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A SURVEY OF LINEAR !WWHIC FUSION REACTORS*

R. A. Krdrouski

fJJS AIANOS SCIT.hTIFIC IASOSATORY

UNIVEltS!~ OF CALIFORNIA

LOS ALAWS, N?X WKICO 87545

The promise ●nd problem- of Linear Hagnccic kusion (UtFj for the

generation of electrica! power are surveyed. A number of axial

confinement mchemm me deacribd nnd compared on an n- ba ia. Likewis@,

the rrmgc of heating ❑ethds is described. ThrL rcaults of ●even

conceptual LNF reactor design ntudies a:e sumaris-d with an ●=phasia on

the intcrfacen betwren rcmtor opuratian, c.mfinrmcnt ■cheme, a=d heat i.ng

m?thadom

. 1NTROLWTION1 ——
Since the inception of cantrollcd thcmo-

nucl~ar fusion rcscnrch, the attraclivencsa ~f

pla~m~ continomcnt in iinc~r gcJm,!Lr~drn has been

apparent. rhc cxccs~ivc pla~ma IenRth requ~rcd

to nustain thu D-T plasma d.?nnity at thetzo-

nuc I car tempcraturea against Ircc-atrcami ~g

tmdlosu [or times au fficicnt to achieva a net

crmrgy brcakcven Icd LO ●arlv abandonment of

Lirmar :,trinrtic Yusion (U!F) in favor of closed

gcnmctrica. The attract icmo of DtF, howcvar,

romoin: proven heating methuda, ne,. tra 1 iy -

ntnblc pla6ma ~quilibrium, high planm:. dennity

and beta, ●cccam:blc and convenient geometry.

Two UtF workshops
(1,2) have

recantly ●ddscnsed

tha primary obutaclun to IMF: axial pnlticle/

energy confinement ●nd total •y~tmm lel,~th.

Althm.qpi frcw-atrcaming endloaa haa been the

subject of uxpcrimcntal ●nd thcorct icn! ntudy ,

Imcthutm Oi particlo/energy cndloss reduc t ion

relative to the frl-c-ntrcaming caoe unti 1 very

rcccntly have rccciv,d little in-depth conaid-

crat ion.

Conccptua I IMF reactor dcaiRnu reflect ●

r[ch array uf potontial heating nnd ●aial

- ——-. —.—-——-.—.
*Uurk perlormed unclur the auspicea of the US
Department of %,.ryy.

Coniinemmt options. lleatin~ to ignition by ●

combination cf beama fnuutralarom}3) rela-

tivistic electrons, (~’ la5c:s(5’6), fast

‘mplosions cauplcd wi:h adiabatic cnmprcn-
,ionl. 7,8) <a)

and high-frcquen:y heating have

been proposed and invantigated. Endless reduc-

tion by tha [ol lowing techniques has been pro-

ponea: material endplug~, re-entrant cndp ;URS,

clcctrestatic trapping, simp:a eirrora

❑irrors, cuaped ficlda, reverse: tie

fraqucncy ●topper ing. p!aama-gun

Only tha first five oi theac ●nd

methods hava rcceivsrt consideration in

multip!c

r!,, hi#h-

injection,

atoppcring

1 reacto:

●mbodiment,(’-o’lO) ●nd ●xperircencal atudie,

under reactor-like plasma conditicnm are non-

●riiatent,

nis survey of the fJIF ●pp:OJch to fusion

pouar first reviewe and atr~~~?~ the physics

scaling and itn reactor implication. ●fter which

a uucmrrv of UtF reactor concepts which !rave

corraidcrcd one nr more of the ●lmvrwntic.ned

heating find cmfirrcment schemco are Jcacribcd

aml compartid. Specifically, tha Lmser-Heated

Solrnoid

Solenoid

(t.TP), (s)

(5SFB)( 11’

the very

LHg) (5;6)
Electron-Beam-Hcat@d

EBIIS;,(4) ‘hethe Lin?ar Theta Pinch

.mf the Steady-Stat.: Fuaior thrn,. -

are diacunotd. lnclud?d ●lao ar.

denac ~yatcms, such aa the ●lmlv



imploding liner (LINUS), the Fast-Liner

Reactor (FLR) ,
(11)

the Mnsa-Z-Pinch Reac cor

(DZPR), (14) and ●pproached char have propcmed

-Itiplc-mirror confinement. (3’15) AlthouBh

tha Den-e Pla-a Focus (DPF), the Fiald-Rcvereed

Mirror (~), ●nd the Tandem ?firror Reactor

(THft) logically b-lams to the LNF clam of

confinc~nt ●chemea, in the caum of brevity

these conceptrn will not be treated.

