is a function of the temperature, and it is characterized by a
quantity called reactivity. The reactivity of a D-T reaction, for example, has a broad peak
between 30 keV and 100 keV.
Typical fusion reactions include:
D+ D — He'(0.8 MeV) + 1(2.5 MeV),
D+ T— af3.6 MeV) +n(14.1 MeV),
D + He® ~» a(3.7 MeV) + p(14.7 MeV), and
p+B'" = 3a(8.7 MeV),
where D indicates deuterium, T indicates tritium, o indicates a helium nucleus, »
indicates a neutron, p indicates a proton, He indicates helium, and B! indicates Boron-
11. The numbers in parentheses in each equation indicate the kinetic energy of the fusion
products.
The first two reactions listed above — the B-D and D-T reactions — are

neutronic, which means that most of the energy of their fusion products is carried by fast



creates many problems, including structural damage of the reactor walls

and high levels of radioactivity for most construction materials; and (2) the

energy of fast neutrons is collected by converting their thermal energy to .

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

of neutronic reactions are that (1) their reactivity peaks are at a relatively
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reactions. Also, it is much more difficult to cause the advanced fuels to
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the advanced fuels thus requires that they be brought to a higher energy
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are greater than in the neutronic reactions. Also, it 1s much more difficult to cause the
advanced fuels to fuse. Their peak reactivities occur at much higher temperatures and do
not reach as high as the reactivity for D-T. Causing a fusion reaction with the advanced
fuels thus requires that they be brought to a higher energy state where their reactivity is
significant. Accordingly, the advanced fuels must be contained for a longer time period
wherein they can be brought to appropriate fusion conditions.

The containment time for a plasma is At = 7°/D, where 7 is a minimum plasma
dimension and D 1s a diffusion coefficient. The classical value of the diffusion

coefficient is D, = al/ 1,,, where g; 1s the ion gyroradius and 1 is the ion-electron

collision time. Diffusion according to the classical diffusion coefficient is called



instabilities, is D. = (1/ 16)a?S2; , where S2, is the ion gyrofrequency.
Diffusion according to this relationship is called anomalous transport. For
fusion conditions, DB / D,. = (1/16)S2,r,e =108, anomalous transport
results in a much shorter containment time than does classical transport.
This relation determines how large a plasma must be in a fusion reactor,
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large gyroradius and, as such, are insensitive to fluctuations with wavelengths shorter
than the ion gyroradius (A < ;). 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 anomalous transport, the minimum dimension of the plasma must be
at least 2.8 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-He® and p-B'", the Tokamak-type reactor would have to be
much larger because the time for a fuel ion to have a nuclear reaction is much longer. A

Tokamak reactor using D-T fuel has the additional problem that most of the energy of the

(8]



induce reactivity in almost all construction materials due to the neutron
flux. In addition, the conversion of their energy into electricity must be by
a thermal process, which is not more than 30% efficient. Another
proposed reactor configuration is a colliding beam reactor. In a colliding
beam reactor, a background plasma is bombarded by beams of ions. The
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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 cases,
magnetic confinement of electrons. These include U.S. Patent No. 3,258,402 to
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 et al. are similar to Farnsworth;
U.S. Patent No. 4,233,537 to Limpaecher, which discloses electrostatic confinement of
ions and magnetic confinement of electrons with multi-pole cusp reflecting walls; and

U.S. Patent No. 4,826,646 to Bussard, which is similar to Limpaecher and involves point



magnetic confinement of ions. Although there have been many research
projects on electrostatic confinement of ions, none of them have
succeeded in establishing the required electrostatic fields when the ions
have the required density for a fusion reactor. Lastly, none of the patents
cited above discuss a field reversed configuration magnetic topology. The
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have been supported in the United States and Japan. There is a
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(1988). A white paper on FRC development describes the research in

1998 xntaldasrenieh danibger 6 fUtiRC Yegeatche Beedlacg dgtilk atmmet 1 960
., ' I 6 ' in_FR imept
O O ke N RO % SORERRES

topthigzformiation theihtuna thagithiaddrddandeetectonsieachs cdvsjriatf théig. 3

andfHIESALWRICH osUlls I0 2 Negp lesﬁlﬁ%’%ro&ﬁ@%i%% 5 th@.p!gsm%i%” he
ro el8effostatic continement. - Thé lons and electrons In these FRGS were

FR Coniainecswmagn pticaiiyn d halmashalh G eéxpatniantsd &namalodidapan.
transgort has been assumed. See, e.q. Tuszewgki, be innin%lp }f ction
3 e

Thargts 2 Lo R RioB 75 TS iP P A A1 B 8D E R RIS A S bt HavTE ™

frof OBERITFRRNISSY L Mihaty RIS W stihstanlialy 1e8Ri0e I983limingie paper on
nomalous transport of ions and electrons and an energy conversion
PR G T b STEh AT el AL ISR g
resedfigientas. SUMMARNYudhe Aresertinyeionss/directed 0@ sy giemithalte, in
facilitates controlled fusion in a_ magnetic field having a field-reversed

FR{s ssRsgysnts the bR echadmmarismet Ridioiephsturinshargibeto diedtigauence

of MEVBEMLRR SYeINd e taraddeRerein asa HiasIar- elee G POWehrrent, which
generation (PEG) system, preferably includes a fusion reactor having a

respihiginmeHtEhtetrcrattadicld ubstalamprtie slsrEtaiafentinement.

ThaNAMalRLS {raRsRek Bl ioRs and:elestionsdmadditien: theREG systerrC
includes an energy conversion system
experiments, anomalous transport has been assumed. See, e.g., Tuszewski, beginning of

section 1.5.2, at page 2072.

Thus, it is desirable to provide a fusion system having a containment system that
tends to substantially reduce or eliminate anomalous transport of ions and electrons and
an energy conversion system that converts the energy of fusion products to electricity

with high efficiency.

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

containment system that tends to substantially reduce or eliminate anomalous transport of



coupled to the reactor that directly converts fusion product energies to
electricity with high efficiency. In one embodiment, anomalous transport
for both ions and electrons tends to be substantially reduced or
eliminated. The anomalous transport of ions tends to be avoided by
~magnetically confining the ions in a magnetic field of field reversed
long gpgi gl (Freayitmsy Sledthsn sy tHandne et 38 6RHIEPSRIOFE Gy SE™
conp¥Q 48 dhRy drnincaR sexternaliyaprliad Magnetlic faldJedevalon2isireng
electric field, which confines the electrons electrostatically in a deep
highetéstiaianell. As a result, fusion fuel plasmas that can be used with the
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ends of the chamber. The system also comprises one or more beam
on the BhCRYETIEEE NG M EIREY 8h beams into the magnetic field,
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magnetic field. In a preferred embodiment, the system forms a mallgr]etic
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the formation of azimuthal image currents in a central region of the
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steel to provide structural strength 6 and good vacuum properties, _
conthedbis anieldesoftaingehrenke i tHe ehambérigdiprtzidiment the magnetic

field generator includes a current coil. Preferably, the magnetic field generator 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 also comprises one or
more beam injectors for injecting neutralized ion beams into the magnetic field, wherem
the beam enters an orbit due to the force caused by the magnetic field. In a preferred
embodiment, the system forms a magnetic field having a topology of a field reversed
configuration.

In another preferred embodiment, an alternative chamber is provided that
prevents the formation of azimuthal image currents in a central region of the chamber
wall and enables magnetic flux to penetrate the chamber on a fast timescale. The

chamber, which is primarily comprised of stainless steel to provide structural strength



run along almost the entire length of the chamber. Preferably, there are
three breaks that are about 120 degrees apart from each other. The
breaks include a slot or gap formed in the wall. An insert comprising an
insulating material, preferably a ceramic or the like, is inserted into the
slots or gaps. In the interior of the chamber, a metal shroud covers the
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barrier by means of an O-ring seal with the stainless steel surface of the
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the chamber and having four azimuthally%)f/?mmetrical electrodes with
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to-the fuel ions that are not trapped by collisions. In another embodiment,
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charged particles through an electro-magnetic field. Advantageously, the
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rotates in the same direction as the azimuthal velocity of ions, but at a greater velocity.
Ions of appropriate speed can be trapped in this wave, and reflected periodically. This
process increases the momentum and energy of the fuel ions and this increase 1s
conveyed to the fuel ions that are not trapped by collistons.

In another embodiment, a direct energy conversion system is used to convert the
kinetic energy of the fusion products directly into electric power by slowing down the
charged particles through an electro-magnetic field. Advantageously, the direct energy
conversion system of the present invention has the efficiencies, particle-energy tolerances

and electronic ability to convert the frequency and phase of the fusion output power of

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



cyclotron converters (ICC) coupled to opposing ends of the fusion reactor.
The ICC have a hollow cylinder-like geometry formed from multiple,
preferably four or more equal, semi-cylindrical electrodes with small,
straight gaps extending there between. In operation, an oscillating
potential is applied to the electrodes in an alternating fashion. The electric
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ubstantially.opposite 1o0the applied. magnetic field of the fusion reactor's
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maghtle & RO L 6P HABRSHE SElaTin ey (5 i dhatishfrom

fustolleciabapshibecdentpass thaugh theisuspiwhere 1heRdeaiertaies: core
are modified to follow a substantially helical path along the length of the

and s Iehdiq MaBrio\ B HBRT SHEIB AL Ae pHEY Spirarhadiaerbiberanisinment
syswhiGhcagesconnestad danaesenpnt lEquit ThE losmol SeReNdICUS! cotlector

. energy tends to be greatest for the highest energy ions that initiall
is RArkiftace s thete erstinsaus s e bterivio ke st stor,

Othey, gspacimantt {eailia:Hioie PRESEBRIRY GALRR Wl BEremE-ARRRIGN!

from consideration of the following description taken in conjunction with

clegericEBRipaAy Y raMAGS. [BRIEPIDEJERIBTIONORTHE core with a
delgm\f\@dﬂ%%g%%g&&is mfa%'ggmsagﬁa{%mﬁmsm &f @XATRIE

_and not by way of Timitation, in the figures of the accompanying drawings,
diffarovisicsh (e réeremednlimmweraigneéddls likecbnibonkentsnsditsctshowshe

jon® §%rst@1|rgﬁw %fe%ﬂﬁ W@%?gﬁ?ﬁf&%@eg%@ rg&ﬁgl;: ég'tg '%oﬁla%\/\és a
partial view of another exemplary contfinement chamber.

substantially helical path along the length of the ICC. Energy is removed from the ions

as they spiral past the electrodes, which are connected to a resonant circuit. The loss of

perpendicular energy tends to be greatest for the highest energy ions that initially

circulate close to the electrodes, where the eleciric field is strongest.

Other aspects and features of the present invention will become apparent from

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

refer to like components.



Fig. 2B shows a partial sectional view along line 2B-2B in Fig. 2A. Fig. 2C
shows a detail view along line 2C in Fig. 2B. Fig. 2D shows a partial
sectional view along line 2D-2D in Fig. 2B. Fig. 3 shows the magnetic
field of a FRC. Figs. 4A and 4B show, respectively, the diamagnetic and
the counterdiamagnetic direction in a FRC. Fig. 5 shows a colliding beam
systéit. | Eigve srswieh petatior srsmirpiE cpalhsenert shywber.

respegtively, the magnslicisld and ihe. diesipnpLingeradient driflin a
FRC. Figs. 8A and 8B show, respectively, the electric field and the
direEtipr BfstvevExBatiit selrRe. Hiys abag IR aiB-oChHbligoAdrift

0rbiﬁ{i@s@@f‘fﬁ%&ﬁ%&Q?&éh&%@@ﬂ’iﬁg%?t the ends of a FRC.

Figs. T1Aand | | B w the tuning of the electric field and the electric
potdritial Drshioev s olhiditiglsesinomylstam. g g 1 e Rbws EONmakige 1 B.
distrlgl?utios .Olfﬁi,g%mA an(gli clﬁa gg%vg@sitions from betatron orbits to

drift ofbits due to Eiarlrrlfyl l-lgngle, lon-ion collisions. Figs. 14 show A, B, C

andDebetdtron dibitbomheessentlitedngle, @leoromicmnicbilisiomsameiiamagnetic

di cqnsider Eig. 15 shows a neutralized ion beam as it is electrically
1reC ﬂOll.lll ) . . . . . .
polarized. Fig. 16 is a head-on view of a neutralized ion beam as it

contaigtsSplasma: icvdidianfining ehamber. Fig. 17 is an end view schematic
of a&gongnw ch%mper accgrgling to a preferred embodiment of a start-up
procedute 1Y 18T RN View schematic of a confining chamber

accarging tozanathehqarefespediarbodiment:afta Stad-spl prockeidtnrdg the
19 shows traces of B-dot probe indicating the formation of a FRC. 9 Fig.
gragERI e & VW of an inductive plasma source mountable within a

Cham@@.”SA and 8B show, respectively, the electric field and the direction of the

Ex B driftin a FRC.

Figs. 9A, 9B and 9C show ton drift orbits.

Figs. 10A and 10B show the Lorentz force at the ends of a FRC.

Figs. 11A and 11B show the tuning of the electric field and the electric potential
in the colliding beam system.

Fig. 12 shows a Maxwell distribution.

Figs. 13A and 13B show transitions from betatron orbits to drift orbits due to
large-angle, ion-ion collisions.

Figs. 14 show A, B, C and D betatron orbits when small-angle, electron-ion
collisions are considered.

Fig. 15 shows a neutralized ion beam as it is electrically polarized.

Fig. 16 1s a head-on view of a neutralized ion beam as it contacts plasmain a
confining chamber.

Fig. 17 is an end view schematic of a confining chamber according to a preferred
embodiment of a start-up procedure.

Fig. 18 is an end view schematic of a confining chamber according to another
preferred embodiment of a start-up procedure.

Fig. 19 shows traces of B-dot probe indicating the formation of a FRC.



Figs. 20B and 20C show partial views of the inductive plasma source.
Figs. 21A and 21B show patrtial views of a RF drive system. Fig. 21C
shows a schematic of dipole and quadrupole configurations. Fig. 22A
shows a partial plasma-electric power generation system comprising a
colliding beam fusion reactor coupled to an inverse cyclotron direct energy
conVéste Ao P B WRBU ah BABCHERPEIRA SAVETS B eyRialis Tt arter
chalfideg. 19A. Fig. 22C shows an orbit of an ion in the inverse cyclotron
converter. Fig. 23A shows a partial plasma electric power generation

systeigs cotRptsl 79a s BersYRISISAC exbte coigrsertePdF &lternate
embqdimant of ihe IVEESE PR, SOPY el g s g3Bshows an end

view of the inverse cyclotron converter in Fig. 20A. Fig. 24A shows a

part%!@ 6_lﬁitsmeaéfémﬁvémi@ﬁdﬁmQn@qwig.lmziamé'\waﬁﬁo@sci||ating
elecic fsld sﬁb@v@é‘\%ﬁ@ﬁ‘ﬁ%&ﬁ%@@&ﬁ ,%?%g@ﬁ&fa%nas%%‘?éﬁ{%%%ﬁ;eﬁsing a

particle. Fig. 25 shows an azimuthal electric field at gaps between
coliBugrbdes dfsihe ri@Cothertisles pe Ar mradshycesidonvditeanguimeyvetoestyer.
Fig.26 a focusing guadrupole doublet lens. Figs, 27A and 27,
o L BB R R IR SR R
readiar. E¢. 29shewsnteaciomsopportiemuipmenyclkigo8showsta

pla .a-gir st propulsion system. Fig, 31 shows the main components of a
ectiy e R R g e e i i R

colptispisetint dstésrpregotdsicrusysieman RECFAdtcEdh BESGRIRT HON®ErSEHE
REFERRED EMBODIMENTS As illustrated in the fibres, a
YR SBEEt power generation (PEG) system of the present invention

prefeiahty Mehudesa ealliding beamifusion cedactes{ cBMeaudied Zma
direct energy conversion system, As alluded to above, an ideal fusion

reacto¥ & HPaBiSH YA AR 6Y Bl Fons and

elechpns 4Bha SOLUHPH:E9 hieh deakiem mfianomalous transport found
herein makes use of a containment system with a 10 magnetic field

haviftg a2 fi6ldheve i8e S huine Ases RRE Roprs e Bk ransport of
ionspg,ay9ided.Dyumaanstiaroriprment i R RiSURh-RWRAGRAL the

1C(t?ht?12g] ?SJ 22]?(/:1'?;1106(1 by an ion with angular velocity.
Fig. 26 shows a focusing quadrupole doublet lens.
Figs. 27A and 278 show auxiliary magnetic-field-coil system.
Fig. 28 shows a 100 MW reactor.
Fig. 29 shows reactor support equipment.
Fig. 30 shows a plasma-thrust propulsion system.

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

Fig. 32 shows a block diagram of the plasma-thruster propulsion system.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
As iliustrated in the figures, a plasma-electric power generation (PEG) system of
the present invention preferably includes a colliding beam fusion reactor (CBFR) coupled
to a direct energy conversion system. As alluded to above, an ideal fusion reactor solves
the problem of anomalous transport for both 1ons and electrons. The solution to the

problem of anomalous transport found herein makes use of a containment system with a

10



the ions have large, non-adiabatic orbits, making them insensitive to
short-wavelength fluctuations that cause anomalous transport of adiabatic
ions. In particular, the existence of a region in the FRC where the
magnetic field vanishes makes it possible to have a plasma comprising a
majorﬁ of non-adiabatic ions. For electrons, the anomalous transport of

maghRigiahpiTeRBiFtiRmgree esabmuriopfiRe)mabnetemalevptransport of
iondVEIRR & B ARG AIBCIHGiFICWRIGh OHINCSI0RM FIGCl OsiAHRAMIRRY of

deep potential well. Fusion fuel plasmas that can be used with the present
thedonsiharsenizapparddistane phosessiesibeiniesa td nelitrdot-fuetsicngth

G0 AR R ReverHmyRewtarium) g &&-Ebﬁ?@féﬁ?yum LU, *?Hé A$Qence

advantageously include advanced or aneutronic fuels s as D-H
of f(mymmnMER@n@mrtbema(Mr@@@mBmm@@a(@@rna:»dﬁdnlsmha@f: a
plagdvanced fuels see R. Feldha &M Helggler Nuclear jP?strume

Ind Methodsin Physics nonal abi\b%’f(fg 59%) "RsrthHoliand
trauspmterﬂambg)yﬁmﬂsudbddnemmmgchﬁmd&rﬂaﬁjwp)hﬁrbm«agnaterfes@msdevelop

a sy orrrx]O%: e%nrglr%lgy %} Ogcr)ln zfngp (;) thl %icaﬁ 11"? g%’geeuéo:i%gflaf fl:;ll.
carrbe manipu a’te mamagne depe dlng on- theGel * chlse

little trsivn radighativity tHEn eaﬁ%ﬂaa&ffeaﬁmbmpqﬁﬁme&@ﬁﬁhemmﬁramﬁmus and
He4 ion with 18.2 MeV ener hile eaction p oduces thre

ProEEG ORI e GBI EASRET Gt TP O ey

(Delavioamutiizinghaneutpisdusis dhaisduitptibanagneeaversientefficiensy such
}rgnn%/p as high as about 90%, as described by K. Yoshikawa, T. Noma

a8

T (SRR Pebhi Oy £0- BP0 (1o | five Licsipien of

advauehdatiigieneias. dramatirally advercaiibe RIRIRECEILANAYURRIM cthods in
fusion, in a scalab Er]sgfl 1000 MW), com%act low- cost confi Ig@ratlon Ina

Phytecferisis) SR ploreeiiviio fradehisigeittivn) her sHahgagutronic
ﬁm@@@a@@@sﬂnf@%m&%ggﬁl%mpﬁ@ﬁm@ dovia mt@%&@@@%ﬁﬁ%rwl e.,

converted directly to electricity. Advantageously, the direct energy

enFERIR i8It 165 femsrie ipredsAtini/eatprfisdicihandkidrogakiag on the fuel,
cadd@rigle Wgé(dﬁgﬁﬁﬂﬁesﬁ{&?ﬁgr%&@@'ﬂ%&ﬁc@?'ﬁ}ﬁﬁtiéﬁ%ﬁ@%‘?ﬂ%e){on

and phase of the fusion output power of about 5 MHz to match the

wiplfuR My aprepivasbilsr tha eoBerreacsoHeRs e drerid e Figsipnd 8.7 MeV
ene‘PQ;Pt%'aé@S Sy e 540 dé”f‘d?ﬁ%%ﬁ)ﬂ BLGIEL R‘ﬁﬂ&{ﬂt’%ﬂgﬂt‘?@mfﬂels the

containment system 300 according to the present invention. T
outguiiiAme ptryeEe 80T somprissda ahagiber aball 308 thext ddefiftes! by K.

Yo@"f‘ (}UI Caf%ﬂmQn%h?“%b‘%‘né”n%QmF’ﬁaeﬁ%%?QAyTEhﬁnolc"i‘g”;’/,b% 0 Bo91), for
example Such efficiencies dramatically advance the prospects for aneutronic fusion, in a
scalable (1-1000 MW), compact, low-cost configuration,

In a direct energy conversion process of the present invention, the charged
particles of fusion products can be slowed down and their kinetic energy converted
directly to electricity. Advantageously, the direct energy conversion system of the present
invention has the efficiencies, particle-energy tolerances and electronic ability to convert
the frequency and phase of the fusion output power of about 5 MHz to match the
frequency and phase of an external 60 Hertz power grid.

Fusion Containment Svstem
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shape, with principle axis 315 along the center of the chamber 310. For
application of this containment system 300 to a fusion reactor, it is
necessary to create a vacuum or near vacuum inside the chamber 310.
Concentric with the principle axis 315 is a betatron flux coil 320, located
within the chamber 310. The betatron flux coil 320 comprises an electrical

currbii dattyRigisetiiRcaed STel asidireL P EareniaRmIN @ 1oAg Yoncerrding
to tABQMRenVRiCE, RIRTCTARY. CRMRKSES Hefalle] v RdiRGS.of MUIURIGSSRATAS that

coils and, most preferably, parallel windings of about four separate coils,
defipefotiparailongossinipreebemnd csRilled Ractiveahby At apprésiald tHarcebndimal in
shaffauaR m&g@%@ Sp4 a0l sl Bed LSl SRk 15198HAE on of
etatron coil 320, substantially in the direction of the principle axis 315.
thiyrouatthendeitsicle dftHe chambarceridl 305sis@rsottetcoit825. VEhaugytermear
vac%on %%? o %uc%% abrgl@l}:&e|&gg@sﬁtéﬂ:t.\m§f§l1%ﬂ%%{dlg aving l gs.a betatron flux
substantially paralﬁlel with ‘principle axis . This ntagnetic field is
coihZziuinaligdsymimethic ahaftepidrodincdtvatrtna ikeonaftetiofieidad ue to
the outer cojl 325 .is constant and parallel to axis 315 is _most valid .awa
et e S B B i R b R o,
whinir peefeoib33 00t hesmi rar toils Bdhaterdaptadetecpiaduceibrnint reased
agnetic field inside the chamber 310 at each end, thus bending th
PR  THRE TRha AR B SFRR PP Pl PR LOPAGSH Dersons
skiBuplainiedathisibepsingarweddcahihe fielshinasdaipsto @aNkaM $AB result in a
plasm 5in containmen'g region within the chamber 310 generally |
e o8 T CTES30°8) o THE Ry oM S Abfebrincivi
axi€anescape the containment system 300. The mirror coils 330 can be
adapted to produce an increased magnetic field at the ends by a variety

of metRBRL KRR FRE BT ChRRIBE TP the RS Al e FeMhBér o Wik soll
325%&'8ﬁd&irﬁ%ﬁ@iﬂ%@%@n@%ﬁ@ﬁﬁé&%ﬁhﬁf&mfﬁiﬁiﬂg@lﬁgﬁﬁﬂ%:{H{'l’éﬁ_ry £ A30in

~or overlapping the mirror coils 330 with the outer coil 325. The outer coil
pringigla dyipnidor EBiksmapeiie Sak\in saimghalhnpemenied obldermeimation
that el 302 eWEHR! o Y MRY DS iNSIR e £RPRIREIBAD, 1N 83588

where the chamber wall 305 is constructed of a conductive material such

mogh yiédalvieyiEgbeaaa e s plade tht coils gxbolRie n@m@qpélo isa
miGRREREs WAl 0% hegause Weptime, 42,10at i iakesforie.magnelsield: fela

to diffuse through the wall 305 may be relatively large and thus cauSe the

insigestherBobiter ekt istagyisidlytiSinbitadigtibeohagnbt 820! hagie whrdw cach
emfi*;‘?%] 2t & nollowCylIRgel, ihig GNP BEMAN3AR [RMINAAHORG: RIAYUEE 1o

contain the plasma 335 in a containment region within the chamber 310 generally

between the mirror coils 330 by pushing it away from the ends where it can escape the
containment sﬂzstem 300. The mirror coils 330 can be adapted to produce an increased
magnetic field at the ends by a variety of methods known in the art, including increasing
the number of windings in the mirror coils 330, increasing the current through the mirror
coils 330, or overlapping the mirror coils 330 with the outer coil 325,

The outer coil 325 and mirror coils 330 are shown in Fig. 1 implemented outside
the chamber wall 305; however, they may be inside the chamber 310. In cases where the
chamber wall 305 is constructed of a conductive material such as metal, it may be

advantageous to place the coils 325, 330 inside the chamber wall 305 because the time
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such a case, the betatron flux coil 320 could be implemented outside of
the chamber wall 305 in the center of that annular ring. Preferably, the
inner wall forming the center of the annular ring may comprise a
non-conducting material such as glass. As will become apparent, the
chamber 310 must be of sufficient size and shape to allow the circulating

thatoiiiads Bedhe sragyeiaRgddordibisarbimahibonnpbiple max bawhtyely large
and%i&’ﬁs”cﬁ%g%eﬁ%éiﬁ amber wall SQpdnak beformad of amaleuak 'Pé\féﬁ% e of

igh magnetic ‘permeability, such as steel. In such a case, the chamber

the wlip805 adwdley induckd bewhterbgrrents I Hermateiddnepoubikaep. In
ti e i , X ressing’it. If.t
s et BB Rl tval
30pertheability, dubht asmliexigiassl aioidy.dbvive forednteiming the center of the
o JIOREHC o weuld be pecessany,In sughia pass, A series ol dased:iog
2 metga?lrf’ﬁgs could be provide hése rings,ﬁnovx‘/ﬁ In the art as flux
appaetimitbesshamibiel Bé0O provide divithiicthe outerncoils:32 Hhillbeutsidarthaating
circulating plasm am 335. Further, these flux deljmiters could be.
Pl D B e RSO R TS V8 oL o VR Wit
prediiethingstcuni 30torgre dtefdaciia®atherraositainment o magpetitc
flux within the chamber 310, Alternatively, the outer,coils 325 themselves
e he et A
cosiféidlating plasieanaean IabpcAMpEsing whatged Martiales ckoayilethe
contained within the chamber 310 by the Lqorentz force caused, by the,

kb

chambahetit fiefais 8 thd odteh comeads! sl e dfetoRess e pratral
haRRATDW 3Pk agnetsally, Gaotpiaein darge hRidtoncorlittabosthiig g the

flux lines from the outer coil 325, which are parallel to the principle axis
magagicihi SramisrBpesRisHEclibABR 8o 2 afai i<y PRt aRE

ringl328 R Cireuiatingplasmambaan: 332 inineohammber»dldlpa

preferred embodiment, the injector ports 340 are adapted to inject an ion
profisssh wit iSOl el Getivids il ositiisie e ee pime R aRis 315 Where
FulfiSr GEMaiin RiasmaLeRm Bepdscaniaingd (- e rnamyastagul sprface

described below). Further, the injector ports 340 are adapted to inject ion
delpaiipns 3604 SealFign i armyenctaoramelinumend ke etioieofabiditibtdbon
cofiRih R ﬁ?&&%ﬁ%@]f?@ﬁﬂ%ﬁ%@hﬁﬁa?erlsf“n6\.'SRlPJ&‘é‘é?@QX?‘EgeO&ﬁe?rcoﬂs 325

more background plasma sources 345 for injecting a cloud o
thenoalesrergeicptasmdlistolthenskeamber 310. In a preferred embodiment,

:25\/ ap? %ﬁ%@%’% ctl:l)lel ﬁlém'}_l%rs(?elﬂrlﬁege%%&% @rgl%gggdptl%s%%egfgﬂla§ 5‘%‘? f:?’o%?prisin g
charged particles, may be contained within the chamber 310 by the Lorentz force caused
by the magnetic field due to the outer coil 325. As such, the ions in the plasma beam 335
are magnetically contained in large betatron orbits about the flux lines from the outer coil
325, which are parallel to the principle axis 315. One or more beam injection ports 340
are also provided for adding plasma ions to the circulating plasma beam 335 in the
chamber 310, In a preferred embodiment, the injector ports 340 are adapted to inject an
ion beam at about the same radial position from the principle axis 315 where the
circulating plasma beam 335 is contained (i.e., around a null surface described below).

Further, the injector ports 340 are adapted to inject 1on beams 350 (See Fig. 17) tangent

to and in the direction of the betatron orbit of the contained plasma beam 335.
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of the chamber 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
plasma 335 in the containment region within the chamber 310. Vacuum
Chamber As described above, application of the containment system of a
CBFR, itis necessary to create a vacuum or near vacuum inside the

chambemsirded AeRRtIBhE(Scerekaryinchainseaxenasg Sy bdamaacting 2
cloH@HFaéﬁ?eﬂgrpé%%'B%H&' WS ESeOL ﬁrb?'ﬂl?'églgfr SREAMERLS, the

critical to limit'the residual density in the reactor chamber. Furthermore,

baciapwiessesalsieiy deo A paorIgdeptaslim dtt chartabers idnideaud the axial center

of tﬁ%%@%@%%%?'ﬂ%‘@%&&??o%ﬂéf g i?géﬁﬂg?h%”%%%% 1y Qvg‘”h% Ul a0
amount of energy during startup as the system has to burn through these

contesidbalsaTinathieve degdod kehathacdsumtusialhsinySRemthie vestafiment
stali Il%%% %t]eel chgmqibs and ports as well as low outgassing materials.

n
*Elithe case of ]rlﬁe a?s,"t € good vacuum properties are further paired with

Va Gtrrghaal characteristics. However, conductive materials such as

stainless steel and the like, present various problems with re tq their
oW et e S
necsanifest drarasehiesuin difierentasays. iAsrngstdhehast Siegaiiveractions
characteristics are: Retarded diffusion of magnetic fields through
(g e ?s?’g{f@&ﬁﬁm TISTOT RIEERHEAP R %@ﬁltﬁf&g&%ﬁg@égﬁlm&m@y

losalipsatieniofsespense timasief ihedsystemsts, iansiepicaigtrismaswell as
formation of image currents in the surfaces that impact the desired

Furthenette TOBOI8S orEngIE Hapadr ot svaitetanhgasiatmad o

cortRAAGHRIISIEs. AR SXNIRIL SO O HACHN IR PLOREILISS AR IBsLAIArSSHah 88
ceramics, glass, quartz and to a lesser degree carbon-fibers. The primary

enehEs iR HHATTHR S8 Thratepiarn hastrubnrdhipiedibpssordual the potential
for aggidental damag e eablicRionREaRIemS SUs ihaseQeL marhingbility

of ceramics are further limitations. In orie embodiment, as depicted in
champersmd Rt @sarel 2D Jah aHepssiteanasitbe i BROCRs prowigédsiihe good

va&ﬁ%@%ﬁ%&%%ﬁ%%%&ﬁm%ﬂ Betdadal e CBRRIS PIRIGIARY

primarily comprised of a metal, preférably stainless steel or the like, 14 to
conghestitle Buisetuirat shangtaialvdsgorad vatthnilpropestiot v Howeperbibas with

B T R TR
maghash Bemi8Gintlelteeaital portidmohgsetbhamobenegative characteristics are:
Retarded diffusion of magnetic fields through chamber walls, accumulation of electrical
charges on the surfaces, drastic alteration of response times of the system to transient
stgnals as well as formation of image currents in the surfaces that impact the desired
magnetic topology. Materials that do not have these undesirable characteristics and
exhibit good vacuum properties are insulators such as ceramics, glass, quartz and to a
lesser degree carbon-fibers. The primary problem with these materials is structural
integrity as well as the potential for accidental damage. Fabrication problems such as
poor machinability of ceramics are further limitations,

In one embodiment, as depicted in Figs. 2A, 2B, 2C and 2D, an alternative

chamber 1310 is provided that minimizes these problems. The chamber 1310 of the

CBFR is preferably primarily comprised of a metal, preferably stainless steel or the like,
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1310 or power core region of the CBFR. Preferably, as depicted in Fig.
2B, there are three breaks 1360 that are about 120 degrees apart from
each other. The breaks 1360, as depicted in Fig. 2C, include a slot or gap
1362 in the wall 1311 of the chamber 1310 with a seal groove or seat
1369 formed about the periphery of the slot 1362. An O-ring seal 1367 is
to Sy nsital gHseehmEoRoPHey Aty BEPesicte letser . thy. @bndrical wall

13195808 AlMasLinGg RN eaoiliof e chambRLLS14kieaving sufficiant fhat run

stainless material forming an azimuthally ¢ontinuous portion of the wa

alongalmeeihthentive lengld tf froviventstructlitaniftegeiyralmpoilofitifochamber
1312}2%%% '%Y@P%g‘%&‘ﬂ ??%% %%tﬁﬁ.eﬁ%i?BBigéﬁ%%]‘?'gggt{ BAYr gniﬁ%txre

prevention of implosion, the chambér epictedin Fig.
thr@Arprefddlytinchndebarpldfhfieg ot sepso fvanticdchzmhath Al &B87 0 360, as

that are..integrally formed with thegﬁazmb r wal or.coupled to t .
e o o ey e BT SR iR S0 wim
a sdalgerd@;doe gap1 586 Zosfitke dhwithtianpaspit t364t iershed 862cekamiaing seal

aterial. The insert 1364 nds slightly_into the interior. of the_chambe
1361?3,1&66{53'1{&83(1 m Erlhe A t]}?’)&? &iﬁg E;l%ts ¥38 as ge 18“3%8’6{%%2%1 g)r%{emﬁ

Is cove einsi y a metal shrou rev
alngscdrdanyrplasma cnissianriser sollisions ofyficiany phasing ivnsde0forming

the circylating plasma beam with the ceramic material. On the outside of
an ?ﬁ@‘éﬁ%%k%&?%‘g‘i‘ﬁ?%mﬁé‘é}tgf G LA OGO SRS PAHBPYSES
stribatfOnpsaryasidun Darkies: Py saepns ©f e Qningseal thd@AaitF otghproved
stainless steel surface of the chamber wall 1311. To preserve desirable

SURERS LSSy SRt DG macseating Yamute8es-ithp Ibkthad drpigted in
Figsubstiadtrpienahlicfiberalans ot theslikeaMuehAsmere fsxible@ngl arc

creates a tighter seal with the O-ring 1367 than a ceramic material would,

integsally fomperheit e prbssurd shiyhtgrdemspind s crifpepibechmber

walDBe[ts @gﬁﬁ%%j%glg@s 1364 inside the slots 1362 preferably prevent
current from arching across the gaps 1362 and, thus, prevent the

formfati8pPeTed ivh fitial Grikg vttt asiniisd vhidnapersgll 164 formmsel
cerSHEERIR AR aaRHEsIaten ofLaR i Al DIGR B RAE SHendeA®:I9310

counteract any change in flux: for example, the change in flux that occurs

andristheviitsd coilths T idaring thetfd ration! 5@ P RG Y art tscdedoritidasbaiow.
em}/sxlsiit&? %ﬁ&%ﬁlﬁ%@%é%ﬁg%%ﬁk‘fgﬁh%%%%ﬂ&%&l ?lflé %ﬁg%ﬁ%ﬁgi&&& ag betzgg with

changing flux in the 20 causes an equa site
theinehgotivehpiemicedn dherentstdefofthércbhmbeaihid §s Steaisamll 131 i stiebhed to

a sgzﬁiﬁ% %%leef §@§ {Qaat%%% Illl%f)a(.c%%?rp BSrier by means of an O-ring seal 1367 with
the stainless steel surface of the chamber wall 1311. To preserve desirable vacaum
properties, the sealing panel 1365 is preferably formed from a substrate, preferably
fiberglass or the like, which is more flexible and creates a tighter seal with the O-ring
1367 than a ceramic material would, especially when inward pressure slightly deforms
the chamber 1310.

The inserts or ceramic insulators 1364 inside the slots 1362 preferably prevent
current from arching across the gaps 1362 and, thus, prevent the formation of azimuthal
image currents in the chamber wali 1311, Image currents are a manifestation of Lenz’s
Law, which 1s nature’s tendency to counteract any change in flux: for exampie, the

change in flux that occurs in the flux coil 1320 during the formation of a FRC, as
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inside the chamber 1310. While the induced image currents would be
weaker (due to inductive losses) than the current applied to the flux coil
1320, the image current tends to strongly reduce the applied or
confinement magnetic field within the chamber 13 10, which, when not
addressed, tends to negatively impact the magnetic field topology and

desitbrdeleBinfikishoen etalacimstieciuds of el bhah i g 1310,
the SXISIENEEI0L hens!ats 362 prevents aziregthakimags GHEeRS JRy induced
forming’in the wall 1311 toward the mid-plane of thé chamber 1310 away
curfepprictherenadlof Q‘Fﬂé“é?ﬁérﬁl_@@r W@l d3hlirecknzirtuigeany! ébmm@§€pﬂﬁﬁd?hange

insiﬂgttrﬁ% %%H’l%%ll 13 l-r(he\ﬁﬂhle '{H@%&é&ﬁq{}ﬁg@ LGN P& GRS due to
chamber wall 1311 toward the mid-plane away from the ends of the
indettavnbersdd 10aartvenyrardalp wivddntth e fl ov par2iictoithesoemiterditraids to
_axis of the slots 1362. Such-currents have.nq.impact on.the axial
s e B e o e B S e LA R 10
whigtodteachby didrémsadig auly entsipngilydimaliyt theversingitheebth &mbiegwaitid
1311 on%/ exhibijt Badia{ and azimu Qg%ﬁg)m on%gg_ .ililag ﬁlzémuthal imaigt%e

alter the confinement characieris Ictshmﬁl & cham x1ster*c%o
currents rormed in tne azimutnally continuous con uctlng portuon o the

slotwal dB3dknear dhienerids ohihe alrambedra3 I0rtend hotto weljatveélyoward the

. impact and/or alter the confinement characteristics inside e chamber
mid R St HAETEEA SLN0a T e e SR ar RUGRan la™ e
azigQiHBneent eidhe plasmaimaddition o, preventingnthgfommationhaf can be

azimuthal image currents in the chamber wall 1311, the slots 1362
Carpeg\ R dhg Wéﬁ%waar}éd& L B T ey T

chahdn® 10 penetiate ihachambes 431000 pufapttimescalasThaslpisidsbde
enable sub-millisecond level fine-tuning and feedback control of the

slotgpifed THERRABHET R IRAYS 2OrkRbICt R ARG S PaRRgBs!h ifaerpsy! Belds of the
FRENAWSA ARSIl & FRGE0 Fhensysian: bassylindkisal aymrpetry

with respect to its axis 78. In the FRC, there are two regions of magnetic

traYRERINES: clipapesty athd H  sedvex i bragiahaadRviengg ah e ANB YK Sn S Re
a7iRRlRE 1he.SePaRRIX Rdmddhe RRGAUMR-A Fylinddesl.oulRhdag t-r?en of the

which the magnetic field vanishes. In the central part 88 of the FRC

walhkgletiesfidld BesbsonteRBTaReapBIECRISIM thacsady dis Tpetion AT wisr
iSRS e nAgaec field daes, FiaNas ABBIPSIAP N8N topology in

direction. The magnetic field along the center axis 78 reverses direction’in
thighecBRE 1s wiichrgives risecta fimermenhoReyelssdin Field Reversed

Confirggcﬁgﬂ%rﬁ qg%ge)vﬁ:nting the formation of azimuthal image currents in the
chamber wall 1311, the slots 1362 provide a way for magnetic flux from the field and
mirror coils 1325 and 1330 to penetrate the chamber 1310 on a fast timescale. The slots
1362 enable sub-millisecond level fine-tuning and feedback control of the applied
magnetic field as a result.

Charged Particles in a FRC

Fig. 3 shows a magnetic field of a FRC 70. The system has cylindrical symmetry
with respect to its axis 78. In the FRC, there are two regions of magnetic field lines:
open 80 and closed 82. The surface dividing the two regions 1s called the separatrix 84.
The FRC forms a cylindrical null surface 86 in which the magnetic field vanishes. In the

central part 88 of the FRC the magnetic field does not change appreciably in the axial
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In Fig. 4A, the magnetic field outside of the null surface 94 is in a first
direction 96. The magnetic field inside the null surface 94 is in a second
direction 98 opposite the first. If an ion moves in the direction 100, the
Lorentz force 30 acting on it points towards the null surface 94. This is
easily appreciated by applying the right-hand rule. For particles moving in

dirggigogiafMagREHEIE e mEEnCHR A Elgr8oRs $hARE aNMRIFS BN S fsididl the
dirdihsUfaeenddndNisieRENOREREN GINE S Fise 10.4 PREUG QR GAGE FrRC,

betatron orbit, to be described below. Fig. 4B shows an ion moving in the

whighystsrdistniadghe tiers rdtonsedA ImRigld Brairzgbcenfianiatioasé Boihts
away, from dhepull sufaceRdq TS PhEPADERRRAMES iISE 19 AR RLcton

orbit calléd a drift orbit, to be described below. The diamagnetic direction
96.fdrhieo s imeibuhtdddimdadhe ic Honefewtithis, iardseicad drsatiPig 98 eprowise the

i r rotating.in-the igns.. diamagneti
i, RO RADE IRAEC g AR TR Bt e e e Aeeli.
tovwalg tletioflblai{ 08 Grbaiddsby thslsapotaciptas imadpyleikOBeiright-hand rule.

ForSORR 00N With 2 ee(ﬁter%aﬂ tlacpcﬁﬁe&c”ﬁ};%ﬁﬁeff%?el%zofﬁcré“ \Grvs points
rﬁagne%cnﬁewlﬁavingt %nflo%o ogy of a € oporfogy is shown ih
towrig B)c ihB sorfhedrh. thai fplmsdherplagimaslaiyerd 0 pdrasl a ceitpetbdditestatron

OrbtlQetreE%rgé th%e\(/leil)%%%es of the ions form a Maxwell distribution in a frame

rétating atthe average angular velocity of the ion beam. Collisions
betviegmBeswef différenhvelagiiiethteadiiterilisiongreactidife:thodr s The

reasqn, the plasma beam layer ar power core 106 is called a_colliding .
Lo AT BBl Y R B SERASHE o] MBI G Bgves
risSystefhCatleghia chietatialriarbibila e ldetatiBadardlit k12 cadiB@agnetic

expressed as a sine wave centered on the null circle 114. As explained

direfionfoa LRt iR B niar Elrciort 44 i€ st he plane of the
orbitld 2 is\perpendiculaiiauihe s & rking FRGot@Rs: i s 9MRit 112

move in their diamagnetic direction 102 from a starting point 116. An ion in

diagagaetic S erbarnHE i rioRe 1 804R leseindterintile pudisreireefion The

maR@Rendiculy d-ther putheirisuldPand Adanslation slend dheWith an
circle 114. 17 Fig. 7A is a graph of the magnetic field 118 in a FRC. The

eXtRpFo A isdssrnsicisihl rdhrosents mrepstarield ihacdrtihetenstpgimot
FROGTER G158 g’lnwﬂgp%tig}field is in kilogauss. As the graph depicts,

the magnetic field 118 vanishes at the null circle
The 1on 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
angular velocity of the ion beam. Collisions between ions of different velocities lead to
fusion reactions. For this reason, the plasma beam laver or power core 106 is called a
colliding beam system.