Il. UfF RSM7DR PffVS[CS AND SCALINO—

The broad and divcrae nature of lJtP allow

tiithin che conatrainte imposed by thie survey

only ● brief and nimplificd presentation of

theme physics point- fconfinoment, heating,

etabi lity/~q\ll I lIIIIIMI) that are crucial to

raactor performance. The trends presented here

should be used for comparative purposes and ❑ust

be tempered by inhrrrnt assumptions and tho

corroboration betwwn theory and experiment.

A . Confimmmt

For mnot UtF crmccptn radial contincment in

provided by axial ❑agnrtic Cicld, whish, l?rlcrpt

for the field-reversed contigura-
~innn, (12,16,17J

rcault in Opcr field Iinus

and a potentially cfiicicnt chitnnel for planma

particll~/cner~ Ioiso . Axial con f i nvmonr,

chclefora, in a major ioaue fnr LYF thnt in

bming addre.sutwl hy ● v.aricty of ❑et.hods to

reduce tha axial lorna rate, to acoppcr or p I Iqf

the ends, or to ●ch ieve a significant net fusion

gain in timce that ●rc short compared to axial

Iosn timne. It i- not msrpris ins that a ❑njor-

ity of LHF concepte enuieagc pulsed opurntimr.

Excupt ror LNF conccpto which :cquirc very nmall

plaxma ~mlii(e.g.UIS,KB}IS,FLtI),radial con-

finement appe;lre an a accondary ismuc, Uith one

(la)
uxccpticm, expcrimlmrs have not coniinnsl

platimn [or euf:icicnr pi.rildn tn muasurc radial

Ff[cctm,

The con finomrsrt ineue, thercforv, herumoo

ona 01 axial lens; with fcw •xcl~ptiun~, fJtF

conerpts simply do not ●ahibik axial ●qui -

llbrium. Tha foil-ing ●xial cnntairsmnt

schemes havr been proposed: free-streaming,

nimple mirror-, material entip lugs, re-entrant

endplugs, cusped ●ndplugs, and Wltip!e

mirrnrn. The reactor implicaricmc cf each are

●urnarized below.

1. Free-Streaming Endlorns fFS)

A cylindrical plasma column of length c(m)

that ham been inetancaneomly heated to a tem-

perature TfkeV) will flow ●xially frm the con-

finement region in a
‘iw ‘FS=’’’vi TH’ *lPre

,n{ (m/e) in tha ion chercml spe~d, Thev.

traneienL behavior of the associated area wavns.

self-mirroring and mgnet throat conditions, ●nd

diffunion prol’ilee have been quantified thco-
(19,20)

rctically
(21) A

and experimentally.

comparison of theory and t“:xperimant ia s’:own nn

Fig. 1 in tcrml of a parawter
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1/2; ,2

‘EL■ .u(mi2 ~T) . Exprcoscd in

tarms of an n: criterion, and uain~ preawre

balance (fB2/z. ■ i?rrkT),
“o*

the following

●mpresaion results.

(n:)F~ -2.2L(lo)% r=(B%T3/2 . (1)

In c-paring thin criterion with thona gencraccd

[or other ●xial flow cmdiciona, ‘EL “ ‘aken

CO%I 2.5 (Fig. l). For T = 10 keV, E - O.B,

and r’IT-102’oim3, Fig.2 depict, the

rclatlonahip between B(T) and :.(m); for B~20 T

lengchn in exceon of 15 km would be required to

achi eve “incrtially” the apcci(icd n. va 1ue in

the pretiencc of free-streaming errdlose.