Fig. 6 shows the main type of ion orbiis in a colliding beam system, called a
betatron orbit 112. A betatron orbit 112 can be expressed as a sine wave centered on the
null circle 114. As explained above, the magnetic field on the null circle 114 vanishes.
The plane of the orbit 112 is perpendicular to the axis 78 of the FRC. lons in this orbit
112 move in their diamagnetic direction 102 from a starting point 116. Anionina
betatron orbit has two motions: an oscillation in the radial direction (perpendicular to the

nuli circle 114), and a translation along the null circie 114,

17



radius 120. As shown in Fig. 7B, a particle moving near the null circle will
see a gradient 126 of the magnetic field pointing away from the null
surface 86. The magnetic field outside the null circle is in a first direction
122, while the magnetic field inside the null circle is in a second direction
124 opposite to the first. The direction of a gradient drift is given by the

cross produgeEseRPB Witera B8 Biskdgrttiiert bR the Thagreaerialaxined the
gralliFAD- & APRIEGIAISCLOY ARRYING dhesrightand uls that “i'ﬁéjh'ﬁ%ﬂeﬁc%m is

he gradient drift is in the counterdiamagnetic direction, whether the ion is
in kgiggigesorindhveethpbrigpisicl&he 28 drigigideld élg?rapm@fem@ teomit fletde
radiR0 ha FRC. The horizontal axis of the graph represents the distance in
centimeters from the FRC axis 78. The electric field is in volts/cm. As the
grap‘hSdﬁépmsmW%eIb%;tﬁ@ﬁéldlqmvmm@rstbméhmthb moll strchegradiog 126

of‘&ie WAshSh %“"igf F‘%ﬁgﬁg‘e Slogiicde fs%E %&;ﬁ%%‘%‘ne“ﬁ 8uts1de

Ir ctlons rom he null surfa ic |eI
theamﬁe:imb iisiina ﬁm@smmew@nwmﬁﬂ@mmmx Maumem 18 pudlle is

surfac 6. It.c ciated p ruIe th t.the
T e 2 A A b aRe S oibA F0a hh ol dien
by 198 isRUISIde.Or Eﬂ§'d’% thenard! swr f%%éé@dﬁ&ﬁ%ﬁﬁe%ﬁ%@u%‘%’bﬂaﬂﬁf@@{ can

type of common orbit in a FRC, called a drift orbit 138. Drift orbits 138 can

be peperrisiee bY anelinedhersehttendylsibeithn digeoon of thagtrienadrift is in
theSRRWRM B A8 QRIL QRIS AA8IQtaIE L he digmagnglitadisectian filbe 12s.

E x B drift dominates or in the counterdiamagnetic direction if the gradient

drift lapriihateseriple efrtheotisiet T38ekh bithitneRigs. . oRbahedB pithaaifnothigc
. i‘? glic Alreciion 192 from starting paint 446. A drft omit, a%&{] QW4 i

9C, can be thought of as a small circle rolling over a relati
in m@tg@nmuréleth‘emm ditivelatield epinsimidunid tsrasisselite seﬂsenmwle
olﬁtalls over the big circle 146 in the direction 102. The point 140 will
racein space a path similar to 138. 18 Figs. I0A and | OB show the
directiorhofithe Eqreditz fmtcféeat’zhéielddiambasﬁR@cﬂzﬁﬁnimgFlg phi@Airan

ionis s n ovin d|a netic diregtion 102 V\ll'[ veI 148 .
dner(f témrlﬁ’a%%tl g%ef‘@%@ Tt ¢5'b mgasglpgrec?ék{e%e Rl icllthcg e’ rlgokier%{érreldls m
opputetéhhtdd:’tmhs)ﬂéﬂtﬂ@n@@dﬁﬂrﬁ@ﬂd&@amﬂﬂmth&k]&nrfm@ksmtdttb@m@lon

of closed field
appreciated by applying the right-hand rule that the direction of the £ x B drift is in the

diamagnetic direction 102, whether the ion is outside or inside the null surface 136.
Figs. 9A and 9B show another type of common orbit in a FRC, called a drift orbit
138. Drift orbits 138 can be outside of the null surface 114, as shown in Fig. 9A, or

inside it, as shown m Fig. 9B. Drnift orbits 138 rotate in the diamagnetic direction if the

E x B drift dominates or in the counterdiamagnetic direction if the gradient drift
dominates. The drift orbits 138 shown in Figs. 9A and 9B rotate in the diamagnetic
direction 102 from starting point 116.

A drift orbit, as shown in Fig, 9C, can be thought of as a small circle rolling over
a relatively bigger circle, The small circle 142 spins around its axis in the sense 144, It
also rolls over the big circle 146 in the direction 102. The point 140 will trace in space a

path similar to 138.
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lines. In this case, therefore, the Lorentz force 152 is confining for the

ions. In Fig. 1 OB, an ion is shown moving in the counterdiamagnetic

direction with a velocity 148 in a magnetic field 150. It can be appreciated

by applying the right-hand rule that the Lorentz force 152 tends to push

the ion intg the region of open field lines, In this case, therefore, the

Lordrig toPee 208 &éle&hﬂ}ﬁﬁfg?spmeof&hsw%f@% B el RC
151Canfmement imadnRGHvRiastilayel heGisesshigicRlitanhe formed i a

FRC by injecting energetic ion beams around the null surface 86 in the

velgrifnghatie Breeton1ve bifors (A bretanseritict tyasp vrdithsgght-hand
rulnghedsiof-iapningdhe FREdand flasma ik iellaws BRlowsbiNoMigosed field

circulating plasma layer 106, most of the ions have betatron orbits 112

linggebnpthys B3scaifistsheiqabie Larenkréonenl ddisbattitigsiondy ias. Tn Fig. 108,
an |PSGOSHING.IRSPRE-WaveleRai dlushations ihalk FAUSRIRRQRIBIAYS 48 in a

transport. In a plasma layer 106 formed in a FRC and under equilibrium
magppiditiong, e Bowsdwanpredniedhyermiyine fuseshe bestiondidai e orentz
fortR8 ?ﬁ‘%ﬁl@g t‘ée;L‘a‘&HXh%fﬂﬂPﬁx&! th@@ggﬁgﬁ G ﬁrﬁ\é%)ﬁg S.th‘:f I@ﬁ’y@z&% Gifbeefore,

The relation is 0), =w. j 1-c 01 Q, = ZeBo (1) UoincInEq. 1, Z s the ion
thedtorpicafionsbe b 2ms ischeliomgiassheimthe electron charge, Bo is the

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

are three fi-ee parameters in this relation: the applied magnetic field Bo,

the electron angular velocity coe, and the ion angular velocity w,. If two of
M 8&theertqcaaredkﬁ%m{n %Q{e t@g% gan ml%% tdle_taerlgﬁieed from.Eq. 1. Because the

beams into the FRC, the

anguaslyetocityof iohssue 1 gddtecanihe ddoy daennjéiOb kingticiepergygetic ion

the beam.W;, which is given by 19 W,.=ImfV'=1mi(w1j).(2) .2 2 Here, V; =
oo A T D A S AR S e it - doTed
disteguencydffaans nayiiehis tsfthenadiubof Bite adhswibac e B6follevkKinatc,.) In

enerqy of electrons in the beam rﬂg been ignored because the electron

therﬁggg AL PIRSR @H’?él}gptﬁjé?ﬁﬁ ?11%&?\{6 betatron orbits 112 {see Fig. 6),

are energetic, and are non-adiabatic; thus, they are insensitive to short-wavelength
fluctuations that cause anomalous transport.

In a plasma layer 106 formed in a FRC and under equilibrium conditions, the
conservation of momentum 1mposes a relation between the angular velocity of ions @,

and the angular velocity of electrons .. The relation is
@,
@, = a}f!—} -—

L e

}, where 3 = B, :

m.C

i

In Eq. 1, Zis the ion atomic number, m; is the ion mass, ¢ is the electron charge, By is the
magnitude of the applied magnetic field, and ¢ is the speed of light. There are three free
parameters in this relation: the applied magnetic field By, the electron angular velocity .,
and the ion angular velocity @. If two of them are known, the third can be determined
from Eq. 1.

Because the plasma layer 106 is formed by injecting ion beams into the FRC, the
angular velocity of ions @, 1s determined by the injection kinetic energy of the beam 7,

which is given by
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m,. For a fixed injection velocity of the beam (fixed co,), the applied

magnetic field BO can be tuned so that different values of we are

obtainable. As will be shown, tuning the external magnetic field BO also

gives rise to different values of the electrostatic field inside the plasma

layer. This feature of the invention is illustrated in Figs. 11A and 11 B.

Fig. 11A shows three plots.oef the electrig:field (in volts/cm) obtained for

the same injecti?r??vé%gf%?vfll }f'fg?)}g 107 si, but for three different @)

values of the applied magnetic field Bo: Plot Applied magnetic field (Bo)
Hergielotorémglisicversaiy ferstiasasissiy o 7res—ds i seeisgagregieacy of
jonWand-H 2t dghs badBanl apki e Irhd xlist chRevalies HfaWeihe

the table above were determined according to Eq. 1. One can appreciate
beagh dag bostol srerashgrate dhs festraymessaparvide feadsoRas theggimass
m, counterdiamagnetic direction. Fig. 11B shows the electric potential (in

{'volts) for the same set of values of Bo and co,. The horizontal axis, in
Figst arlz At seitinieeBoneptesints’ trebdistativectfrom, the #REwEs;tic field B,
hown in th in centimeters. The electric. field and electric potentia
e e ST SRR e S T BT R R
extphipsicabgroisriddd \Ahesotbe éoncrat ai¢tinctite, diawn ag retic directiait, flubd
.__igns are, confined netically hy.the Lorentz, farce. This.was s nin
s o T GBI e MOt e QIO A0S e i 113,
Figl otenthdorcehisdpltte oppositecdikeitan;ise diatei¢ ctsansed oot dhachbe
._.confined. The electrgns leaye the plasma andf as a result, a surplus of
InjesGRVE R @is do’criaidd TIY SRidhipeah BB ot th At TRDE
ma@fRet elgetrgps from leaving the plasma. The direction and the magnitude

of this electric field, in equilibrium_is determined by the conservation of

momentyp. The electiosiada fiedsplaysan essential plsR fiedian¥otty (o)

of both electrons and ions. Accordingly, an important aspect of this

invention is that a strong electrostatic field is created inside the plasma:
layer 108%the magnitu%emo@-fm%ectrostatic field is| €dritrBlled by the

value.of the applipd [ agnpfir field BO.which can he paqily adjuqtpd As

explaingsk; the electrasgaticsfieidig confining for electrgns i 8)53.0.0A8" -
shown

158 B, =13.5kG =111 %107 s"

The values of @, in the table above were determined according to Eqg. 1. One can
appreciate that e, > 0 means that {3y > @ in Eq. 1, so that electrons rotate in their
counterdiamagnetic direction. Fig. 11B shows the electric potential (in voits) for the
same set of values of By and @.. The horizontal axis, in Figs. 11A and 11B, represents
the distance from the FRC axis 78, shown in the graph in centimeters. The electric field
and electric potential depend strongly on ..

The above results can be explained on simple physical grounds. When the ions
rotate in the diamagnetic direction, the ions are confined magnetically by the Lorentz
force. This was shown in Fig. 4A. For electrons, rotating in the same direction as the
ions, the Lorentz force is in the opposite direction, so that electrons would not be

confined. The electrons leave the plasma and, as a result, a surplus of positive charge is
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in Fig. 11B, the depth of the well can be increased by tuning the applied
magnetic field Bo. Except for a very narrow region near the null circle, the
electrons always have a small gyroradius. Therefore, electrons respond
to short-wavelength fluctuations with an anomalously fast diffusion rate.
This diffusion, in fact, helps maintain the potential well once the fusion
cregiedlc i HEaNY Fhelfauied O PISHE B o RTtaRhigHel enengyhe
pladgverthe Rlasma. 40 Maintnichrrgemiasiagrialdy mhelusionareducts
must pull electrons out of the plasma with them, mainly taking the
deteuinshHBA IS SHMHIESMRBSHESMa layer. The density of electrons at
the gyifage.QLIg: PRSI AR VS0 AN b IDG nAIECHANS RALHSRYE dfoBtrons
plasma with the fusion products must be replaced; otherwise, the .
andootentiaborstingl ddisuppeat . FRgct of shisvievartaisetidm disemB elistrostatic
fietli8 QLGISEHRNR: ,tQ@!é@éﬁ{X ﬁ%&f 965CaRIGaIANR domm dhe Likd 89 ffRe d is

Maxwell distribution can reach the surface of the plasma and leave with
corfusita fongheTrrugil {180 afihed distiritionelb Zdsithish orhineastisiypdjusted.
creajed !25316'%&[ ”'%{%&t{(?s@afl%”ﬁs'%‘lss in the olor's L IgR.ASNSILY NRL v
the ‘null’'surface. The energetic electrons stili ave a $ma gyroradius, SO
in Ehatldionhaldusthdiffdsioncpermits iheraated®daahithe shirfagditdshepottghfiead

date the d ting fusi dyctions..Th
B TEIPBAAT) ALERHAT B BOLROAT et STl

ergetic electrons
GOy VitSe &
smenergyrAliboubieibr elattons canssadsdRadmagnatien fitldnapistnd ueth an
to anomalous transport, anoma:é),u energy Josses tend to be avoided
i e t

anqIRRQYSE HEfE RHERRP I FanS S HES AN tHetaEb RS IBATE ST thE puttighmell
onWelldhaistiongepliRgurechanfsfibiopredact Rns, thakis Similah i gher energy,
evaporative cooling. For example, for water to evaporate, it must be

leayq ShsfigthtRE |t St DA BOAISS AR s e tha SusipipRerf By treust pull
elel@NRINING2 IhigidWwalehpid e srounginonmeilum Ny NGH WReRurface of the

thermalize rapidly to a lower temperature faster than the heat transport
plagpyebigses Ean depiietrlsdrigyt BmmRge ot haatasrsitrepotentiad the
ele¥Rlhdepthis oy %&%&B@Mﬁtﬁ{ésﬂﬁ%ﬂtﬂ?@@ﬁ&g Yﬁ&@@%@gﬁf&ceﬁb therwise, the

electrons supply the energy required to ascend the potential well by the
poigidiehalpthiiongréisesBeiat re-supplies the energy of the Maxwell tail so

that fee PIGEIEQNRS, SARSRGARE ot NEIMAlZ VAN PERESHINYS RSEIIS Ric

a lower electron temperature, as it is much faster than any héating

clepsvedsoBdbatrt I6fthé theasxdifid dincd b tween whadtibasuitprdtes,
Pl SNE" IANRICRING IR RERIONF 1S ERPHE distribution 162 is thus
continuously created by electron-electron collisions in the region of high density near the
null surface. The energetic electrons still have a small gyroradius, so that anomalous
diffusion permits them to reach the surface fast enough to accommodate the departing
fusion product ions. The energetic electrons lose their energy ascending the potential
well and leave with very little energy. Although the electrons can cross the magnetic
field rapidly, due to anomalous transport, anomalous energy losses tend to be avoided
because little energy is fransported.

Another consequence of the potential well is a strong cooling mechanism for
electrons that is similar to evaporative cooling. For example, for water to evaporate, it

must be supplied the latent heat of vaporization. This heat 1s supplied by the remaining
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1800 times less than the electron thermalization time. This cooling

mechanism also reduces the radiation loss of electrons. This is

particularly important for advanced fuels, where radiation losses are

enhanced by fuel ions with an atomic number Z greater than 1; Z > 1. The

electrostatic field also affects ion transport. The majority of particle orbits
liquitt wrdoplashibdayeerod e apdtantol bbitd an thamadEsrigieydnigibrger
tenfPabifrcolizions withscatiering andles etween 90 and 180, £an GHANGR, for

a betatron orbit to a drift orbit. "As described above, the direction of
elegtytatiorhobtientinitvorit iptic teramine bbby vaden satition isetvwd eaperazElirth

drift and th jent drift, If the B drift domin h ift. orbit
T e s A N e
thedniftieabitn prates drilthte couptB editm ageretio difechbnowikiisad shtwintie

Figs. 13A and 13B. Fig. 13A shows a transition fram a betatron,orbit to a
TR SI8T5 a 10 Ol R E e A gl 078 “HR S
tengrbtitcontnues taudtdieimn then sharhegeficrdirastidvbecaudelihenbsx h
dif rift Qnginates.(f;i‘%_ 13B shows another 180 colli§iort1, bu%_in this case. th ;

TSRt SR e T R S R IR g A T B O T AR T P& GHIP it oY

1 8yt dtestinihicaurierdipmagheiitodirgatiomhlherdites iorcpidiatidn

of the drift orbit determines whether it is confined or not. A particle moving
rediit e GBI SIS S HA G e ﬂ@lﬁa?f*grréﬁsaﬁénﬁﬁéag&@f St Rl
whiakesdthgcpadicle teasmfra:ene andiohtheiffRe iethe athebeas artgfitithan 1;

of its parallel motion, is called transit time; thus, the drift orbits reach an

“ehd of the FRC in a time of the order of the transit time. As shown in

connetigRewihdrie L0 a1 e korants fareg shitherendsiohithefRGdR orbits in

confining only for drift orbits rotating in the diamagnetic 22 direction. After
thezplagasierend Othiehstatr r i tiftorbie roragli milipigns, that is, collisions

withQURIHAMACREHE icerton Ale 108k, THISCARSAOMRAARACEBHNSIAEA orbit.

loss mechanism for-ions, which is expected to have existed in all FRC

Asgiepeiraenbovn fhedireeheselonpeimeitbode fopiddarsteralpesfane
current and the electeons: carried the other. half, ln these candifians.the .

CO A SR B o g b s St ey s B iy dGminates,

thealwaystdorainated the &iamdsifetideneetiall. tHé defadis drifldoednaes, the

Jlarge-angle collisions were lost after a,.transit time. These experiments
i e A S P MG (A ] B GPE R Ly A and
13Blagsicabdiffusion £eMates.from a betatron orbit to a drift orbit due to a 180°

colliston, which occurs at the point 172. The drift orbit continues to rotate in the

diamagnetic direction because the £ x B drift dominates. Fig. 13B shows another 180°
collision, but in this case the electrostatic field is weak and the gradient drift dominates.
The drift orbit thus rotates in the counterdiamagnetic direction.

The direction of rotation of the drift orbit determines whether it is confined or
not. A particle moving in a drift orbit will also have a velocity paraliel to the FRC axis.
The time it takes the particle to go from one end of the FRC to the other, as a result of ifs
paraliel motion, is called transit time; thus, the drift orbits reach an end of the FRC in a
time of the order of the transit time. As shown in connection with Fig. 10A, the Lorentz

force at the ends of the FRC is confining only for drift orbits rotating in the diamagnetic
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If there is a strong electrostatic field, the E x B drift dominates the gradient
drift, and the drift orbits rotate in the diamagnetic direction. This was
shown above in connection with Fig. 13A. When these orbits reach the
ends of the FRC, they are reflected back into the region of closed field
lines by the Lorentz force; thus, they remain confined in the system. The

diresfeetrodtiticafietdsiirithe, otticling. besmnirsyste mbtiaydigisgamghenough, so

co Ut‘h}at_ &pa%l Ié xE icdﬁiif}ed K%irégtefgsghe gradient drift. Thus, the electrostatic field
of the syg{'em would avoid 10h transport by eliminating this ion loss

mechanishepwhishvisasinildy fora loss medeinisanfirromdeviteh Anathetted to

aspect of ion,diffusion can be appreciated by considering the effect of.
b e AR T R e ok el B . AR i hel
of thetatramiorhdt (il 2eEigni 4Brsbovis theesame anbihdsk2wiagishb-arglgc

electron-ion collisions are considered 174; Fig. 14C shows the orbit of

ficlgigsuissho nbiweg forsanaetiiiat iwdohgaradipn fiior brisriaménaied thig < 5
drift R shans the arbit abRig,s48.lweg é%r%%&ﬂ%ﬂ?%ﬁ%}’e%ﬁ%ﬁ%@i

twenty 178. It can be seen that the topology of betatron orbits does not
trarshisiige. dlkcts srvatianagle raletadviot Collisiormshibwevers thetartiplittitesc

preﬁfcttlaﬁiﬁ){ré’lqé@l ol Jﬂiﬁ&? &rt%/%égjth time. In fact, the orbits shown in
1 t

Figs. 14A to 14D fatten out with time, which indicates classical diffusion.
Forfatier of sherbRGIeanventionalprRegtlure saugedda fones ahERGdient drift,
rimarjly employ the theta pinch- field reversal procedure. In this )
end VAN SR ARt dn 6 CRAIREHCHER 98 ap Pl d B SR AR Coiks
corfTRsIN GG B neutral gashacksfilestchambern. Ongedhishasoaaeired,

the 23 gas is ionized and the bias magnetic field is frozen in the plasma.
reflqeise brekdutraicireaien ektdened E6id fosapialséeratilarsg:thps, they remain

corffRRAsHeheQapied magnetic field lines connect with the previously frozen
lines to form the closed topology of the FRC (see Fig. 3). This formation

procEls skeraiernfie Apitcal BagHEHB e Risd SHEEt Hie heaiopg enough, so
ntrallin formation of the ERC. T thod h oor reproduycipjlit
e o erikE CAPAIT) S APALEN 9K KorhP St IR R VAT O 10
syshaethadsdofthel presenkpurebiiefiallow:forldmiphe |eantrallandiprovidehds
SiIri:lguch more transe[)arent and rerﬁ)roducible process. In fact, the FRC

Pmad ?lsﬁhcé)?ﬁ Ph%gg%?rtﬁsv f&sent invention can be tuned and its

shapmathvelgt of ion diffusion can be appreciated by considering the effect of
small-angle, electron-ion collisions on betatron orbits. Fig. 14A shows a betatron orbit
112; Fig. 14B shows the same orbit 112 when small-angle electron-ion collisions are
considered 174; Fig. 14C shows the orbit of Fig. 14B followed for a time that is longer
by a factor of ten 176; and Fig. 14D shows the orbit of Fig. 14B foliowed for a time
longer by a factor of twenty 178. It can be seen that the topology of betatron orbits does
not change due to small-angle, electron-ion collisions; however, the amplitude of their
radial oscillations grows with time. In fact, the orbits shown in Figs. 14A to 14D fatten
out with time, which indicates classical diffusion.