2 M:ttcrinl En~lugs (!lEP)d—. . .— —

Since the firut proposal
(26) to

in~ert

ablative mnteriale into the end regions of all

LYF device, experiments have boon

fu:med, ’27) and

per-

Fig. 3 illustrates preliminary

.
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FIGURE 2. D,lpundnncu of firltl B(T) on pla~ma. . ..- -..
culumn !cnglh (EIJ frr variuuq

= ,o$l’~a,:5*f’f’”:;::
achrrmo tn ansure n.
i, ● fl. a ,lnd T = 10 kI?V: FS(frt~c nlrenminR) ,
::l:l’ 1:-I!,,r; -l mrrlplugc), RliP(rc-rmtr::t

undplugn), HM(mullipil! rni:ror:;), and cEP(cllnp

cnclplu~s). AIIII shown mn II function uf B(T) nrr
laser abmwplion Iungth, REB nhuorpt!on lrn~th,
nnd plaamn radluN o(m) [or radial cmndut-tion,
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FIGURE 3. Expi*r imental Iy observed in:rcsae in——
rncrgy conf;ncaent ti~~,rq~ylting from the I.se
of mntcri~l ●ndplugm. - ‘

experimental cvidrnc~ that a :ow-atcm:c riucher

tfEP can significantly rcducc t!lc axia! pJrci:ic

flow. IJndcr the assumption that an ab!ative .XSP

can cffcctiv~ly support the axin! plamaa

pressure. the free-strc~ming mflosa problem !s

trannformcrl into nnc 0( axial (parallc!-iield’

therm,nl conduction by electrons. It is casi iV

●hown(2’] that the @nrrgv flux condurted :0 a
.

cold klEP im P, , (W/m-! = (lb/7)k,.~;”, whrre

k,. ■ 9,t3(10) ’”’T5;2/(llt, “

(electron) thfiymal c,,nrlultivi~~’’~29) ~~~ssi~~~

quautiticm nrc cvtrluatcd at tll,? ani,ll rU.n~r~,

Drfinlng a comluc:ion timr as (\/:):)’,;. ;,,.. .

setting thu C,w!lomh !og.lrithm (n,’. - ]7, and

u~ing pl’ussurr bal~l:lcr the follcwll:~ n’

criturion rcnults for th..MEP taco

fn:)HEp ■ 2.81( 10)1i .2( B2.’)2/To”2 . (:)

o

.-.. —— - .- —..--— -.--——
%tcrpt tor planmn tcapvrdturr T(keV), mks units

arc crrnslntontly u*e.1,

:-.



Sqn. (2) is cmparcd to the FS ca61: on Fig. 2;

Iittla i~rovemcnc relative to the H cmae i.

indicaced. Since ●ny deviation frmm clanrnical

condut ivicy cntern under ● square rent,

reductions in k of at least Wm orders of
c

megnitude will be required before niknificant

improvemmts in the ~P nituation deplctod in

Fig. 2 renult-. Including the cnnncralnc of

●lpha-particlt? confinement makr?c chi6 predict irrn
(20)

●ven unr~e.

1 . Rcwntrant Enr!!ll~n fRl!P)—. . . .- ----

A second approach tn the LJ4F aa;al ●ndloafi

problcm would return to the plao:::a crslumn a

significant part of th~ col.ductiun and nOn-

thcmalized alpha-palticlm cnar~y that rusrmally

wuld be lout to a cold HEP. TfIc rc*ntranL

~nilplag (REP)
fl,xl)

concept propunws t Wo

parnllcl tJIF dcvicca ❑upplying each uthpr with a

portion ot’ the thermal conduction loEooa by

❑vanu of mirrginally-utnblo and short ‘VJ-!, vnrfm’

and sec ti rsns. Preliminary LW rcac trrr

ritudies(a)ahau that thiti mpprnach can yiuld

intcrea?ing renctor dcaigna that arc a f Cw

hundrud m~tcrM in Iongth and require mntle~c

ficlsfa (B 10 T) for ● lirrt!ar-to-REP Volumr

ratio of - 10 mrrl crnan-field conduction L II!III)I

in the cnd Iugiun Iuna than ton t imcs clati~ical

prcdietirms. Furthcnnnro, ttm REP apprnach

provirfcs a loon ❑ochmlinrn which ❑ ay mnkc

poaaihle nearly quami-steady-nLate (1,,11 :1.-pulwvl)

op,!ration. The loan mcchaninm(s) in CIIC REP

region rcmtr i n unquanti[icd at thin tim,q,

althuugh Hlffl ectivity, ❑icru-turhulcnec, and

rrosa-fiald (ion) diffu~inn will c(qrcainly

occur; both relatiwly poor cquilibr iurn and

etability in thr “U-brmf” sectional hwavur, ❑ny

be tolcrablv. Fur thu purpt?~u~ of LIII? prs=ncnt

analyoia, LIIC con finumwtt time la taken an that

aanociatwd with cruaa-iinld thermal currrfuclion

in a RfLP planmn of radium ●(m) and a linear -

to-REP plaama volme ratio of .’/”:R, where R(m)

ia the radiua of tlw REP acction, Only the

trapped Ciold wlthln the pleumm in tsaaumvrf to

contribute to conduction rcaiatancc. Un inR

c[frctiv~ n- fr,r the REP

-:)fa2/R;fS24)T”2 . fl)