Formation of the FRC

Conventional procedures used to form a FRC primarily employ the theta pinch-
field reversal procedure. In this conventional method, a bias magnetic field is applied by

external coils surrounding a neutral gas back-filled chamber. Once this has occurred, the
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other properties can be directly influenced by manipulation of the
magnetic field applied by the outer field coils 325. Formation of the FRC
by methods of the present inventions also results in the formation of the
electric field and potential well in the manner described in detail above.
Moreover, the present methods can be easily extended to accelerate the

gaspRICNE T artonfeler parenstelisidn figrneinchsyplaeneurests emeprrent in the
extBIMARLRY ‘?Qﬁ%liﬁﬁn@gﬁe@ el AnSIGH LRI EMER PLUNG NS eld tines connect

Furthermore, the technique can be employed in a compact device and is

withehg mm_@p@ly Wetcadiagsyotooimplensérsed ainoigisly ofebigdiRE (see Fig. 3).
Thigqg{:ﬁl%@g}? F&EQE {e %&%@ﬁf )éi?é ﬂh?ai' Qnt@ ﬁlgtr:g %9@%%%&)%9 Rb F%%gns of

formation relates to thecirculating plasma beam 335. It can
comysphagidte dothiaatihe eiribul&Rig plasmatbedim3gboberaodecibisity eudrent,
tun%e%te%b"’hﬂmosi%alj n: .netic field, as would an electrical current in a
eireutar wird. Thside " the circulating plasma beam 335, the magnetic
self-fietdithrattitiindkiR €sfoppasesiththestefnatdyappliictd wagnetit dieltbdueple

uter ccpil 325. Outsigg the grlasma beam 33§ the ma

t e neti
contigt sl PrOvdE SIORelmGre eanSRCH A5 EEHIANCIRl e ot R o, e FRC

forplesmathenetisreltds tufficientydesgeothasei-fislelover tortesEns well as

applied field, and the magnetic field reverses inside the circulating. plasma.
o R ik K SO G A SH N R S i
by e teguiements for fisls-iexarsalr een frecestimateeavith dsinplaiadskions
Coﬁr@'der an electric current Ip carried by a ring of major radius ro and

alsQ A the d0T3a%AR HhndtietHe iacl] i earBiBrtsE HhighB#haRto
dedfieb i ehi 8By FaBOR/ (RISeohaS ua e iiahihectinaicuient A NBalRe/2e)

is carried by N%, ions that have an angular velocity QO. For a single ion
3GC€ﬂﬁéaiaﬁ}%rgfgi$éaiE@?EpE1W@@¥W§ apbliel Ry Juctyursergn and
ad VEBELRREY Jeh R & Ralmagnelia skt AssUme QI CIRI& chnique

velocity of the beam ions. Field reversal is defined as NPeQO B1, _
canboEpAgycfolt B ATigiR NP R rtTRIshAY Mk, (@YY Rl -
all iR BekADIt-HaadQrk8 GRREL RS QRBGam energy is 2 m, Vo2 . Inthe

one-
In the present methods, FRC formation relates to the circulating plasma beam

335. H can be appreciated that the circulating plasma beam 335, because it is a current,
creates a poloidal magnetic field, as would an electrical current in a circular wire. Inside
the circulating plasma beam 335, the magnetic self-field that it induces opposes the
externally applied magnetic field due to the outer coil 325, Outside the plasma beam
335, the magnetic self-field is in the same direction as the applied magnetic field. When
the plasma ion current is sufficiently large, the self-field overcomes the applied field, and
the magnetic field reverses inside the circulating plasma beam 335, thereby forming the
FRC topology as shown in Figs. 3 and 5.

The requirements for field reversal can be estimated with a simple model,
Consider an electric current /p carried by a ring of major radius g and minor radius g <<
ro. The magnetic field at the center of the ring normal to the ring is B, = 2nlp/{cr,).
Assume that the ring current Ip = N,e(Qy/27) is carried by N, ions that have an angular

velocity p. For a single ion circulating at radius r¢ = Fo/Qq, £y = eBo/myc is the

24



dimensional model, the magnetic field from the plasma current is BP =
(27tlc)i2, where iP is current per unit of length. The field reversal
requirement is ir, > eVO0/rtrOa,1 = 0.225 kA/cm, where Bo =69.3 G and z
m1VO0, = 100 eV. For a model with periodic rings and Bz is averaged over
the axial coordinate KBz) = (27r / ¢)(1, / s) (s is the ring spacing), if s = r0,
cycthizomadetuetiithhayextirenshmesaveedgpdagietivfield@s the vymerge velocity
' i |_with iP. = bined Beam/Betatron Formation
Of@%@%ﬁ%ﬁ%%ﬁﬂ%ﬁ%& %négtséi(?%%(g;rgrﬂng a FRC within the confinement
system 300 described above is herdipetermed the combined
beam/betatron technique. ThisBapﬁrﬁe'}c'p—cﬁr%ﬁbnes low energy beams of (3)
plasma. ions with betatron acceleratiofi using the betatron flux coil 320.
whithedipstesteptivihis metheskis to inject a. substantially annular cloud layer
of background plasma in the chamber 310 using the background plasma
sources 345. Outer coil 325 produges,a“fagnetic field inside the chamber (4)
310, which magnetizes the backgrolindsstasma. At short intervals, low
energy ign beams are injected into the chamber 310 through the injector
wheysres 340’ substahfidlly tanswe e theHendsgarmaligrapslett Magheflectisier
. withjn the chamber 310. As explained above, the ion beams are trapped |
dl@ﬁﬁﬁﬁﬂﬂﬂ%éﬂ@ﬁﬁhﬁ&ﬁ%ﬁ@ﬁwﬁﬁﬁ BERTHR RIASHRMSY TSl i ddrietic e, Yhere &
is dARaRERAMSINAY IBRgENeTRled By AR QN ﬁﬁﬁﬁl&%ﬁrié‘g 6ha%/aR o, = 0.225
accelerator comprising an ion diode and a Marx generator. (see R.B.
kA Nilewh&re BtroddctiénatwltherPhy sidd O fivte Fise a@hatgedibartictal Beargsand B.
(1982)). As one of skill in the art can appreciate, the applied magnetic
is fystasmill exetha {%@éﬁ%@i@@%ﬁﬁﬁeﬁ%%phﬁ dan B seerfpacing), if s =
enters the 25 chamber 310; however, it is desired that the beam not
7o HERQRIENHYS AGT EHtEF R BEBRSHUIBIE IinbiPth @SS Baa A Rsshg e del
witﬁiﬁgwa;mg plasma beam 335. To solve this problem, the ion beams are
neutralized with electrons and, as illustrated in Fig. 15, when the ion
QN 1011

P SBEE e HPSHER A A SidRYiate magnetic field, such as the

unidigegtional eprlicsimeanglis JisdprithinnthaichamBarale: fhadpoesiively
charged ions and negatively charged electrons separate. The ion beam

desgBhef g YEd biReE BNt IBsH it e onsH 2saoH R R s sy Retidifetgproac
cork PiSNRANETiG field Also MM HeRIAAYERI HY a1 P a R REURAN 8 BL T8 Rk atron

or by an electromagnet along the path of the ion beam. When
fluggegettently introduced into the confinement chamber 310, the resultant

electic.figld step in this method is to inject a substantially annular cloud layer of

background plasma in the chamber 310 using the background plasma sources 345. Outer
coil 325 produces a magnetic ficld inside the chamber 310, which magnetizes the
background plasma. At short intervals, low energy ion beams are injected into the
chamber 310 through the injector ports 340 substantially transverse to the externally
applied magnetic field within the chamber 310. As explained above, the ion beams are
trapped within the chamber 310 in large betatron orbits by this magnetic field. The ion
beams may be generated by an ion accelerator, such as an accelerator comprising an ion
diode and a Marx generator. (see R.B. Miller, An Introduction to the Physics of Intense
Charged Particle Beams, (1982)). As one of skill in the art can appreciate, the applied

magnetic field will exert a Lorentz force on the injected ion beam as soon as it enters the
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balances the magnetic force on the beam patrticles, allowing the ion beam
to drift undeflected. Fig. 16 shows a head-on view of the ion beam 350 as
it contacts the plasma 335. As depicted, electrons from the plasma 335
travel along magnetic field lines into or out of the beam 350, which
thereby drains the beam'’s electric polarization. When the beam is no

chapghge? Hlebaieaiiy pbiadesiacdibap b iama thd ity and dhsasmameam
betaooh ﬁ}lﬁt?&ﬁ%ﬁrﬁ{é ashibaraurding H{éﬂﬁi{?lﬁa%?ﬂg P23 ShaWRLN Figs e this

(see also Fig. 5). When the plasma beam 335 travels in its betatron orbit,
proffenm gvingribaereomprisetralicadrenth weittoirs tnd givillavisdadia Puloldawhen

the RAGNEHE SR0aI Loy Qﬁ?&éﬁ%@ﬂ%’%&%ﬁ?&e}%? RtindhG champer 310

it IS necessary to increase ve ma beam 335, thus
uniffierelasiab angindayaiude dicldeymbigribticlseiftie 3 thahthe plasrhachewged ions
35 causes. When the magnetic self-field is lar ugh, the direction of
A e G R e SO e Al
sclbpalmi33Gorederseshgiving clisditdda FRE(Geetkidsl3 dndb)ylbeambaced by,

appreciated that, to maintain the radial distance of the circulating plas
c Sp A TS BAR TEBG i I BT NS R LR By Vo
subsageetic fetddion the duwienatil SREnastateirculatihg plagma: deancIaid

increases in velocity. A control system.is thus provided for maintaining an
bl B ARSI ot e AT SIS Bl TR A5 dRD ATBTIGR
undufieste0il Bigd1 cAlernati el -arserangrala b EOkARAYPe dsseddarprevideplasma
the additional %Eplied magnetic field that is required to maintain the radius
(&

33t thiedsRiSHh PEERPLSHER LR HRAIer AT RO M Faage tirelriid g dto or
outbe Gireating Mlagna bR 33k HR.thilnthelReRtmMfivxeall R84S the

provided. Referring to Fig. 17, it can be appreciated that increasing a

beagp s 1ARSGLH SHE ttE et cTie PPompy Ridbeds Haln s mtiives bispe 35
in ABUMMHRLalacis figltFrinside thechamiendia. ikheposiiel.shasgsd

ions in the plasma beam 335 are accelerated by this induced electric

field We&8iHy Pare1a Pevdrdab asabshribebeatsreoiihdhdarryEnangsomprise
a cHRGD A6 Betializer aNHLURLIZEHL REIAGSEHBST POV 216 adderiafberc

circulating plasma beam 335, the plasma beam 335.depolarizes the ion

toppéeayisviton fieddhavdaal L thét draatativgyplasectisdhs 38B Etprdfdraplysma
e b T e rel v Eonoha e bean
33@im%@aﬁinwmsmam@amtmlﬁm@fé&éme ancethr sbediivetboue DO kenetic
ﬁe%neg Pl gﬁ&%@{g&g@ﬁgﬂp&g Q%Q%Lftsl\Qthfr? %éop?’ziginl\a{l %gzim 335 reverses, giving
rise to a FRC. (See Figs. 3 and 5). It can be appreciated that, to maintain the radial
distance of the circulating plasma beam 335 in the betatron orbit, it is necessary to
increase the applied magnetic field from the outer coil 325 as the circulating plasma
beam 335 increases in velocity. A control system is thus provided for maintaining an
appropriate applied magnetic field, dictated by the cuarrent through the outer coil 325.
Alternatively, a second outer coil may be used to provide the additional applied magnetic
field that is required to maintain the radius of the plasma beam’s orbit as it is accelerated.
To increase the velocity of the circulating plasma beam 335 in its orbit, the

betatron flux coil 320 is provided. Referring to Fig. 17, it can be appreciated that

increasing a current through the betatron flux coil 320, by Ampere’s Law, induces an
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FRC formation was successfully demonstrated utilizing the combined
beam/betatron formation technique. The combined beam/betatron
formation technique was performed experimentally in a chamber 1 in in
diameter and 1.5 in in length using an externally applied magnetic field of

_up to 500 G, a magnetic field from the rotating plasma induced by the
aziipetasiondiincdedl 820 ofsufs tbSck@nberBalatbamositivdwehergabroninithibe
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ion beam was a neutralize gen beam having a
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confinement system 300 depicted in Fig, 1, except that the,injection
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320 mounted in the center and along the axis of the.chamber 310. Due to
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bedRAVGIRRGE[ARRACWINRRIGAYRET e ahAfsaLBlaRAMELSAUIER NS &lBWique
LC time constant, which enables rapid ramp up of the current in the flux
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as radial magnetic field components near the ends to axially confine the
plapm@m_éuﬁﬁrédmdhmhﬁm@nﬁhrm@eﬂﬁ@.om@siﬁﬁﬁi:ien@ Faghetie field2is 1 _0”°
torESE%‘*%ﬂé@ﬁeHﬁ?e E“Eﬁgp%g}%gﬁ%ﬁrﬁ%%%?%? a3§e%§£§o%@8fg'é§d el
own power supplies. Plasma emanating from the guns streams along the
beanialaguidedfieldzan dispreatststightydue tdéssignperatuid) Asrthezpltabmiay of

2 o S RILF P P EBTa Sl ik P IS € ELigheek A
obibisdaoint the betatron flux coil 320 is energized. The rapidly rising current
Bein the cqil 320 calé%gis gefast changing axial flux in the coil's interior. By

Another preferred method of forming a FRC within the confinement system 300
1s herein termed the betatron formation technique. This techunique is based on driving the
betatron induced current directly to accelerate a circulating plasma beam 335 using the
betatron flux coil 320. A preferred embodiment of this technique uses the confinement
system 300 depicted in Fig. 1, except that the injection of low energy ion beams is not
necessary.

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

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

fieldP e dhbiutavenjieraxdity EREtderfialanEesdupleer sizihe bisargethal field

iRayyelagin 13330, GAUSRT AR OMOHVE J0MG8 WIIED el
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cgrried by the rotating plasma gives rise to a self magnetic field. The
Of%(ﬁeiéﬁ h &8%&%&&?1“—‘%@%8%89%55 ts in-when the self magnetic field
creatadiiy b cliig @atindh €liptasna fayercbeqones Tapparalyiedtth@irrent in

applied magneti fieflgﬂfrom the external field coils 325, 330. At this point
th%%}bﬁ%ﬂ&ﬁf@é&ﬁf@%t AR A h AL S PRI TREIO6H 1R Yty of inductive

effettamatyRiaguecas: magnatigutield bagin tecaloseAand tarmithakR eI field
surfacesré)zee Figs. 3 and 5). The base FRC established by this method

E (sshibas hoadiehisgretetita sige partehtbn Sgics th B aMaypriaity not

eqBIGRCIRIS BIQMRRIRIE RINGRBIRPRIBES IRV ASHRSHNGUGINS of the
electric acceleration field will persist, as long as the current in the betatron

magnsticoll Bouwentifuedlid hcrdagierfeiarp o HtenTHE EHaTterhikicad to a

str&@%%ﬂ&i@“ﬂ&l@e energy and total magnetic field strength of the FRC
continues to grow. The extent of this process is, thus, primarily limited by

the ﬂ[_h@ coiueBYRY StRapty, dereahtialdel @g}n}é_smhwhfé'ﬁ@dmﬂﬁi@%in the
D o e b e W Bt
platiseadirperatiterplasnty beam e85y pref@rabhrsicestchatfdstorciotational
o R e S e Rl
to ibepheferablywaccelendied:o aivolsr 200 kevedachpreferabitydod nainge etonds)
wiﬁ%ggﬁ&tgﬁykﬁ%tl%e% :f)'ol\{lo%vdurrent. Referring to Fig. 18, this electric field E
accelerates the electrons and ions in opposite directions. Once both species reach their
terminal velocities, current is carried about equally by 1ons and electrons.

As noted above, the current carried by the rotating plasma gives rise to a self
magnetic field. The creation of the actual FRC topology sets in when the self magnetic
field created by the current in the plasma layer becomes comparable to the applied
magnetic field from the external field coils 325, 330. At this point magnetic
reconnection occurs and the open field lines of the initial externally produced magnetic
field begin to close and form the FRC flux surfaces (sce Figs. 3 and 3).

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

particie energies that are typically not at reactor relevant operating parameters. However,
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When ion beams are added to the circulating plasma beam 335, as
described above, the plasma beam 335 depolarizes the ion beams. FRC
formation utilizing the betatron formation technique was successfully
demonstrated at the following parameter levels: Vacuum chamber
dimensions: about 1 in diameter, 1.5 in length. Betatron coil radius of 10
the ndudBieseherorbiraatitsion 20ldmii IMeansexte tnag rrdl nstic el dhphsdudeidon

ANk c chambe R 10 100 Gauss, with mMp-up. peri
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SRR S B0 A oF ORI AT GURHALA T rculen
fashion ilside ibs 4hiwnbecuzash tallectiean’8 Plinsstaathoutdeaad to a

one af the two mirror coil assemblies. The guns were azimuthally spaced
fotﬁrﬂoa}%lefaﬁr&%ﬁﬁﬁ%%éiﬂ %‘Auaaﬁéﬁéﬂ%@ﬁvé% fRBEGiRer Rt Trid o 129 eV,
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created an _annular plasma layer. 29 Upon establishment of this Iaﬂyer, the
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WHNINGS fRUSG AfINGT easeiBulninpidedh e &ail 3WRiGh [avMeLHERRe R the
azimuthal electric field curling around the betatron coil. Quick ramp-up

plagiia prght dir it bBtatrerPRER toil produced a strong electric field,
whigt ageaiefated.ine ANl Riasmadayss andhsralydnduged &y

sizeable current. Sufficiently strong plasma current produced a magnetic
dengerfsiralgdishtisltoléortihe psaensiirieupplied field and caused the creation

qf the fieldyersed aaniauiAton, Retalled measureaG, with B-dot

loops identified the extent, strength and duration of the n example
of tyPitalrdatavis siown bithe.traces of B-dot probe signals in Fig. 19.
The ata curve A represents the absolute strength of the axial component
St thé HLgTERiL ’fﬁgﬁ%\?ﬁé &Xial mid-plane (75 cm from either end plate)

of therexpetimemMalagnetic field produced in the vacuum chamber was up to 100

Gauss, with a ramp-up period of 150 us and a mirror ratio of 2 to 1. (Source:

Outer coils and betatron coils).

e The background plasma (substantially Hydrogen gas) was characterized by a
mean density of about 10" em”, kinetic temperature of tess than 10 eV.

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

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

annular plasma layer.
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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 curve B data
set HEpILESARiIshAGHENE Hhél dayie M Patsad gt iter Srrtgiacthy Bising
currbR€irt@Bneiaady IRFIGRES 1bats.naeimagnelcdield fg¥e $8% oil, which

orientation (is negative) between about 23 and 47 .is, while the outer field
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reached in the betatron colil, the induced current in the fuel plasma layer
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basé i RGopdatedpyciidmeatixhd woahnlrbccasiys acdeldvatedHo sgnels in Fig.

ired level of rotational ener n agnetic field strength. This is
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mafietibérids: ihdustivenRhpreS0litoe The brtairendasidibesitibetaicamental
FRC formation techniques describe above, both 3Q rely on imparti
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strdhansianmesxthecihpsadrperfarms dhe-dutiesiofithe prmanyt windings-efiheand
transformer, while the plasma acts as the secondary windings. For this
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becomes less resistive and, thus, more conductive as its temperature
cunyichoddaseriiteinisrmesacst Siskhig et puRddaPpdradishr ptapslarer. The
datiRRAMQRN HISANGL1QIR RIS HegRes. dRigraiRassUissinalon (Whichisd

function of electron-ion collisions. In essence, dissipation is due to

betpaegataimig ANk 44 eausBHOpe itiohcld s esHiBRIHEY $hithighey #RBreverse
ori SRUIRIAN FIRAUBRRE MR Higher e eSS imT i IS AL R e RONREHVE coil.

phenomena in a plasma, where the coulomb collision cross-section is
OnpsrpedlecTin solistbadiiaduehelriteieqatethe induced current in the fuel plasma

layer starts to decrease and the FRC rapidly decays. Up to now the lifetime of the FRC 1s
limited by the energy that can be stored in the experiment. As with the injection and
trapping experiments, the system can be upgraded to provide longer FRC lifetime and
acceleration to reactor relevant parameters.

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

Inductive Plasma Source

The betatron and beam/betatron FRC formation techniques describe above, both
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at which successive collisions occur) is essentially a function of density,
screened coulomb scattering cross-section and thermal (or average)
velocity of the colliding/scattering charges, i.e.: v,=nav. By definition v
scales with T™3, a is proportional to v-4 or, thus, T-2. The collision
frequency v. is, therefore, proportional to nT-312. The resistivity is related

relyGHE BB AP g UeRCPEYE VoM NeEMpXCR ctHEX refdistrfty Asralogous to a
rarRGRAGHANR /TR TCH %8N ROIRb . iRdePeRdSahel e R gt SIIRAL RS Emer,

of the fact that even though the number of charge carriers increases with
whigefsiflate MifmsdPopeeitarny cdiers frrr&asdadastivelsy TS ohTaEr
efﬁ@éﬂﬁ?,fﬂtwﬁﬁﬁéﬁ%‘% fighak Rlasmaconguetiyihanag less dissipative

losses. To achieve better performance with regard to confinement in an

FRG ot tplasnsal isotdesdioresiiyityrdédirabld asmtHeceamesdbihecREG ©
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dis 4ation, wWilicil 15 & JUncCtion CC%OI}:—}OD collis] nsl. ES8Enee, dissipation 1s due

Bhce less curren osss) andehlg er magneﬁc?le d s%reng%ﬁ (the stronger

to rthestaure thibie invamscsidiffiddirohdeguatbsétestron tephpe théura Itkicimg
_initial plasma formation and _before.the flux coil is.engaged will lead to
eSS D NP P REN O 1 e P LR oy e
whigergduce ihelfennation @bazinuihalimage edrréntscisilibiendiambernwald) rate

This in turn will result in enhanced betatron agceleration. (less resistivit
ot YOS TS BSOS SRt SPEARAY ARTFr BiF e BlNs IS AR

couagmaheatingak{sesieohiialinparted diwalionaioseigy as
represented by the rotating current flow will thermalize and tuyp to
collisirfpiibiTERsy hiNHRatéty Yeatfy IYHEARMEBY tHEPRISHR By t2 Hlux
pro?%ﬂ@joﬂ’ﬂ'%‘xw'%mﬁ‘é&q@”ﬂ}{é REIRESE e iaslecto %%Péﬁ*éf@,’(]p? Briel 1o
0 higher temperature), reduce dissipation (less resistivity) and allow
nT Ultinidtetysiori thie ixttaintréint tbé higherFREfietds thigeroireantidess tee
stronger fields).. To achieve better initial plasma temperature, an inductiy
e e R R R RSB o
theifdtithive: ptagihmargo tiiced:0bE ist chergetahieandtinicr¢theechathlden840 About
e entﬁ of %he flux coil 320 and includﬁs singge turn shock coillas emgiﬁher

T ST A By 2 UM BB S T8 RO oW
piasmarcﬁaﬂmtishp\mﬁ.ib_l;et_dﬁraimsgcﬂ@ekeas Hydrogen (or other appr_opriate
gasepus fusion fuel). s niroduced nto the source, 1010 through irect gas
plasma is, therefore, highly desirable. In the case of the PEG system, enhanced electron
temperature leads to improved FRC startup (the better a conductor the plasma becomes,
the better the inductive coupling between the plasma and flux coil), better current
sustainment (reduced plasma resistivity leads to less frictional/dissipative losses and
hence less current loss) and higher magnetic field strength (the stronger the current, the
more self-field). Adequate electron temperature during initial plasma formation and
before the flux coil is engaged will lead to better coupling of the flux coil to the plasma
{which advantageously tends to reduce the formation of azimuthal image currents in the

chamber wall). This in turn will result in enhanced betatron acceleration (less resistivity

leads to better inductive transfer of energy from flux coil to plasma) and plasma heating
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Laval nozzle 1020. The gas flow is controlled preferably by sets of ultra

fast puff valves to produce a clean shock front. Once the gas emanates

from the nozzle 1020 and distributes itself over the surface of the coil

windings 1040 of the shock coil 1030, the windings 1040 are energized.

The ultra fast current and flux ramp-up in the low inductance shock coil
(som30 thadstorted dietighdlentricyfislcepvithin tthiebyabahathntapsesrent flow will

breakdown, ionization and subsequent ejection. of the formed plasma fro
e e L RR L RO SRR o
fhtreaipreferce avd mbboskment | thecstocklaoibd @3&compritemanmanidiartdisgher

shaped . body 1032 bounded by an outer ring, 1034 formed about jts outer
e B R o R et e B e
of iinbet OB4 ahdd b ib3textandlcakially-bayantkthe surface of the body

1032 forming the edges of a open top annular channel 1035. The body
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proigidiedaganpidiction [bamappmBiaid POO; cROdURINE Matehal With.goow is

vacuum properties and low outgassing properties such as glass,
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sindRk2ris perietablycempied: o tha i ng OBk el shock: @l HA30 tenlmits-15

the produced plasma from drifting radially. Each section 1014 of the
kVERRI 1O ecim: SRS pIUNSH Eé&i%ﬁﬂ%‘é&&é&@ﬁ?@%@%@@@l@%ﬂm

sasRBEsbBAcseRtion dAt4dnalydr-AmAUNTNG REAGKS! 443 hE8Lal via o
windings 1040 are preferably affixed to the face of the coil body 1032 in

Lagy weednahtiel Tossassiingrapssytor ssmectrblabyrepriftelaaesipatitglves
to ARHRIR RS SlecHAxmRgNeln COAAEIRNISICS. ftaS SNAck 62t 989 I3

_important to keep its inductance as” low as possible. This is achieved by
disyydntpagdhormndarsiieoill tbaguakpodsisie] ¢ welhashogkdieg tAékdiic

- iple stran ] 42 that are; in l. In an
Ry beHEaer, s o oo B 38 BardneP S AELS,
mdyitento4Rodachilofidhihdxecutsdydnel obpiihé adrestlioaR gt e ginisces

at entry poinis,. 1044 that are located.preferably about 15 degrees,apart
b e e A A R e of
theethoirklirgl (UFR0ab@xitdsolnt sk 606 ththehanrter radius of the body 1032.

The coil windings 1049, inerefpre, cover Ihpepure area between N8, dhaped
dges o ch R8s rePeraB?y, t

innernaah%r%ﬁ er edges o anhe roups o SI rands
bodpi3areccaiatbiesh tatheisanmesdafacityatsioragetiankclivgeneasal,an
anB G EAN 08 1 0 A S aNaS 042 hery. The ring 1034 and hub 1036 extend
axially beyond the surface of the body 1032 forming the edges of a open top annular
channel 1035. The body 1032, ring 1034 and hub 1036 are preferably formed through
unitary molded construction of an appropriate non-conductive material with good
vacuum properties and low outgassing properties such as glass, plexiglass, pirex, quartz,
ceramics or the like.

A multi-sectioned shroud 1012 is preferably coupled to the ring 1034 of the shock

coil 1030 to limit the produced plasma from drifting radially. Each section 1014 of the
shroud 1012 includes a plurality of axially extending fingers 1016. The ends of each

section 1014 include a mounting bracket 1015, -

The coil windings 1040 are preferably affixed to the face of the coil body 1032 in
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from the same capacitive storage bank or, as in an exemplary

embodiment, 8 groups of 3 strands 1042 each are connected together

and commonly fed by one of 2 separate capacitive storage banks. An

annular disc-shaped nozzle body 1022 is coupled about its inner

perimeter to the hub 1036 to form the Laval nozzle 1020. The surface
the zhgunek R resiziecpody A0Z2n¢At therhb 1 O3dh s anlexpaditest clectro-
mafRidRegionsalie definpg A0 Ann1RRaas RIGAUD A REWEER MR ance s

surface 1024 and the face 1037 of the hub 1036. Adjacent the outer
lovperipirsiylof tHasnozzledyedypt 02 ctheisurfave 102 kad 4040 as possible, as

ntragting-to-ex ' rofile definin azimuthal ndin .
w0 e R B 0t PP o i
pardldd7 bf thetarpl o3 enittdonentioithendppdsitesida sl the fuklitDS6aisla of
. valye.seat.ring 1050 with several valve.seats 1054 formed in.the outer .

i B O e SR SRt TR et TR PR Rl oo
104hdnets bo52dgirtechthivaibghtth® dugpe2O36atroopeeation, eiirabgadtis body
10 ed C}t1hrou ultra fast puff valves. in the valve. seats ]@gg)l to the 9as  tius of

EhaHhetd 108208 AY IHFSOEH B 1S 1036 BREA S Spihfis Mner radius o
theGUIStIORDY Py tioil ofitldenao2PEN0IHIEE O 3othe Yasiehnesta tegddaiahe
. and fill the apnular plenu 5 prigr to emanating from the nozzle 1020.
inn na@éim&eggé%m% el g i e RO T R AT REATE Goapected
to fhessuifaspitbe soihwindingsm 480l thevehack erikdOR0: thewimdings

1040 are energized. The ultra fast current and flux ramp-up in the low

frojp fhic £3RGEC8 AR ot 1198 NERHS toPd Wty FiGR IR RE Refdmeibis Sttme of 3
strARR ihabcausesisatdawn. iRpization ansdsubseauent siectonofdhe.
formed plasma from the surface of the shock coil 1030 towards the center
Ca@ﬁﬂéec%%ﬁ%ﬁfek?agf@. The current ramp-up is preferably well synchronized
in allsirands.| 042 oF QroURs, AL %Héfgﬁzqug%éﬁ ieﬂ.rgﬁmm%%? p&ifited: o

together. Another option that is possible and potentially advantageous, is

thetpuiré Uifférdnrgroapeivt trambs 4L biffehertethes! IRt carrie body 1022
facgr)@f'ﬁl%r Al aagtitied Qﬁé‘élﬁﬁﬁge&%%@%f? et Qrauns of SHANdS H9%enun

ire . different groups of strands at different times. When firing différent

H0Yrdepresh shaptisaae Hiffdrant thaésd 193mpbdrantte Hidtip Adiandy theouter
0 rr ti imuth ic.and. provi :
o G Bt B S s
profilegeidtt anamyngiven! pewengulséalnlthisdastzidn uidgpdSSibleettoeen the
sudIE2E34 53 e, conseenfiye By digypet lasma pulses. The delay
between pulses'is
Attached to the oppostte side of the hub 1036 is a valve seat ring 1050 with

several valve seats 1054 formed in the outer face of the ring 1050. The valve seats 1054
are aligned with gas feed channels 1052 formed through the hub 1036,

In operation, neutral gas is feed through ultra fast puff valves in the valve seats
1054 to the gas channels 1052 extending through the hub 1036. Because of the
constricting portion of the nozzle outlet 1023, the gas tends to feed into and fill the
annular plenum 1025 prior to emanating from the nozzle 1020. Once the gas emanates
from the nozzle 1020 and distributes itself over the surface of the coil windings 1040 of
the shock coil 1030, the windings 1040 are energized. The ultra fast current and flux

ramp-up in the low inductance shock coil 1030 leads to a very high electric field within
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limited by how much neutral gas is available. In practice, it is possible to

fire such pulses between about 5 and 600 micro-seconds apatrt. In

practice, the input operating parameters are preferably as follows:

Charging Voltage: about 10 to 25 kV split supply Current: up to about 50

KA total current through all windings combined Pulse/Rise Time: up to
thegho th enicrodecdnbisyGasPressura bhbetqRonto:Botpsi Pidhefarsizd:plasma
irofNRULAPR LRI VAN 0Py AR OB EMA-REL gasglyme per

shot In'an exemplary embodiment, the input operating parameters were

as fdllovwsrr@hargingvoltagerdid tovill kvidplitnsugily allestrinain 0422k twoups
of SEERLV CHITRNL. 2104 8.\ DL roun of 3 srandsyle 46,1088 LA ang

current rougah Al win INgs combimed PulSe/RiSé 1ime: to 1
potmitatisechadsigtas, Ryessirradiftsdot 3oopss BanumisiziedBier¢ot liom3 pedelay

lve -j.e.: 4 to 8 cm3 total lurr; hot The pl b
o e R S R SRR P B s Y e
diffasameters noledahoyditasdhaifalownpeadyaniag eus charastefstiasds at

_Pensity -4x1013 cni 3 Temperature -40-20 eV 34 Annular scale - 40-50
difiGeietd: SIERPHARVEISERP Bitelay: DaSHRAE R ARgement I

aziPRERHATANEhRe SAT eRLRHLY, e shape, obthe eMeringRlasMadsoil 1040
annular and has a diameter tending to equal the rotating plasma annulus

WIBIHESR FETYHNEH R AP Rty esm v s Jehinadttivep ssible
to GASEA RAWERS dQLAArR Seferabipiacethonritherrxiaispd @6t pulses is

~ chamber 310 and preferably fired in parallel. The two formed plasma
limdfedryUor draich Boydn eowrasikidlsedterartive: dhizmpey e do Wrerach

pulfiRnionnthe snnylallaye ot Rlaum diabisthen accelerated by the flux
coil 320 as described above. RF Drive For lons and Electrons in FRC A

RF domemigeiv@canetonesiorsarkr mastiveencarfiopbly for IFRe$in which
the Charging Voltage: about 10 to 25 kV split supply
Current: up to about 50 kA total current through all windings combined
Pulse/Rise Time: up to about 2 microseconds
Gas Pressure: about -20 to 50 psi
Plenum size: about 0.5 to 1 cm’ per valve - 1.e.: about 4 to 8 cm” total gas volume
per shot
In an exemplary embodiment, the input operating parameters were as follows:
Chargmg Voltage: 12 to 17 kV split supply, t.e.: from -12 kV to +12 kV
Current: 2 to 4.5 kA per group of 3 strands, i.¢.: 16 to 36 kA total current through
all windings combined
Pulse/Rise Time: 1 to 1.5 microseconds
(Gas Pressure: -15 to 30 pst
Plenum size: 0.5 to 1 em’ per valve - i.e.: 4 to 8 cm’ total gas volume per shot
The plasma created by this operational method of the inductive plasma source
1010 using the parameters noted above has the following advantageous characteristics:
Density ~4x10" ¢cm™

Temperature ~10-20 eV
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current is carried mainly by electrons. It involves a rotating radial magnetic

field produced by two phased antennas. The electrons are magnetized

and frozen to the rotating magnetic field lines. This maintains the current

until Coulomb collisions of the ions with electrons cause the ions to be

accelerated and reduce the current. The rotomak, however, is not

suitdbIE6E sealftaitfingthid iesieindefinitely, but it has been successful

for milliseaards. ithe EREsef the present system the current is mainly

carried by ions that are in betatron orbits which would not be frozen to
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eﬁ%railei.
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Jh=etectroticotistonsEtectrons;*however, are accelerated by Coulomb

colligioRB witteiinaneascAndhis casa thenwayeemeshhang SHsPRET isloviath the
than the eJectron average velocity and the electrons will accelerate the

UGS %%@TB&B& RECIPS VBIBRIRNiSSIBLetting fRdialarsgetisficld

profiesitysevthahibal elaetions mustibadrvenatdwegiterent fiegneneies.
The higher frequency will be for ions and energy is preferablz;é?plied by

rotgHa S WBEASI EHElfIRTT oloitiitaie Gy cuBé et dcosdratd ¢dlisinas of the

ionff %Q@B&Mt:ﬁﬂ%@éﬁgﬁt@ﬁﬁ% @e%‘é@g&‘ﬂ@_@aﬁg 1@5&‘{@&:%@"&%&%@ hENUY i mak,
Fig. 21A and 21B. As depicted, the RF drive comprises a quadrupolar

hopg¥mitismatstabiatenmpin e dha sens 1olahe ¢xg fdusdieryate,

suzimuinally siymmeircal electrodes 1112 with gaps 1114 there between.
The quadrupole cyclotron 1110 preferably produces an electric potential

waveén thatidtates e tisssaniydrachiomsd eimmithe vebbity @figrs are in
be@%ﬁtow&e@}ﬁEh\(%)‘?lﬂﬂ‘roltq{ksfp&%ﬂﬁﬁoﬁr&ﬂ}ﬁgff?x%%geﬁ%rh@ﬁi traepedin s

wave, and reflecte
orbit ions are important for stability and classical diffusion. Instead of antennas,

electrodes are employed as in cyclotrons and the ions are driven by an electrostatic wave.
The problem is completely electrostatic because the frequency of the RF is less than 10
Megacycles so that the wavelength (30 m) is much longer than any dimension of the
plasma. Electrostatic fields can penetrate the FRC plasma much more easily than
clectromagnetic waves.

The electrostatic wave produced by the electrodes is designed to travel at a speed
that 15 close to the average azimuthal velocity of the ions, or of the electrons. If the wave
travels faster than the average speed of the ions, it will accelerate them and thereby
compensate for the drag due to the ion-electron collisions. Electrons, however, are
accelerated by Coulomb collisions with the ions. In this case the wave must have a speed

slower than the electron average velocity and the electrons will accelerate the wave., The
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periodically. This process increases the momentum and energy of the fuel

ions and this increase is conveyed to the fuel ions that are not trapped by

collisions. Fuel ions from the fuel plasma 335 may be replaced by

injecting neutrals at any convenient velocity. An alternative and

supplemental method to drive current is to augment the electrode system
aveydigh eldeitionedlmragriefiessi8lancitsay srgpositishiradtabo thahib ¢l ghecionn Spsmst

- lot 10, - re. dri f the fi- ;

B e 1Yo Thi ol b om e 1 L FuE Gere
is phefreabiowendicisb dddicatethab dligsitatBohe electodewgiycvetsiontracted at

the?\(/}v\intfglo%tema netic field coils 1116). In Fig. 21 C electrodes are illustrated

of tWo and fodr electrode configurations. The potential created by the
Eleetesfeofesewith the indicated applied voltages are noted in Fig. 21C for

vacuum in the e, r.<rh. The.expressions. are.for the lpwest aarmo ic
Thed drsdmioiRl g eniS Shommn b g IR an D2 HE RS depiiad he

RF driee compbravituapprophiatedewndaty ¢onditédnsithortexahuph®d o8 tiiemnd

dipole cyclotron (D(rb,t)=-V cosart for 0< H<7{ (6) . =locosun for
o SRS 0 R ARG SR Tt SRS TS ot bt T A b e
bet@zEnil i Heatxpandediptarirouniemeenesty srodf4D4n QIBslup(ié)RI0 wave

(7) 11=-W u"(rit)=1f dO'e-"'cE?rO;t) (8 _%Tr 0 and%,tisatigies the
thatef?ﬁ%?ﬁﬁh“ thq s3mg eqioR JLB oy rer Al velpaiby WO ata@eaty)=
velfdity) Fohdof BiprdpriMe speed can be trapped in this wave, and reflected

periodically. This process increases the momentum and energy of the fuel ions and this
increase is conveyed to the fuel ions that are not trapped by collisions. Fuel ions from
the fuel plasma 335 may be replaced by injecting neutrals at any convenient velocity.

An alternative and supplemental method to drive current is to augment the
electrode systemn with additional magnetic field coils 1116 positioned about the flux coil
325 and quadrupole cyclotron 1110, and that are driven at half the frequency of the
cyclotron electrodes 1112, The following discussion presented here, how;ever, 18
dedicated to illustrate the electrode only version (without magnetic field coils 1116).

In Fig. 21C electrodes are illustrated for two and four electrode configurations.

The potential created by the electrodes with the indicated applied voltages are
noted in Fig. 21C for vacuum in the space r < r,. The expressions are for the lowest

harmonic. They are obtained by solving the Laplace equation

te 2 1 72
T L ®

with appropriate boundary conditions. For example for the dipole cyclotron
D1, 1) =—V cosot for 0sH<m (6)
=V, cosat for 7<O<2x
O(r, ;1) is finite.
Since O(r,0;1) is periodic in @ with a period 27, it can be expanded in a Fourier

series, i.e.:
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u"(0,t)=0 (rO;t) =4V coswt E sin(2l-1)0r "' 21-1r(10) '=1 b The lowest
harmonic is 2 r (D,(r,0;t) [sin(wt+0)-sin(wt-0)] (11) rn Higher harmonics
are (1),(r,0;t)=2v r~ {sin[wt+(21-1)0]-sin[wt-(21-1)0]} (12) 7r rb The wave
speed in the azimuthal direction is 0 = w /(21-1) so that the higher
harmonics have a smaller phase velocity and amplitude. These comments

d‘.

apply to bothggases in ¥ig, ﬁ,lt ~ind Ne frequency co would be-glose to w;
the frequency if’rét tiggogf h’eﬁions in a rigid rotor equilibrimeor the

FRC. Thus 0 = (o, for = 1. For =20 =co, /3 and the wave amplitude
would be sub;lt@,nga;lly}m ggfgtfi@*g%g_s@az ood approximation(gq consider
only the lowest harmdnic, Plasma Effect The response of the plasma can
be described by a dijelectric tensor. The electric field produces plasma
and ¢ RHIGHRA SIBE98e charge separation according to the charge
conservation eiquatig,n Vnt\: 0 (13) where J is current density and p is
charge densﬁ_\ﬁ%heﬂpprp jétg pglation is 37 V.E=4,rp=4i(%E (14) or
V-- k=-V-s-VJ=0 wifierd s'=1 + 4r is the dielectric tensor and x is the
polarizability. If only the gopiripution of the electrons is included the
tensors is diagoﬁaﬂfwiﬁﬁm%efomﬁ’éﬁﬂentl)ﬁﬁmfncz 8j%&1+q15) B where n
is the density and B is the FRC magnetic field. n and B vary rapidly with r

u, (0.6)=0
4, cosat - sin@l =10 r |
(‘D(;gH;t): , COS @ Zsm( ) LJ . (10)
P o 20-1
The lowest harmonic is
. 2V r .
D, (r,0;t)= —=—[sin{at + 6) —sin(w: — 6)] (1n
T ¥,
Higher harmonics are
e 2]
D, (r,01)="—=2 [wfw} {sinfer + (2= 1)0]-sin[wr -2/ -DH]} (12)
T \F, ‘

The wave speed in the azimuthal direction is 6 = +@ /(2] —1) so that the higher

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

cases in Fig. 21C. The frequency @ would be close to @, the frequency of rotation of the
ions in a rigid rotor equilibrium for the FRC. Thus 8 = e, for [=1. For (=2 8=, /3

and the wave amplitude would be substantially lower; 1t is thus a good approximation to
consider only the lowest harmonic.
Plasma Effect
The response of the plasma can be described by a dielectric tensor. The electric
field produces plasma currents which produce charge separation according to the charge
conservation equation
V-J+ %fe =0 (13)

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



and B = 0 on a surface at r = ro within the plasma. The expression for ei is
derived assuming electrons have a small gyroradius and the electric field
changes slowly compared to 52, =eB/nwc, the gyrofrequency. This
approximation breaks down near the null surface. The characteristic
orbits change from drift orbits to betatron orbits which have a much
smaller response toth& eléetric fiefd; Le. a, =1 near thedhull surface at r =
ro. The ions mainly have betatron orbits and for the drift orbits the
response to the electric field is small because the electric field changes at
the rate CO - w;. The net rgsult is that/the Laplage equation is replaced by
100D.1dicTh 1 =0 (16) which must be solved numerically. The
whefgdtiohal &ty Hifishelssaatmsorarng ipshe medisrbbiYoweztidbmonic
corfiRAABAMPAIE.GARe 0aRINEIONN (Y ER0SIAND:H B eldboncn
similar form for the dipole case. Waves traveling i the opposite direction
to the ions (or electrorljs)_V\{ili dermeglected. Accelagﬁion due to ions
trapped in an electrostatic wave e assume that W=tar +Aw so that the
wave 8=co/2=w;+Aw/2 is alittle_faster than the ions. The standard rigid

whigtar Gidhastmsiranenbrisdad RimBesrind Rhs rmd Privehy gy 7

andt¥ = (Vofd Yadd8) a2/ T wtiRih the TR RRdUTRE distibutionfunciionqled
interestis 38 1/2 F,(r,ve) = m, ex- m' (ve - rw;)z 2rcT, L 2T, The wave

assyBIBE§l et ips devero st sysvebrodaddbasi g tishhaporeasyBowon is

cor{Paredd8 3 =W AV JORTIAUNG faster han e Wake [EleG dtthear the
ve-vH, <N (19) mi This increases the wave ehergy, i.e., | F2,67 ,1~, z 2

null surface. The characteristic orbits change from drift orbits to betatron orbits which

or

have a much smaller response to the electric field, i.e. &, =1 near the null surface at
r=r,. The ions mainly have betairon orbits and for the drift orbits the response to the
electric field is small because the electric field changes at the rate @ = o,
The net result is that the Laplace equation is replaced by
10 & 1 dedd 150

; A (16)
ra & elr) dr & 1 & '

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

potential for the lowest harmonic of the quadrupole case has the form
D=V Eglsin(?ﬁ— ot} (17)

and a similar form for the dipole case. Waves traveling in the opposite direction to the
ions {or electrons) will be neglected.