The predictimra of Eqn. (3) ● re comparrd co the

FS and HRP casen SM Fig. 2 for ● -O.lm and

R=lOm. The promi~ing rearrlc% givnn in Fig. z

and Ref. 8 ❑ust be t?mpcred with the ❑any

physicn uncer:aincir?s. Thtl UW of internal

rings, ●xial currrmta, ,lnd high-brta 6tel “r-ra:or

con figuratinnn ilav,~ >[.tin ❑uRgcsted as mran~ to

acl~ieve the requircrl poor-to-=ar?inal Lrrri(j.l-

Iike ,!quilibriurn and stability in t!:,, R~p

ncctiwta.

6 CIISJ En~lIIKs (CEP)- . . . - .- .-.—-.

Re~!uction n[ the: crrr~s-ni,cc,c:l,ll ar,.a for

part ic!r and cnur~y [luw, vhi!r sicxit. ~nt~oun!v

mintainirrg a larp.v crmtis srcricn in Chc tu:k

plasma, ropres+nts anc. t!lcr aFpro,]ch CU ro.Juco

the frrc-qtrcnminz undloss p:I:cI.s~, A! tha:a~

Lhc :Ippi ication of %imfrlo mirr,.rn to ,..nch ,.n.l J[

the plasma crrlumn c[frctivuiv achit.vos thiti
(7,3; ,1?)

grml. it ia uol I-km.wm that this

cnnfixurntion i ndur..q ,,n~:flt.:,? nnn activity

(particularly, bnllnnning and intr:chnl:~t

mndcsj, 1.i n!: tyin~ connidcrn!:iy rr.:!lcea th!s

HUD .lCtiViLY. but the incwawd cun(!ucL :-n

Iounr# may hc irlolrrnhlv. “~hr USL. ni II simp;.,

cu~p gcoactry rrfrrrsrnta anntl:cr Rl*tlllMl tn

rw,:lmc th!: f!m nrra at thv rnds ni thr d,wir l..

r<al .1 +pindlc cusp 01 tsdius Kc(m) nnd sheath

thickrwsn ~. (m), thq f!ow nrca in
●

2“ R
Cq

fn,.glcrting the pnint CIISfI), XMf thr pnt,.ntia!

reduction in flow nroa rclativt to thr column

arra ““a
2

in 2R . 2c ~ia , If . ,*1111.11II

ion gyro-rrndiua ~ “;5(, ”,-3Tl/2;;
ri (m) I. .

then the L?xpronainn for .ln rff.vtivr n.

pnrnmvtcr brrrmwn

(nl;t;Ep =3,17 (10)17 fn2/Rc$R3iT5/2 . ($)

If ‘.a C!!llld bc an small aa .!n rlrflrnn gyro-

radiun, re 1 (n r)c.p WUUl~ be incrrnnrxl by



(mi,’m,,~~i~-67.t., whr-ruas if a hy~r:d PY:O-
1/:

radius (rcri) brt Lthr

charac”criz+s ‘S, then (n )cEh wsuld bc

enhanced by a factl.rr (miimcw = 8.2.

The rclat:onship bc tuclm th~ field B(T) and

lcngtl) (m) needed to achirvc n: = 1021
3

slm

at T = 10 keV and ‘. = 0.8 is il]ustra LPd on

Fig. 2 frr CEP sheath thick nc. ssr=s cqua! CO r. ,

(rir,,) ’”, and re, re~p~ccivcly. wi~h

a= O.lm and R =lm. Al Lhough the case
c

wlierc “.i-=r is attraccivc (C,g, ~ E 5n0 m
L,

for B = 15 “?1, achieving and maintaining a

Sllciltll Lllickncss 01! the ordnr of nn .>~:::.-m
(33; ~(,r

gyr(:rad]us ccrms unlik~~ly. the Ct.sc

whcru ‘ =r., Ltlc simple CEP offers litLle
61

ndvanchge r~,lac ivc to thn HEP or FS cas.. s

5. !kIiL1~lr Hilr{)r+ (Y-!)——. ..—

Tlw ust of axial Cur: lly,al ions or n.uduldtions

In Lhc m.ignc:lc flr?!d to rcducc particl,, !0ss

!Ias !,,f,n pr(,[,i,i,.,d and ,.xp,,rincnt:,lly in,J,. sti -

gdtl, d. The multi F!c mirror conlig~ratirrn has
(y,,j~)