Acceleration due to ions trapped in an electrosiatic wave
We assume that o =2, + Aw so that the wave 6 = @/2 = o, + Ao/ 2 is a little

faster than the ions. The standard rigid rotor distribution function is assumed for the ions

2l

I

F(EV) m(lJ | ~n,.(,r)em{—gjﬁ; b2vie(, - ra),.)z:ﬂ}. (18)

The reduced distribution function of interest is
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tidW=n.mv (2vv) dt, dvoF,(,i 2 (vO v".) (20) J=1.2 'p-v,, 2 lons moving
slower than the wave reflect if 12e (D vx -VO <~J, m1 and the wave

loses energy at the rate didnm ( (2v-v)z -2 V",-ve). (21) _ 1 dvoF(r,vo)
12'dti=1,2 2 VO0=1 -, The net results is simplified with the change of

variable va =y0 -v me E2 0 dW dW=dW 2n mv _ f dve(v(c))z~l.;(v,. +

VO) I;t gy % )]r dt dt dt isd.. E A 0 The [approximation SF. P,[v.

+v.]= l£ v();zf,,% & [esult Yin 7972 dw :2nimiv,, 2e~0 of, (24) dti=1.2

2 m; ovo " This has a form similar to Landau damping, but it is not
phyé‘ﬂ@gmﬁmefshmef b adecirastdiic darmpirgligedwinibis qriitiamole cyciotron

is Pnepgmena and (s ig, cleany OB IEManIRSINGE AlAMF

), < Vﬂfﬂ . (19)

This increases the wave energy, i.c.,

v

Va=v, o+ 1255123
§e N oy 2 2
dw, n,m, v, (2v,—v,)
a o Tare 1{ L }(w -v). 0
=12 V= =
Tons moving slower than the wave reflect 1f
[2e®

and the wave loses energy at the rate

= _ 2
dw._ _Z : j VF(; vg)[w M}WW”%)- on
=12 e \; ~
The net results is simplified with the change of variable v, =v, ~v_, i.e,
aw dw, dW yEn my ' F 91y
= L Y v () Fv, vy )= Fiv, vl 22
P I SO [F 0, V) = B, =v))] )
The approximation
Fp 3, ]=EE)E S5 v, @3)
v,
results in
2
a5 2nmy W(Ze(DG) Fo ”
o m, vy T

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

because Landau damping (growth) is a linear phenomena and this is clearly non-linear,
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J==v-rw)ex-" (l,- rco(25) of 2TCT T j ex If vy, = rw,there is no change
in the wave energy. If w,, > rw; or 4v,,, > 0, the wave energy decreases;
for Avti, < 0 the wave energy increases. This is similar to the
interpretation of Landau damping. In the first case 4v., > 0, there are more
ions going slower than the wave than faster. Therefore, the wave energy
decreases. In the opposite case Avg < 0, the wave energy increases. The
gipf@rmer case applies to maintaining the ion energy and momentum with a
qguadrupole cyclotron. This is current drive. The latter case provides the

basis fpr a cgnyert r Fas. (22) and (24),can be used to evaluate the
applicgpility to5sion erééh B.potifep transferred to fR&)ions
when v - rw, 2 4{,, = V" the ion ther aF Velocity, is P=2'r~ dW rdr, dt

If Wwhere BidM4a indeterminethdw Raseddd) and «25).-10 simplify thehe wave
integration (PO(r) is replaced by (Do(r,), the value at the peak density
eNEFERIERIESITOWEF Bouriclofih e ys e ampmegases. plbhg jpsimilar to the

;nte{%}éﬁ%ﬁ%%ﬁa&ﬁﬂd%%u{g—ﬂx?hlr 1 ﬁ:&gg h@e dgnsity. o 5119%’?'01]@:10]{1'52 oing
accommodates two types of ions which is usudlly the case in a reactor.
sloBetdiledtivalcalatibas L) Thdichtecthat thevwave gmplitedeDd(r thdpposite

about a tor of 10 less than the ximum gap voltage which.is 2V
TRkl

f . )
Casﬁ“k‘?ig“vﬁlpde Brmine theSimitatons of this Met R %ir}\‘?en.l %t%\ln ﬂ?ethe ton

endiRited Ryothenmaximim gapiveisgeviiat aanhasdstaned whieh e latter
robably about 10 kVolts for a 1 cm Q%Reactor Requirements For
Y

cash prosidor fhe bepisvir R tterdioy transrfredteandsarshirrealieiz e

appNcaBltaPawainRegqrefamhbairansferred to the electrons at frequency
cue. This will compensate for the Coulomb interactions between electrons

and Tés@ansichasdeees thiaomsnxism diy 2t mdreaSes the i al
velM@ﬂ@?'@’- (In the absence of the power transfers,

P=2x 1[ wcnl~~c;ii§:~,v‘dr,
where dW /dt is determined by Egs. (24) and (25).
To simplify the integration @ (#) is replaced by @ (r,), the value at the peak
density which is a lower bound of the wave amplitude.
P=(~—2-TJZ<N,-72)@I—2—9MT 26)
T Iy L T
N, is the line density of ions. /=12 accommodates two types of ions which is usually
the case in a reactor.

Detailed calculations of F(r) indicate that the wave amplitude @ (r)) is about a
factor of 10 less than the maximum gap voltage which is 2. This will determine the
Iimitations of this method of RF drive. ¥, wili be limited by the maximum gap voltage
that can be sustained which is probably about 10 kVolts for a 1 cm gap.

Reactor Requirements

For current drive a power P; is preferably transferred to the ions at frequency o,

and a power P, is preferably transferred to the electrons at frequency @,.. This will

compensate for the Coulomb interactions between electrons and ions, which reduces the
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Coulomb collisions would lead to the same velocity for electrons and ions
and no current). The average electric field to maintain the equilibrium of
electrons and ions is given by 2rzro(E.)=IR (27) where | = Nee (w; - awe)
is the current/unit length and 2,r R = (2;Tro)rm + N,Z,m, Nee2 Net,e
Netze is the resistance/unit length. NR, N, AN~ are line densities of

ion SRIREEH BB e RIFS TN NS TRhet e 2bsapacAb R mYRbERRSFTs:

CodhanbRs!Iitand bal@iesmmentdme ¥aosier tingsdoms ignsitnelections.
The average electric field is the same for ions or_electrons because N, -

curigtko! G 4ERHEE F R aAE thie charie i paElie PR P SlFsrimariages is

givgggi;ansferred to the ionsis P = 2,ri l.e (EO) (28) and the power that can
be extracted from electrons is P =-12irroh(E(c)) ( (29) where l,a = New, /2
rand 1,,, = Neewe 225 { 5 pFréiueling with the RF drive tH8Tuel may be
replaced at any energy at rates given by the fusion times t,., = 1 In, ((7v),
andt," =1In"(6v)2 ; n1 and n_ are plasma ion densities and (mV are

whépagtivitles( S hedmagnitvdevéliheiseaonrsndhe injected neutrals (to
replace3fie fuel ions that bum and disappear) will ionize rapidly and

accelerate due to Coulomb_ collisio to th erage ion velocity in a
time of the order of mﬂlsgéﬁ@é#%wm of order 1015 cm
3). However this requires an¥&dditionMéi(Ea) dhd:an /addition to transfer of
. power to maintajn a steady state. The addition is 41 fi E ~0 - F60 NI ZI Ml
i O S A0 R e o7 b ATIE ETBRES W B ATNE
N tansfer by abeil @dacton, abdwrtdh MigRenaTRabhe, provieed 48 momentum
current drive and refueling without exceeding the maximum gap voltage

trargfiep itmde oér0did st slenird@endible Ang dhattberiregeldneyhwitklye fori0ns or

ele('g){léa% %%ﬁlzsea?\e &hj%’ F?@%u%s‘;ﬁﬁ'&%?re%‘tlgf gg t %rcc:ir?arrg}g Ps l((}%);pao%%tse.the power that

must be transferred to the ions is

P =2mnly{(E,) (28)

and the power that can be extracted from electrons is

P, =-P2anl,(E,) (29)

where I, = N ew /27 and I, =N ew, /2.
For refueling with the RF drive the fuel may be replaced at any energy at rates
given by the fusion times ¢, =1/n, {ov)

cand 7., =1/n, <0'v>2 ; n; and n; are plasma ion

densities and <Gv> are reactivities. The magnitude will be seconds. The injected

neutrals (to replace the fuel ions that burm and disappear) will ionize rapidly and
accelerate due to Coulomb collisions up to the average ion velocity in a time of the order

of milliseconds {(for reactor densities of order 10" em™). However this requires an
addition to <E8> and an addition to transter of power to maintain a steady state. The

addition is
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would be expected. The power that must be transferred for current drive
and refueling is similar for any current drive method. However RF
technology at 1-10 Mega-Hertz has been an established high-efficiency
technology for many years. The method described that uses electrodes
instead of antennas has a considerable advantage because the
conditions for field penetration aremugh mmﬂ@igzl;ed than for

electro-magnetic S. Therefore jhis rﬁetﬁpﬁ would ha\;é%?dvantages
with respect to circulating power and”efficiency. Fusion Significantly,
these two techniques for forming a FRC inside of a containment system
whiz@i0xdi soriked: dioneporethpolike, tean fiesultaivopltastaastheitng Foperties
suitable for causliﬁg nycl.%a(ritysion thg{r in. More rlii.cujlarl}(%l thte FRCd. th
formetf By B A S HS0 A Ehiy bE S e XA b ey s Tt L g geding the
makotatianabengrgy angmagneficdielid-sivengtionkhisra gehigiahéofi dysiony will be
licatjons and classical confinement of high-energy fuel beams. In the
1 R i SO ARG BECh S DR o P
woGRIbinex fishEMergy NasMat beamscfansuiticiabpeniods ahimentDreauseg is
a fusion reaction therewith. To accommodate fusion, the FRC formeq bi .

simflarsfordaihgicent frieraplrddlamria R ospppasd feldiYise
be@NBr G¥raNdi@anatictieldmsirengthony. Priatranacsele mtiome s Mscribed

however, tends_toér‘gguire a particular set of pg%sical conditions for any
thatsetisle ¢ ARTPIESE. thaddinehb s acAsideemsefy BirsLpest iR IRiel

corRRR AR RIPRRQRIHVE LRGSR BalaR Gl RIMEl MRS G he ke Rb I HYS i@ {Baves.

substantially unchanged for prolonged periods of time. This is important,
Thegs rgtikinegttshipargtbiae c adurotaase rjlcrapsetepzer afadignprsnsy ant
ofrSiale. Creation of this state, therefore, requires sizeable input of energy,

which can only be recovered if most of the fuel undergoes fusion. As a
Fugionsequence, the confinement time of the fuel has to be longer 42 than its

N S L S
systonfit¥ndesirdystehvvandr plasnha. describati heteimasd capalpmpélongsuitable
carcbaditiohsapahichutenttoedyblased @ dudl @ardgypexatingmod@xld strength.
This is crucial for fusion applications and classical confinement of high-energy fuel
beams. In the confinement system 300, therefore, it becomes possible to trap and confine
high-energy plasma beams for sufficient periods of time to cause a fusion reaction
therewith.

To accommodate fusion, the FRC formed by these methods is preferably
accelerated to appropriate levels of rotational energy and magnetic field strength by
betatron acceleration. Fusion, however, tends to require a particular set of physical
conditions for any reaction to take place. In addition, to achieve efficient burmn-up of the
fuel and obtain a positive energy balance, the fuel has to be kept in this state substantially
unchanged for prolonged periods of time. This is important, as high kinetic temperature
and/or energy characterize a fusion relevant state. Creation of this state, therefore,

requires sizeable input of energy, which can only be recovered if most of the fuel

undergoes fusion. As a consequence, the confinement time of the fuel has to be longer
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Average ion temperature: in a range of about 30 to 230 keV and

preferably in a range of about 80 keV to 230 keV Average electron

temperature: in a range of about 30 to 100 keV and preferably in a range

of about 80 to 100 keV Coherent energy of the fuel beams (injected ion

beams and circulating plasma beam): in a range of about 100 keV to 3.3
than i bEAYtIREfeFabTYSHHA iRk §esbi ub s b alagetand. sopreguerdtynet energy
ouﬂg@gnetic field: in a range of about 47.5 to 120 kG and preferably in a

range of about 95 to 120 kG (with the externally applied field in a range of

abodt 9 Btacest jadv b p AdfErabIpIerh iFasE of shbuittBaeordirgent system
and (ARG SQHIARRAL o, S?et%HQH%JQSffH%QHFM%‘? i.aé?,chﬁ%fﬁéﬂl%%

in a range of about 10 to 100 seconds. Fuel ion density: in a range o
timgh gt E8¢eedoiebbunanm &l 6 cimpBalndaprdferhisiprins dlrangboheboaed by the

L4 1 15.cm-3; Tota) Fusio er; preferably in ara bo )
o o e R R A L B (L LTRSS
fusichvstage ihustaiesiagipoven theaBRO fsiprefeialbly. Hdcelenatbprtdeasidyeth a

of caherent rotational epergy preferably in a range of about 100 keV to
rang%oﬁfiae%%%%q(r%%%) 5r<—:-ﬁ%(rea ly in a range of about 300 keV to 3.3 MeV,

and aviewgt efentagretipéieldistrangtihappefefablyuiria range lof\abodpaEGdmbly

. 120 kG, and e preferably in a range of about 90 to 115 kG, At these
' 3d0RES %%a%oélwgégﬁio@g%%?ms, which are neutralized and polarized as

desaritiegeabevagoat e fiujgdedinionsekREnandnisapdesktaltnimg glasma

plasma beam layer wherein the plasma_beam ions are magnetically
beagBhfiet AR R %f&grﬁgoéé@éfnﬁf%ﬁfé%ﬁ‘s’ ard Blst ma@%ﬁ}!@a’m 300

kePreferaliyzthe electron temperature is kept as low as practically possible
to 43 reduce the amount of bremsstrahlung radiation, which can,

otheITBEMRENFTS Fisifaiiva Tapery 1HouEE /e eribkigadiesiarGininn range

of Shdhesresent inveRtionRIevidaman «SHRClYR INGANS.ALAGEABHNISNING 15 kG
this. The ion temperature is pref(r-:-lrrglbblé kept at a level that provides for

anchATEfEFbbY Hh A GpPEme b AP tusts &-section is a function of ion
temMRArAtE.- dHER:AREE eAGI0Y: Qb eSO RREBMS IHRSSENPAIRably in a
provide classical transport as discussed in this

range of about 10 to 100 seconds.

Fuel ion density: in a range of about 10" to less than 10'® em™ and preferably in
a range of about 10" to 10 cm™.

Total Fusion Power: preferably in a range of about 50 to 450 kW/cm {power per
cm of chamber length)

To accommodate the fusion state illustrated above, the FRC is preferably
accelerated fo 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 in a range of about 90 to 115 kG. At these levels, high energy ion beams,
which are neutralized and polarized as described above, can be injected into the FRC and
trapped to form a plasma beam layer wherein the plasma beam 1ons are magnetically

confined and the plasma beam electrons are electrostatically confined.

Preferably, the electron temperature is kept as low as practically possible to
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application. It also minimizes the effects of instabilities on the fuel plasma.

The magnetic field is consistent with the beam rotation energy. It is

partially created by the plasma beam (self-field) and in turn provides the

support and force to keep the plasma beam on the desired orbit. Fusion

Products The fusion products are born in the power core predominantly
redneafithenmulhtsfiface 86 fhbmguhdraitne ok kge, by Idiffusio hetalvardd ithare
end f ratrlx %ési(]mfo%%al%eanng 5) T |Sﬁa1gu?eto olll%%)1 1(s)ﬂwnh el({ectrons

(§ collisions Wwith 10Rs 4o Hot gh/an e the ‘@it of mass Akt therefdte do
eff&tmiv@ausmﬂmmmmgmgﬁkdshnes) Because of their high Kinetic

enet&/ ((5”8'0 roduct ions ch hi 5; qﬁﬁ% the fu |ona)

the fUSi Oﬁlﬁ? ERERR Pé% é”tﬁ‘é AR IEEY O tidy Ayt dum-
up bﬁy@mﬁetﬂﬁsﬁﬁpﬁt@aﬂ@écﬁéﬁ ﬁlaayf@mﬂaauelaimglﬁmanen Hald tinest 8Qergy of

ided that they experience scattering from ion-ion collisions, Although

*het §Yé8ﬂ P ProtsRE A SR BNt Ie StE AHURISROT A ChsiTgd s

apﬂiaaﬁuan nldke ionivalasitiy eatelsHCh ihat ikRe bt iRaralal tathe The
netic field. These open field lines 80 connect the FRC topology of the

maggf g%iﬁ} dHe comirim APy hermgrdotisucstigiad therertielopiigy by the
plaBfadiichiors emnaaRnndiffarenhield HRempybich e doHeWoMiha plasma

distribution of energies. Advantageously, the product ions and
begin iyl AeitHRzMblelectrons emerge in the form of rotating annular
ruhgams,fiam both ends of the fuel plasma. For example for a 50 MW
design of a p-B1 1 reaction, these beams will have a radius of about 50
centirhietersaani edusiciaie Seof aibePoreE eAtRsEpsRRERlY Sgorge null
surMAgRE R fipldedaund Quiside ﬁ%ﬁ?@s%ﬁt{!?&%ﬁdgﬂﬁ’é%%gxrzﬁf%é‘ﬂ A00KR)

the product ions have an associated distribution of gyro-radii that varles
andrpm Bhminitumiovallisiohaboit ¢leptreo sl maxiintiam oivatoimd Goomtfonahge the

cerfif3lr SRSIARHGRIQAYELIONS, 44 aitially {h %}E’J&} hﬁ%\/‘gg%g& (?ﬁ%&“di{“‘%'eﬁ-

as well as rotational energy ¢ aracterlze
higi @ip@:}p)@mgg([ﬁmdh@azlmnmhm hmmydsb@hatedezwﬁmwt&lmfue]rmmd the
i fleld e.as the o([ aI ce Q&Ers@nc%. Jlelgllneal rea out éf‘ o cenaratrix
Ilea\}) wcmfyo the toSofogy, & rotafiona energ P

84,d1hepeaﬁel ewhilg ¢he dotalpendrey ﬂemaﬁﬂspeonsltahthﬁhlﬁeyseammq wemesing
. of the adlab tic inv ce of.the m netic mome

t of the pr du%f
ol 1 RA G he TSR dh, S AT LA AE T AgR
caithélveh gertiagiiedic orariend idssadiated witldr such that it points parallel to the
magnetic field. These open field lines 80 connect the FRC topology of the core with the

uniform applied field provided outside the FRC topology. Product ions emerge on
different field lines, which they follow with a distribution of energies. Advantageously,
the product ions and charge-neutralizing electrons emerge in the form of rotating annular
beams from both ends of the fuel plasma. For example for a 50 MW design of a p-B"!
reaction, these beams will have a radius of about 50 centimeters and a thickness of about
10 centimeters. In the strong magnetic fields found outside the separatrix 84 (typically
around 100 k@), the product ions have an associated distribution of gyro-radii that varies
from a mintmum value of about 1 ¢m to a maximum of around 3 em for the most

energetic product ions.
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their motion. In the case of particles moving along a slow changing
magnetic field, there also exists an adiabatic invariant of the motion
described by 11/2 M(vpe,,,)2/B. The product ions orbiting around their
respective field lines have a magnetic moment and such an adiabatic
invariant associated with their motion. Since B decreases by a factor of

aboé@it'mlm Hefigaestgyahehsyeladizi eimias alellinen)tatfonbaretant vpep
chatilBkeuiss @%@@e Byiabeut3.2)2 Thus, M? %lmﬁtﬂi?x%?g%’l?%%g’ﬁwd

“arrive at the uniform field region‘their réttional energy wou less than
withopatitheireotal edietdyinn astherarotdscaitaost it tibeche rlmissisptivad out

aﬁéQP&%ﬂ%’%’iﬁE%?@B%”@ﬂhe%l?&%g%ﬁ’g"ffé!.%’?oﬁ%%géﬁ%‘%}e?”e{%}’dg%‘ grsion,
system of the present invention om% ises an inverse c%lo ron converter
wh{lCB} 426l showp ienFigs. @24 and PBA iseuplesbtoa cfpal tiadlydihistiated)

. power core 436 of a colliding beam fusion reactoy (CBF %410 to form a
B R RN GBS L SRR e By
chamay partidisposeiisy mmeitigatlycttdheheft af ithenGBER i BatAsnagneticvith

cusp 486 is Igcated between the CBFR 410 and the ICC 420 and.is
theft OO, B e e R e e B AP SR R SRR TS e digiy here

ormeduhén
alsdlestribingatheb KEC 428 andoitshepecalionin daiad ba rewaw, QN ARYDICARE product
. cyclatron accel{ggﬁto.r is providg%#ég,conéentional cyclotron accelerators,
1ong QLB TSHE VIRFVERDEITES NS J R 0fctd RIRAHETO MR rotheash an
adigi@lRsnThenarhistadiug ofithenaPalgets. iIonsds Heinath by thetor of about
netic field strength and their charge-to-mass ratio, and increases with

10 GRHA o B S P 607 LIRS of IRB B e BRI Be
dedR@ifcanesgyuc s faptdas bramexpleitedan-therdesion af aycloliePm field

accelerators. Referring to Fig. 24A, a conventional cyclotron accelerator
regriptisIdaesiond sHRHT TR Eletidpan Tle o Sirastoted foerali dmatier words
alnl®R48 Beshaped cayiies Rlagasin 4ag,aBpgenous magnetic field 720

having field lines perpendicular to the electrodes’ plane of symmetry, i.e.,
Engngvdiansesfitie page. An oscillating electric potential is applied between

the Grshapsd &1@%@%@4&?&%@% 2EB) g%%rlt%%&%&&%&%g}s \ an

~ source placed in center of the cyclotron 700. The magnetic 720
nvigrsoftisteldosoctiaetiie (FofatibefrbguansyFagtheibrediktéhes thet of the

R s e
forof thessteetredialdpitisapueietatedyByradOéle tingothel{of (nitssbnergymay be
disposed symmetrically to the left of the CBFR 410. A magnetic cusp 486 is located
between the CBFR 410 and the ICC 420 and is formed when the CBFR 410 and 1CC 420
magnetic fields merge.