I,k,,:n a,x.~m:ncd .rs 3 rm:ans t inhibi C tile

:Jx!nl i!(m nf n dense, wnll-crrntirr..d pla:;mn by

~f[orr. (:i,15. YJ)
vi?.cou:i dr;lp, . wlll,rufls ntltt.r

Il(iv!, !,, I.:l:; I.c! on I inkrd , av~:ra~c-ml I ;mIIm-B

con! I n,.monl , RJrllril cncrp,y cOnfinvmc,rlt mily

prrsent a prnbl,fm fur Lhr’ wnll-con[incd SYSKI?UI,

wll(”rl,,ls M}Ill sLabili Ly at high brta in an

,~v, ,r;; ~,~..min :ni m-B cunf i;; uratirm may reqlli rc

dyn:jm] c (ri) stnl!ili. z~t ion, feed’)ack

sLahI iizntilm, complex f’icld ,qr-umctrir~ fc. g.

mu!tipl,lus) or comb:natians tllcrl,of,

Applic:lLi,m of a simfrlv hlnctic Lhcory to ?fM
(3/,,3~) ,,a~

syst,?ms indicntcd cum.lltiucrs wllcre

LI}I, ,;I:q III?nL i;ll trappin$-,lnLrapping of ions in

I i IIPIIJ m]rr(lrs will Ic:lrl tu dlffU~iGn-llk{i

scaii,i,: (10+s timn .2); tllls bchrivior h.nu

hv,,n (Ia:m[]nlt r,l t.?rf oxfrrr i~llontn I 1y for very

(3)
iow - den:; ity, Uuid plasma For J ,givk*n

mirror ratit] M, tho mfignitlldo 0[ ctl.7r.1ctcri9tic

+ysl(.,m lt~n~tils (mirror-to-m!rrur cell l(~n~th ;,.,

fi~,ld ~r,arlit:nt lcnEtlls JM, 1llW ang!c llcLrttcr’-

i IIR mr2,111-free-pntll length ‘, Lllwl lcs~-cmtu

%cat L1mrill~ muan-frcr-path lellRth ~/M)

d,?t,:rm:n.> thu con! incm.,nt rcgl r.., and hence

scaling rcl~rlncshlps. Fnr the case where P’J>I,

,j~.., .,, PId T
c’

=TimT, the F@t
(3) is e

con f inom,, nt timr Uppr(’xim,ltcd by M ‘/

h. v, ., ; wlhcn cast irrLo on n: criterion,
t. 1’1!1

/!f.c
(n.)m = 9.93 flo’l’~: Fi(B!2/; .cT3/2

On the other hand, when .= ~c, the MN
-.

(~)

crm[ine-

mrnc rime is given hy W ~/8.viTH, which

in tt,rm:; 01 an n! criterion “nccomes

,.-
,.

(f’)
H

=3.77 flo)’4~M ~fB:. )2;T9/2 . (6!

A! though valid only for M .’], W,.ak mi rrcrs can

be dcscrihccl by tlwsc ,,quntions if rl is rcpiacc.1

by tllr mi rror rnndu!ation}l) .’. B! B= X-1.

Equation !6) reprl>acnts a near optimum casv: zn

ion
i ch

sca[tcrr!d into a 10SY cone of thl?

mirror has a higl! proba!]i lity ni SCJtL,-r:;!G ..,:

of tl~u 10ss cone of tllc (i+l)th mi rror , tllcre-

by unrft,r:oing a random-walk or di[fusirsn-like

proc~se. Equations (5) and (G) aru incorporated

into Fig. 2 for the caae ;. =5mand Y=4.

For a di~sign with ‘e. c ;Eqn. (6)), the B

v,qrsus . reac tnr rcquircmcntri (n. = lf)~l s;

~j, , r 0,8, T - 10 kcV) arr comparable to the

optimistic CEP(”.B E re) seal ing prcdic-

ticms. As for all mirror systems the strong

tcmperaturrr scaling mmkcs thr mirrors less

effective as T incrcaacs. En!lancomcnt of

nnn-adia!]at ic scirtta’ri.ng at high betl may
(3,37)

overconw this problem, hut the quusrtion

of MilD stability rornnins.