Before describing the ICC 420 and its operation in detail, a review of a typical
cyclotron accelerator 1s provided. In conventional cyclotron accelerators, energetic ions
with velocities perpendicular to a magnetic field rotate in circles. The orbit radius of the
energetic ions is determined by the magnetic field strength and their charge-to-mass ratio,
and increases with energy. However, the rotation frequency of the ions is independent of
their energy. This fact has been exploited in the design of cyclotron accelerators,

Referring to Fig. 24A, a conventional cyclotron accelerator 700 includes two

mirror image C-shaped electrodes 710 forming mirror image D-shaped cavities placed in
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and orbit radius increase. When the ion has traveled a half-circle are
(experiencing no increase in energy), it crosses the gap 730 again. Now
the electric field between the C- shaped electrodes 710 has reversed
direction. The ion | is again accelerated, and its energy is further
increased. This process is repeated every time the ion crosses the gap

a hitB0gerovisech gisctotddh TRéduenty foddtimes ptopeatichithdt ditléectrodes’ plane

oscillating elegtric, field (see Fig. 24C). If.on. the,other hand a particl
of GRETHE o Dt R e Rl R R B e
betwiktibéh el €caleratbdland detuee dF iguth@ sBurkenal the eednter fiomly source

ticles with initja] velocities perpendicular to t etic field 720 and
Pl R My LS UL QoL R ACRSBF L DAt it e
rotallithbRepeeele rdtgd. idhus aprepeh phase deddchiogpisasseptidbiobciated electric
cceleration. In principle, a cyclotron could be used to extract kinetic
feld SRR

e AR BN C58R Slerened s iodet idiaivfippame

dirdoRSnRIACYICIRE elRchil RALhauts abesyexdrastion-Biamhsemebserved éakrey
protons, as described by Bloch and Jeffries in _Phys. Rev. 80, 305 (1950).

and iR JALIEY HHGURRS fn Rdte HhtéPthBas STAKF Sich Aringy dre( BRSTRETRESA
inciigcelaratingsphaseselative fahe wasiiatingfiald Alahihignsiwesidhe C-

then reverse the trajectory T of the acceleratin?_ion shown in Fig. 24A. As
e

shaped Ristides dovbasdGEsshErsehion Wit g [drcesap rersl st kimetiés
ene%@?fgﬁﬁlféﬁﬁﬁ&rﬁlﬁﬁm pscilting slectiic anergy inibe g lecisic clreuit,,

which the cyclotron is part. Direct conversion to electric energy would
T3 hareidiet/de rebHYIn R wECITORItNYe R higAtcarHdb aEhawysiHetins disetric

ﬁe}ig’(‘s%é)f: Jae-pepm Wauld enigh ANeayelalen with all Qgg?%%ﬂ}ﬁaﬁ%}emﬁc

nless t e varying phases are compensated for in the design of the
ficldyslotibe, oprosios thecitios Would isedaedeteredethdnetatedthéhdsdiirce at the

C L. the. maxii ) ion, effici
co e ol e B e S R e 720 00
thadiscesBrteapoVélaretbé arrpeasplitablefdeomettiaforgthieconvendicridl be
cyclatron..As discussed in greater detail bel the ICC of the present
s e A T S R R oo
beamspexitipi:the FREaf dudidbhaaacian pewart donetiardetiag famlamencil

o RIS S R SRR e s Pl et
endEBFRALAd8 has been observed for protons, as described by Bloch and Jeffries in
Phys. Rev. 80, 305 (1950). The ions could be injected into the cavity such that they are
brought into a decelerating phase relative to the oscillating field. All of the ions would
then reverse the trajectory T of the accelerating ion shown 1 Fig, 24A. As the ions slow
down due to interaction with the electric field, their kinetic energy is transformed into
oscillating electric energy in the electric cireuit of which the cyclotron 1s part. Direct
conversion to electric energy would be achieved, tending to occur with very high
efficiency.

In practice, the ions of an ion beam would enter the cyclotron with all possible
phases. Unless the varying phases are compensated for in the design of the cvelotron,

half of the ions would be accelerated and the other half decelerated. As a result, the

maximum conversion efficiency would effectively be 50%. Moreover the annular fusion
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illustrated on the left side, wherein a plasma fuel core 435 is confined in a
FRC 470 formed in part due to a magnetic field applied by outside field
coils 425. The FRC 470 includes closed field lines 482, a separatrix 484
and open field lines 480, which, as noted above, determines the
properties of the annular beam 437 of the fusion products. The open field
profineisiat8beante dob awseyl frbaveheepd\we noors 2436 somwaetts the theagmetistional
Cyd:g%% 486. As noted above, fusion products emerge from the power core
i along open field lines 480 in the form of an annular beam 437
compsidinghendrgeticionsiand bblangethnélralizihg plectrons chtien

eometry of the ICC 420 is |ike a hollow cylinder with a length of a
oo G IRR AL BEIoP W r B SEne By B o dts o
fuséS4-aitivspoallr stiaighidgapsAddmmakeaiup pheseyintlen swrfaa@idmhe beam and

operation, an oscillating potential is applied to the electrodes 494 in an
theﬁﬁ%%%aﬁﬁ@?&s‘?%ﬁ‘ﬁ&ne electric field E within the converter has a

quadiipelashuaiuseras Idicateeibihe end viewdliysgatetie ERFR2BO is
The electric field E vanishes on the symmetry axis and increases linearl

it e Shdstt fis pRAR G G ESRARCHET 263 iR SRIieA 1RrHelite W
forifédudgs@diside field aRils48Ritasarm 8 uniferae merongticdhs|d mithinthero

ICC's hollow cylinder geometry. Because the current runs through the

incledestrdpicblis'ddme Asdird chBMBHp dSiterns heaifstfidin e 1RE: Sdieheps noted
awa@&glmfl%éqhéﬁs%ogéﬁEé-Jiedge%gﬂmﬂﬁéegﬁmfﬁ%ﬁin@sf@@niF&%&@Cm

420 run in a direction opposite to the direction of the open field lines 480
opef fistd HRERH 4 ox tapd AvaR dr eSS IRoPH AP foETeurs I8BpTaRgiic cusp

4865%%&%@ aﬁb%%sﬁ%%{b%ﬂg%ﬁ%%“ﬂ&ﬁ' 'ﬁl%t%&z%?- CJ)@eQ%{WQ%%é%%_en field

~ CBFR 410 and the ICC 420 is a symmetric magnetic cusp 486 wherein
linghé Bparitficfdrines asmot i CBFR 2 tompergeavitkrgusifistdd itk homof

neLH{)gliézJ%%cﬁ%gs An annular shaped electron collector 490 is position
about the magnetic cusp 486 and electrically coupled to the ion collector

498TAs ghisougsedilibioy tHeImagketididibld ofthelenagtietitcogipsi4®6ut five
R it eLls T e ey i
stragghverterdd2 Onditven@ BieR Wit@ drasdacylindrigal syyonmetnyscAlatsig eotentis! is
oS H5IGR BoeLEOrR, 430 L sl ARS8 430, SPEESS e
converter has a quadrupole structure as indicated in the end view illustrated in Fig. 22B.
The electric field E vanishes on the symmetry axis and increases linearly with the radius;
the peak value is at the gap 497.

In addition, the ICC 420 mncludes outside field coils 488 to form a uniform
magnetic field within the 1CC's hollow cylinder geometry. Because the current runs
through the ICC field coils 488 in a direction opposite to the direction of the current
running through the CBFR field coils 425, the field lines 496 in the ICC 420 run in a
direction opposite to the direction of the open field lines 480 of the CBFR 410. Atan
end furthest from the power core 436 of the CBFR 410, the ICC 420 includes an ion
collector 492.

In between the CBFR 410 and the ICC 420 is a symmetric magnetic cusp 486

wherein the open field lines 480 of the CBFR 410 merge with the field lines 496 of the
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which the fusion reactions take place. As noted, the product nuclei and

charge neutralizing electrons emerge as annular beams 437 from both

ends of the fuel plasma 435. For example for a 50 MW design of a p-B"

reaction, these beams will have a radius of about 50 cm and a thickness

of about 10 cm. The annular beam has a density n = 107 108 em3. For
ICGsHeR a/demminlattidaned nistitouspl4e®isépaiamsitensibottohs madnemscusp
sd i Aesions Bliowle maggele i ings ta e slecionsaleqontRec

and the ions pass rougf‘n the cusp 6 where the on trajectories are
fielhoflifiedhtgdotiownarsutSiantiatyts hietieal g atkl @lon g fikie: lerrgthdd T thea ©O@Gtional

42.%,E rgyqis_removed from ions as they spiral past.the electrodes
o L Lo aht Pne i (0 MR RRNGRE 22 S
corperperddicular energy is greatest for the highest energy ions that initially

circulate e he electrodes.494, where the electric field js strongest.

e R B S L oSt et P core
43 @ppioxifadtelylaquatiodhs Initiadiatdl @NeFRC ke rhMeacieMudology in

%f&ﬁ%:ﬁ‘a distribution of ion energies and ion injtial radii ro when the ions
Wh}_

SIRAGRBROE (e AR CHONBYSE: tHE RFHLFT RS 18R GE s be
neARPEAXIMAER R epstieNal fantherBilial velacitsobothedadiah D aeNligsma

field and the radial beam velocity produge a Lorentz force in the azimuthal

A3 JiFSE AP AR E NS ianne 1codp 48668s hetchemye THE rarie redius
of SRRABORYE LRNVaradhaniil Adabveloaihe R mM? R Arasidval el = 107

Svelc%city vz and an azimuthal velocity vi, where vo = vz + v~ . The value of
10 azlputheh velersifyvileam penctistermniied seoniatse derleptativansfions. The

eie&é&?@%ﬁbmﬂfi@?ﬂ&g%‘f’c ﬁ(l:\ﬂ l\fng:'sj’%(?h% &@&ﬁgr{%gjhgg%?ﬁﬁﬁaﬁ‘dbﬁﬁ@%%ﬂgr%ms

enters the left hand side of the cusp 486 with Bz = Bo, v, = vo, vI =

thrpughghit aned§ésibenhtrigt haisdtsith afthwdifspl 486Wity rsul BBy

heﬁ/éa'_[ Qﬁoﬁgll\%‘%ﬁﬂgn" R gfv t@e—IZZJCZ?Z\fP En&é%z% r\évnqg@%cggo?n% Iési%hnes as the
cyclgtron requency.”The rotation frequency of the ions Is in a Me range o

spistd pastiiecidpdand St eferabiydiaa arsgeant abyouit rd0shiia)whichlisss of

per%e%dflz% RS g?f&gvggaqg?%?ﬁgeeﬁﬁkaegp Qnte%g%%g fiviit initially circulate close to
-the electrodes 494, where the electric field is strongest.

The ions arrive at the magnetic cusp 486 with the rotational energy approximately

equal to the initial total energy, i.e., ¥4 Mv, =¥ Mv’ . There is a distribution of ion
gy I 0

energies and fon initial radii ry when the 1ons reach the magnetic cusp 486. However, the
Initial radii ry tends to be approximately proportional to the mitial velocity vo. The radial
magnetic field and the radial beam velocity produce a Lorentz force in the azimuthal
direction. The magnetic field at the cusp 486 does not change the particle energy but

converts the initial axial velocity v, = v, to a residual axial velocity v, and an azimuthal

velocity vi, where vi = v} +v° . The value of the azimuthal velocity v, can be

determined from the conservation of canonical momentum

B r’ B
P, = My, _% = L2lo. 2(;0 (31)
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In order for the ions to pass through the cusp 486, the effective ion
gyro-radius must be greater than the width of the cusp 486 at the radius
Y.. Itis quite feasible experimentally to reduce the axial velocity by a
factor of 10 so that the residual axial energy will be reduced by a factor of
100. Then 99% of the ion energy will be converted to rotational energy.

Thedobep@dan satees disthbtbiorcidanidberorspidtdrsh Howéver, = vo, vi=10
ecause. rg is proportional to,vo as. previgusly indicated, by the properfjes

an(gf the F%{é%n E{Eg‘g I}ea%t%%, thgnc(gﬁl\‘?eer%\{?ﬁee i engcg?/vfci? ?o%ati]égﬁ%‘ene%yv*
qupm}% %@%’94_90/ or 3 ions. As depicted in Fig. 22_B, the_ symmetrical

electrode structure of the ICC 420 of the present invention preferably

includes four electrodes 494. A tank circui shown) is connected to

the electrode structures 494 sothat the |nistantaneous voltages and (32)

electric fields are as illustrated v he\voltage and the tank circuit oscillate

at a frequency of CO = no . The azimuthal electric field E at the gaps 497

is. illstraged in Fig, i , Fig.. 25 jllustr he elegtric field in
e o7 bl Hostsaieriy Hf TR SIS s
it rotates wit lar veloci . It is apparent that in a complete
s A UGH i DTN M SO AP b AT At i he
fregieaRiermticicinpan ardesdetermined fydhe initial phase. In addition to the
azimuthal electric field Ea there is also a radial electric field Er . The

azin DA B IOMARIRRSHTIFOHR Spespoanduetrstye donsia-radius

muRdis:acreRsem I @R asslves thesnattice ntates maNtaiRIRGdvle
constant radius. Because of the gradient in the electric field the

exppenetatatipmwillaty dysdominateiovey thecaccefaratonhFhieaeseherhdicnl

hase.makes the,ion radius in se.so that w the ion next ounters
e el SR A 45 NG ch PR B GBF g 1 B Contrtd
to deadlarhton phade: will deminatedddependent ot thesinitial, phase afithever,

~ion because the radjal gradient of the azimuthal electric field E. is _always
eGSR R RTELLTE e GFLRES) S SIOTHLT s T RGRI R ot Bt

basddectotthetiniiah phake: problemasseeiiath Niecenventianse: oyelotsens. ions.
- The electric field Er is also important. It also oscillates and produces a net

effect i TRE IR Fdfrection thaPERG S RicsBAAS fiapstithy tohh i Srighlef the
préReiuswithzese-uelasitydiiesnianeeerpandioulante he.axis@sdo dbidvn) is

22C. Theégrocess by which ions are always decelerated is similar to the

COHTETBIES Se SHSHOFERIAY Tt 78 8 1BRSERtAR AN BT Hdagen and clectric
fieREGRIERMAR AR gbed iU Ratert Necd: (36iTR2 of Re-comeRination

of a positive (focusing) and negative lens
w =LY, . The azimuthal electric field E at the gaps 497 is iltustrated in Fig. 22B and Fig.

25. Fig. 25 illustrates the electric field in the gaps 497 between clectrodes 494 and the

field an ion experiences as it rotates with angular velocity Q. It is apparent that in a

complete revolution the particle will experience alternately acceleration and deceleration
in an order determined by the mitial phase. In addition to the azimuthal electric field

E, there is also a radial electric field £, . The azimuthal field E,is maximum in the gaps
497 and decreases as the radius decreases. Fig 22 assumes the particle rotates
maintaining a constant radius. Because of the gradient in the electric field the
deceleration will always dominate over the acceleration. The acceleration phase makes

the ion radius increase so that when the ion next encounters a decelerating electric field
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(defocusing) is positive if the magnetic field has a positive gradient. A
strong focusing quadrupole doublet lens is illustrated in Fig. 26. The first
lens is focusing in the x- direction and defocusing in the y-direction. The
second lens is similar with x and y properties interchanged. The magnetic
field vanishes on the axis of symmetry and has a positive radial gradient.
the Trerndivresilliddaraer idihddernl pagsinghmouah duthnessaddgetdensiighe
mith FhSUESons 10 %E&%%%Hé ol e Q1 ieéng%?%%es"a;‘z‘%%u AL IERUHR Baye;q
been repor%ed for @ beam passing through a resonant cavity containing’a
azw%grs)ﬁgsﬁw magnetiafield andaneratingdn tad&Elmode: (888ed to 50% due
Yoshikawa et al.). This device Is called a peniotron. In the TEi 17 mode
to thigpitid @é}ﬁf@caxﬂ%}%wtﬁﬁtﬁﬁg%g@%wm FHdasrestric e glpzEc field
E, Qadipgle sYmmeliss Jpesulisiaie aualitahvelrsimilan o sam et den
results described herein. There are quantitative differences in that the
tharesonante basitytisicoweh farge ningsizé tdunetds engthjoand nofgeratescat
a much higher frequency. (155 MHz) and magnetic field (10 T). Energy
per@%%&ﬁ%‘ﬁ%?ﬁﬁ% ﬁ%‘gg Kigh' ﬁi%t?grlgcy waves requires a rectenna. The energy
speatherprofetb®beanyadisces thesifidcesryatcCaniersiono Thepexistslead

of two kinds of ipns is a mare serious proplem, but the efficiency, of . .
S RSHETENS F?aéd%aﬁﬁfé%}%%@ﬁé%ﬂ%gé? ﬁafeﬁ?a%a&%e%s flesgipd in UsS.
PaBROtQnS2 AHTole patdiclediniitidloios gopridie gt ihedGegddCeitens

illustrated in Fig. 22C. This result was obtained by computer simulation

(defprpsingiiiiaCFESRt fvie BREDRLH TR i pORBtREhERAISY ehdifpREdpeusiag
quRRIRIAgiHS 9 RRY Alsidewrdhelengthof the K6 1andaftRiiosing the x-

_initial rotational energy converges to a point on a circle of the same 50
dirpgrnusanst dieckitig BohaitishegiensyRfmetned dsasis aisikie Yafeefthis

FRHTNGIRY ranLdisyadepandentof the initial Bhage Sqdhatal pRAICIeS 1
bt are }Jleceler%tedé. The beam at the ion colllector end of the IC%Ulis ;%;in e

posifineirad wharefishhil Ahainsersionsiorva iadtevs|seryechia sl b deeesis
focd ASIRL o A8 nd I e densiikcosesPondinglyncreased. For a single

particle an extracting efficiency of 99% is feasible. However, various ‘
factdrisnikucksaksgensehaiicuiportsdtionabenargysonthdmughlargeamt cavity

fore it enters t i< aici ‘
oA SR A e g i
et @bolih&-dovMetis, aaitbdadekitiorealrebiudiontin condebioresefficieneyitsiiato

staf QNS conditioning tg connect o & hower arid: A8 oD igs:&3fiand
S Erhbhients o he Bisbibi s R
qualitatively similar to some of the results described herein. There are quantitative
differences in that the resonance cavity is much larger in size (10 meter length), and
operates at a much higher frequency (155 MHz) and magnetic field (10 T). Energy
extraction from the high frequency waves requires a rectenna. The energy spectrum of
the beam reduces the efficiency of conversion. The existence of two kinds of ions is a
more serious problem, but the efficiency of conversion is adequate for a D-He’ reactor
that produces 15 MeV protons.

A single particle orbit 422 for a particle within the ICC 420 is illustrated in Fig.
22C. This result was obtained by computer simulation and a similar result was obtained

for the peniotron. An ion entering at some radius r¢ spirals down the length of the ICC

and after losing the initial rotational energy converges to a point on a circle of the same
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structures 494 in the ICC 420 may include two symmetrical semi-circular
electrodes and/or tapered electrodes 494 that taper towards the ion
collector 492. Adjustments to the ion dynamics inside the main magnetic
field of the ICC 420 may be implemented using two auxiliary coil sets 500
and 510, as shown in Figs. 27A and 24B. Both coil sets 500 and 510
radipgy6ive jaitehreptidgators wititopposidly dinebsede ceflrstishisasimmetry,
but RAINRAG RIS RAVE 8. S0EHA00E, £ GHEIIRIG, 0P80 AT The beam at
s s.c?;%ma':L;)cza?ilgIl%ltlustrzfte1 |Jn ig. 27,8\, Wéi‘ﬂgc%%ngéthe l;on rota?tfl‘cl)n freqL‘Jaer?cng/]O :
the agnl qollgstor Antholiitpol€ tha ReactonFHig.228 HismalesdaiaeivMy Toactor!
ver R SERSTAler ol aNRY IINSIAE A HBian. ROWEL COle BN RVING:cacca
superconducting colls to apply a uniform magnetlt,y ield a coll for
Forfermedio naofid enagnétictiedd iithefiedb fééised dopalodyo weljacentrious factors,
sucfPROSHAL RS Of (e fusipn power ore reglon are [CC energy sonverterse .,
o dirett conversion of the Kinetic energy of the tusion produc S0 S8t
mapovdaceThe stippartyéguiponeitforiHuctt apeaetarxisalitisiratedidbEigr 20ut 1-
ulsion System Explqration of the solar system (and beyond) requires
10 O DAt 1 B0l R A G ORI O
efficleatiicipeapyisios systenmsikpioachaieeth prepulsigidapplications, the
present invention. holds the most promise: design simplicity, high-thrust,
high' SpRAGRE it pisse: %W@@%éﬁ%ﬁﬁ&%ﬁmﬁéﬁ% ﬁ%%‘%?%d
strifo@iednauproguge titde 0mae fadivrasivitynfRizsm adhUSHRIRPYISIO des

system, in accordance with the present invention, 51 utilizes the high

andiprdapsrbrifrendsedaddint tReerlemardidbeias slfriyr d¥expelled
axialysputabthedusion PRama cotasiensysiamBatisillpsiiatethe 1CC 420

schematically in Figs. 30 and 31. The system includes a FRC power core

maghe EBMEHEEEEITRESIA RBIBRISOWRREh X RA6 Hlepe she wran&igs. 27A
anCONMRIRGH A3 CSC RLAPIYE i [ Ve G IS HRGH CRRPHSES B hadIe tGected

field generator 825, a current coil (not shown) and ion beam injectors

curgAws. A 1@@@@@@@3@W@Mﬂ@@ﬁ@ﬂ%@g%mﬁﬁﬁéﬁ%é\%?ﬁ%ﬁled
sc}#%@ﬁaﬁ{)glggﬁl}?e@ %%CQ'??\?%P&%@%E{H@ RI% %%gﬁlﬁaﬁ%wgﬁfﬂﬂ%e A multi-pole ma

usion product particles which emerge from both ends of the power core
Reg3erin the form of annular beams 837. As described above, the ICC 820

decglerajes them, by A INAR ST, réﬁ%%?t%’r%ﬂ{j%%ga%vﬁfﬁég{%iga fusion

kinetic’energy Into electric energy. A magnéetic nozzle 8
power core region having superconducting coils to apply a uniform magnetic field and a

flux coil for formation of a magnetic field with field-reversed topology. Adjacent
opposing ends of the fusion power core region are ICC energy converters for direct
conversion of the kinetic energy of the fusion products to electric power. The support
equipment for such a reactor is illustrated in Fig. 29.

Propulsion Svsiem

Exploration of the solar system (and beyond) requires propulsion capabilities that
far exceed the best available chemical or electric propulsion systems. For advanced
propulsion applications, the present invention holds the most promise: design simplicity,
high-thrust, high specific impulse, high specific power-density, low system mass, and
fuels that produce little or no radio-activity.

A plasma-thrust propulsion system, in accordance with the present invention,
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positioned adjacent the other end of the power core 836 and directs the

remaining fusion product particles into space as thrust T. The annular

beam 837 of fusion products stream from one end of the fusion power

core 836 along field lines 837 into the ICC 820 for energy conversion and

from the other end of the power core 836 along field lines 837 out of the
utilirgg e MMMmgnaTgBﬁarhsé&@dﬂu m@er&diatiqndétmﬂveﬂsg mteebetiwit
axu?l?%/ ?ﬁl tﬁlct uesqmo lgs%tlrlcc ene Vergg()(-lj—sElﬁﬁS%7 (PSC rglgg {ga unllq Flgs
ergy that 1s no Briverted iI$passed rayton-
30 hehb bn@ﬁn@@%nﬂ!ﬁaﬂtel@eaf‘ &G@]@@‘ﬂ?d:@@eéﬁﬁ’ﬁ@olhdmgvbemcfnﬁoh reactor in

system (810, see. Eig. 32 mo itor aII c san inks of e
R S e e So e R TR SRt
corﬂbﬁ‘ﬁtﬂ;el amgnelepanderinseuce S 0f enargyri ﬁ;lfngcﬁikswb}aﬁtx&fl&m ’@éﬁn} to

. injtiat erati the space craft and propulsion s m from a

iR Sl e e HEBTHS T BrALtS BN 4TS i ruiled o one

endlo€ hygiencdoes 8Ot requinetbepusepfoxnssive rRifalieR-ansloh QubaRt
shields and hence js characterized by significantly reduced system mass

parfighei KR ER 6o tHET HORIOSF S h IO IYGH Speteiniz erihe FarorhaReL Bt
beatfie plasma-thedsbRiapkisiomsystemndQR isichasasterized fyidhe Jolowingn

kinetic parameters for a 100 MW p-B 11 fusion core example having a

Progesig S YBSIEasH REtSISSHRCHIEC I AT CIsF2Y. 4&@%’%’3%9@&@ 850 1s

posiiRes RfaclBMWnIhepsLP awed il AusRYt RAWRER HRHah 2% fusion
Thrust, T 28.1 N Thrust/Total Ou&é Power, TIP, 281 mN/MW The

ProgysiatT BOGSERILNEE 0B RS P REmHBURRaIWHIZH & fievnnforokigns stream
frof@URINA VBlaRIliIER 13, SRAFE LA HUZINGHDR RIS R ARIHSHRIRRYISIN G, -

system. A key mission performance/limitation metric for all space vehicles

engeggyomeiArsinasedTienpircfziimrs o chbnponenesin thé Plmnitihiinsts 837 out
of ROPIS|R sy Fie T80 are illustrated in Figs. 31 and 32. The fusion core
835

requires approximately 50 MW of injected power for steady-state
opBrativatr THegysténtige necatesapbroXiiatshic ZRdpwbph mlwlmarﬂectm-

|cI f |ch| overed int edlrec ner
e R e e SRS T

87 suspamdheradictoron-cycle heat engme 880. Waste heat is rejected to space. A

power-control subsystem (810, see Fig. 32) monitors all sources and sinks of electric and
heat energy to maintain system operation in the steady state and to provide an
independent source of energy (i.e, fuel-cells, batteries, etc.) to initiate operation of the
space craft and propulsion system from a non-operating state. Since the fusion products
are charged a-particles, the system does not require the use of massive radiation and
neutron shields and hence is characterized by significantly reduced system mass
compared to other nuclear space propulsion systems.

The performance of the plasma-thrust propulsion system 800 is characterized by
the following kinetic parameters for a 100 MW p-B11 fusion core example having a

design as depicted in Fig. 31:

Specific Impulse, I, 1.4x10%s
Thrust Power, Py 50.8 MW
Thrust Power/Total Output Power, Py/P, 0.51
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which is provided by the TEC 870 and Brayton-heat engine 880. The
principal source of heat in the plasma-thruster propulsion system 880 is
due to Bremsstrahlung radiation. The TEC 870 recovers approximately
20% of the radiation, or 4.6MW, transferring approximately 18.2 MW to
the closed-cycle, Brayton-heat engine 880. The Brayton-heat engine 880
compriséd@diedt exchanger 860, turbo-alternator 884, 28dmpressor 882,
and radi§, Qrs 886,828,519 in Fi 31. The Brayton I
supplies the rem(%laniﬁg I\Y/\Ill\%% Ib%?/vfgr needed to susta%}tilgnénﬁr@fﬁ,or,
another 11 MW is dumped directly to space by means of radiators. A
closed-cycle, a ton-heat engine is a mature and efficient.option to.
com B e SR R SR S B
termaxinmelovitips| ef tespperatufierid eonstheipeahy-thateriabpoksideratians,
Whicg limits.the maximum thermodynamic-cycle efficiency. Based on a
B R AR T RS ) AL “DACET AP Sign Botree
maeane exiiegtedn Typicalpeticienciasgansreachrup RHAWiorarthe 300 are
.. present case, 7 MW is needed to be recovered, hence, only a 40 %

Thigiat ﬁ%scgwaﬁiﬁ%, TR R e B SPRFgRAA i TUVOR
inj@ttednabledimits @fdcanve bianabBrayten RRgNess e CAPRANBALINABEM W
for the entire Brayton engine (less the heat radiators) is calculated based
of 3 le3E RELI S BT RS e dF crart y odistrkrRsERnBnagRteT 820

with@gndvesapgrRhSykarkMVeanl tbRImAghinesMNEIUBLIEATNFRSSAN e reactor,
power turbines, and heat exchangers, are combined for a total subsystem

whigh &P YiatPysBeTHE G Sdihier isadqs-Bsahsamact8i%e 6 MT, preferably
usingheal-RiReBaRe!s Mith: SlateRhihe-an-iigh ResmabaoRduaivdy is due to

Significant system weight also comes from the magnets 825 confining the
Br%W@IWé%%%J Sapgéiechiilkesnymagneniveie 828 ard fieferdsipn, or
4.6830eQLNBARR WOICH: PRSTARS Siakly:atd. 2 oA Ata fieldi of g A A e

T. The cryogenic requiremerits for Nb3 Sri are less stringent'than other
88(natbrilisronsiveredcinitbls noagmetis fidletreqhirepse f00f RrPesibeamd e 884,

' t ' ly 7, rs. th il Qut 1500
oo s R B s L S nse,
supplsstbé this aoihis Aot GOTvkgnddiedigquiditieliuthcooating, systben IS MW is

comp iseq;of two_bumps, one f';l%a%aa h end of the main coil. The total

d t & .
YiHass of these pS) Er‘npsslzsmaglﬁ%)xma e?/rSGO kg. The outer structural shell is

useddosuppaitihd3mnagnetsardgilditernalture and efficient option to convert
excess heat rejected by the TEC 870. In Brayton engines the maximum-cycle
temperature is constrained by material considerations, which limits the maximum
thermodynamic-cycle efficiency. Based on a standard performance map for the Brayton
engine, several design points can be extracted. Typical efficiencies can reach up to 60%,.
For the present case, 7 MW is needed to be recovered, hence, only a 40 % cfficiency in
converting waste heat is acceptable and well within currently attainable limits of
conventional Brayton engines.

The component mass for the entire Brayton engine (less the heat radiators) is

calculated based on specific-mass parameters typical of advanced industrial technologies,
i.e. in the range of 3 kg/kWe. Turbomachines, including compressors, power turbines,

and heat exchangers, are combined for a total subsystem mass of 18 MT.
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components from outside. It is made of 0.01-m thick kevlar/carbon-carbon

composite with a total mass of about 772 kg. The outermost layer is the

insulation jacket to shield the interior from the large temperature variation

in space is estimated at 643 kg. The total mass for the magnet subsystem

825 is, therefore, about 4.8 MT. At present, the ion injection system 840

mddteapgiapriatastos spavetap plibattoNsl woeld deyarsing hetiopifinasnsts with
stat@-%fﬂé%%ﬂ 'Hlﬁ{g%l%fcggﬂag%&an RFQ was floyvn on a scientific

rocket and successfully demonstrated the use of high voltage power and

thedi gnjdttioh Hkiom beaghsdstocspecdrémdiprefegretsédbodifneng 8ix plasma

injgctors 840 distributed along the length of the C three, for eac
o R R SRR w b e o
opaoaesaitatinensitl ofid 3 metkers idag didsal 0 Dlemagdiits.chackniajas o

[ ior , feraby 0.02-meters | d 0.020-
N e Bt SLIDGES IOHLECEE h SN 60 561 it N bR o b for
reqeachancdiératera Bedh the-igjactpiiantihesaureelare vgliaihinecuriaidds

attaipable limits; with design refinements for space their total mass,
DTG THE Yot LS T I SOCASHATERS, SHobhd beTbBL S0 gSer e tora

maS9BesRapadd s dinzstanergy caaurl ten 820 isdusatedetore angabther two
reactor 836, which is_preferably made of stainless steel. With a base

PUTRRGi D REeBM R ST thedrapiesgth dis IRBemastel iess Ry isis approximately
60 REPIREDaE! ¥4 R90-K0HAN R EsBOWRlSHBRIYh SZALRVE Her/ S0 Iveria

recovers the directed-ion flow, converting it into electric power. The power
COTERRHH ALY QR HoKGadebrayeBatisk ey iaricadun wrdtarseraasite
witlg ehGRER. Ths storedicapfcity 8. ARoUL 30:MJ 1liSimass s abait 806hield

kg. Alternately, a fuel cell could also be used. Additional control units
thedgtsiam aﬁt@%&@ré@i@ﬁ BEHICtART e SATSORBATSSTAYE isontralaserbalatdrkandds

totd$ SIUMBLGA.10,08:30:k05 L6, tata) gnaigYGNYEKIRMiStalier subsystem
mass Is, therefore, estimated at about 2.25 MT. A magnetic nozzle 850 is
locateucaenhdhsther et fgsiorte ores835pMpeiatiolzlep8BO foliseins
ior t ir articleflow, It is esti
WO%ES tglésaﬁ) E‘n@ﬁ%ﬂgﬁ }ﬁ{a%%w %}%?é%%lg‘?éig g? g?e%:sta X exgast I%f%twn on

e mass of the magnetic nozzle about'equal; since both

a sgratifomprise dnof surgessiotisletingpshragidiscand of laphelylloge pass; and the

! na P]thh

m;ét{%“%%%%@;;%‘%%% e Tintr SELIRANRER K oM 108 s 84
eﬁec{lromagne iC emissibns of the fusion core. ft 1s prélse'ragly a %ﬁln-ﬁlm

disgtituctdrelongdkeck 02 ediththidkARg hnec dobictels disanesgeiinaniBah whichor 840
is phrg?er%kgpyag %(&i EQ%¥8?£{%Q§9VE% gille(wgfa Ihdeil'[-{ elzzncs:iosn78fj ﬁ.gor%%ttggs g&g%‘md a
0.020-m radius. Each injector requires an ion source, preferaby 0.02-meters long and
0.020-meters radius, that supplies ionized hydrogen or boron. One source is needed for
each accelerator. Both the injector and the source are well within currently attainable
limits; with design refinements for space their total mass, including the sources and the
accelerators, should be about 60 kg.

The cone-shaped ICC direct energy converter 820 is located at one end of the
reactor 836, which is preferably made of stainless steel. With a base radius of 0.5 meters
and a length of 2 meters, the ICC mass is approximately 1690 kg. An RF power supply
820 (inverter/converter) recovers the directed-ion flow, converting it into electric power.

The power supply mass is about 30 kg. A storage battery 812 is used to start/re-start the
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first wall and preferably completely lines the inner surface of the reactor
core; the mass of the TEC 870 is estimated at about 400 kg. The radiant
flux onto the TEC 870 is 1.2 MW/m2 and its peak operating temperature
is assumed to be less than 1800 K. The total plasma-thruster propulsion
system mass is thus estimated at about 33 MT. This defines the

CBidmalhingaridsiapreiiticatiparaietbrs fompes psebently Hidaissdigraagly, a fuel
CGHMX%:{HQJEOTQ;%SM?S ﬁrc\f/?v{ﬁﬁlelgpﬁ%gﬁmJAR@CQO%%&%OG%%Q{& (-)I—i!rI aﬂf%ﬂy ass,

T/Mr 0.85 x 10-3 N/kg the invention Is susceptible to various
compodificatibnscant dlermtitarfomnss s zspeditc exanipléthdiboftashemy
corl ‘é%’)sla‘r%gre%u bkl and is heren, %?%&E%%%%H‘%tda%t@& iﬁ“&ﬁx‘?’ be

understood, however, that the invention 1s not to be limited to the

pafticugndocmatisel 856ds butatedthetbonthary;ithe inve htmisde: ¢Gder ik

oRFRRNs, paivalents, fnd aliematives (ling witin e sPIL a0 o

Zscopeo the appende aims aime
thaptwet genératamgystemoaipriditg 18 Chankierhaying; aiptinbipleaaxis, a

first magnetic field generator for creating an, azimuthally symmetric
COBRRSRLAL HRRGE RN B SR OF NS S i CHig] components.

substamtially paralislde therdrineinle axisceliineshanbai:adiE driNe fusion

system coupled to the central region of the chamber, and a current coil

COrEn AL RIS A BT SIS E B et 1o g tareasi e
gertlepthia fieldavithinthe. e amber o2 adhe system ofglaimd gvbetaiitihsl at the

RF-drive system comprises a quadrupole cyclotron. 3. The system of

firt iyt b RETEsH thecgmirtibieney At BReE SHiFTSeY 186 reaeion LS dircaass
of fletireder farming Aviingricalsuriaceridt Lhesyatemefciaimtaviessin o

the RF-drive system comprises a dipole cyclotron. 5. The system of claim

MW \ph SRSitme dh pore Hirgceoneasisassiardiniic iamdaedSé drodes
formm|pgua. CYIRATCAl RS R diBE SRIBMALSRIMS WRSIRIh  bout 33 MT.

RF-drive system comprises modulating
This defines the remaining mission-critical parameters for the presently discussed 100

MW unit:

Total Mass/Total Power, M#P, 0.33x 107 kg/W
Thrust/Mass, T/Mr 0.85 x 10™ N/kg

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

equivalents, and alternatives falling within the spirit and scope of the appended claims.



field coils extending axially adjacent the perimeter of the chamber and the
current coil. 7. The system of claim | further comprising a power
conversion system within the chamber. 8. The system of claim 7 where in
the power conversion system comprises a plurality of semi-cylindrical
_electrodes forming a cylindrical surface in a first end region of the
Whaninsbemn . ithe system of claim 8 wherein the plurality of electrodes
comprises more than two electrodes in spaced relation forming a gap
between adjacent electrodes. 10. The system of claim 9 further
combrisingferdetondinégnetiv fiefdngafienatpstfor coeatingran azimuthally
symm%tang ma}% ]%IC fI§|d wﬂEln the first end region of the chamber with a

flux substantially paralle "to'the pnhmple axis of the chamber, 56 an
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plur semi- c |IndI’IC Iec rodes formin indrical surfa elna
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_.forming a gap between adja lectrodes, a third magnetic field
Mﬁ‘é‘ﬂ@aﬁ&"?ﬂ? étﬂ‘ﬂé}%‘h%ﬁl 8thafly symmetric magnetic field within the
firstznd regionsofithe shamper witbraflthe Substantialigaraliabiostoe

qu principle axis of the chamber, an second electron collector interposing the
PRI Ragnetic field generators and adjacent a first end of the

secand plurglity\Qfslestrades 2anEaa RReolectasRASIRRSes four
adjacent a second end of the.seeond plura ity of electrodes. 12. The
senyperdinfBrel slgsHadssREr B psingich BESCinjectors coupled to the

vessgl. 13.mhhe systemrf Glaimhe WHSIRIRING QR AN, IRREIISINELAS

a means for neutralizing the electric charge of the ion beams emitted from

cydieEMjectors. 57

5. The system of claim 4 wherein the dipole cyclotron comprises four semi-
cylindrical electrodes forming a cylindrical surface.

6. The system of claim 1 wherein the RF-drive system comprises modulating
field coils extending axially adjacent the perimeter of the chamber and the current coil.

7. The system of claim 1 further comprising a power conversion system
within the chamber.

8. The system of claim 7 where in the power conversion system comprises a
plurality of semi-cylindrical electrodes forming a cylindrical surface in a first end region
of the chamber.

9. The system of claim 8 wherein the plurality of electrodes comprises more
than two electrodes in spaced relation forming a gap between adjacent electrodes.

10, The system of claim 9 further comprising a second magnetic field
generator for creating an azimuthaliy symmetric magnetic field within the first end region

of the chamber with a fiux substantially parallel to the principle axis of the chamber,
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an electron collector interposing the first and second magnetic field generators
and adjacent a first end of the plurality of electrodes, and

an ion collector positioned adjacent a second end of the plurality of electrodes.

11 The system of claim 10 further comprising
a second plurality of semi-cylindrical electrodes forming a cylindrical surface in a second
end region of the chamber, wherein the second plurality of electrodes comprises more
than two electrodes in spaced relation forming a gap between adjacent electrodes,

a third magnetic field generator for creating an azimuthally symmetric magnetic
field within the first end region of the chamber with a flux substantially parallel o the
principle axis of the chamber,

an second electron collector interposing the first and third magnetic field
generators and adjacent a first end of the second plurality of electrodes, and

an second ion collector positioned adjacent a second end of the.second piurality

of electrodes.

12. The system of claim 11 further comprising ion beam injectors coupled to
the vessel.

13. The system of claim 12 wherein the ion beam injectors include a means

for neutralizing the electric charge of the ion beams emitted from the injectors.
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