6. Rn.;inl Confinornent.— ——...—

T!IU following ,,xprcsaion bascrl on clnssic;l

thermal cond.~tinn gives the cfft~ctivt~ n“

partlmctcr for radia! heat conducting

(n)Rc = 5.04(lo)20(l-:)T’’2B2a2.

[Setting
‘n’)RC

CqU.11 to 10?’ 3sim ,

T = 10 kuV and ‘ M 0.0 givt?fl Ba ■ 1.78 Tn. which

ia Illsu shown on Fig. 2. Sincv patticla.

diffuninn tr.wfivorsc to firld Iincs iuvmlvrs



,

electron-ion collisions, the relevant diffu-

nivity is dc-reased, and the associated nr ia

correspondingly increased by ●pproximate !y

(mi/mc)l’2 -67.6.

Cm the basin of chin analysi6 DfF devices

operating with ❑oderate fields (B <20 T) and

lengths (1 ~500 m) stppcar feasible only for the

REP and Wf approached. Approached which invoke

the PfEP or CEP and still cuintain j. < 1000 m must

operate at 2s0.8 plasma densities that are

equivalent to fields of 40-50 T. Th iL hig!r-

field approach to UIF ia characterized by the

Mscr Heated Solenoid (LHS),
(5,6)

which h.1a

cho~en to addregs
(38)

magnet-design and

first-wall(39)
o

technology problems rather than

evukc the unresn!ved physics of high-: !4M or REP

approaches, a 1though LJ!S reactor designs have

assumed some degree of unspecified end stoppcr-

ing. On the other hand, the Linear l%c t :1-.Pi uch

Reactor (LTPR)(8) and the E1.’.ctroBr:lmlm }Ieatod

Solenoid (EBHS)(4) approaches to L\[F have

Selcctcu, rcspectivcly, CIN? REP and W axial

confinement schemes in order to ease tllcsc

technological prublcmn. An important inRr+di,,nt

in making the respective choices [or axi~l

con[incmcnt is the plasma heating achume pro-

posed by ench.

~. Heat ill~

The [lcxibility of employing a varic~y of

heating schcmcn and combinations thcrcoi ia

claimed as a major advantage for LMF. The open

ends vhict prcsmt a crucihl containmcnc problem

can generally bc viewud as an advantage in90 far

da rendering flexibility and acccsn for purposes

of heating. From the view point of all overall

ay~tcm rI given (axial) I.on[incmcnt schcmc

interacts with and strongly in flucncca the

healing method.

1 . Miabatic (hrnprcsniun—.-—

Adiubatic corsprctision is an cf[cctivc and

proven ❑ cuns to heat a fluid and is part icul~rly

applic;lblo to high-beta plaRmns whurcin the

mmgnetic “pintun” can be directly and effec-

tively couplcu to both ions and clcctrrrn~. i he

efficiency of adiabatic ccmpresoion r
AC’ aa

measured by the increase in plasma the-l

●nergy 3nokTofT/To-1) relative co the

magnetic energy needed co fill the vo!ume i’o-V

crsatcd by the displaced plzsma, rapidly ?e -

crcaaes aa the volumetric ctm~rf:s+i?n !Ix - ‘; ~i’:

is increaaed. It ia easily shown chat

1
~-x-( -1

x..—
“AC f-l

()
-—..

G %-?.)/?Oa +1
(8)

t,
where :, ia the

o
initial pre-compression plasna

beta (2nokTo/ fB~/2..o)). I_ne depen-

dence of T’AC on x and irt depicted
o

:n

Fig. 4, which also shows the dcpe~dence of

TITO for a Iosslcsa cozprcs3 ion. fii9

behavior clearly illustrate the desire to keep

T/T. aa smal! an possible, which in turn

pointa to the need for sign: iic.lnc prellcat:r, g

(i.e. T,, >!-2 kcV). For this reason ~,.,●
~,K(13,U3)

rcq!lires prctl.,ati~.~ hy ~uc

jcction, the LHS invo’dcs prchertinz ~y

C02-laser beama,
(6,41)

and impi06ion

‘b:pre-heating ia praposcd for the LTi’R.

EFFICIENCY OF ADIABATIC COMPRESSiOPd

x=v/vo

FICIIRE L. Ocpcndcncc of a(li~k; lcic-comprcssi L,n. . . ... —— -
h!?dt,llg efficiency ‘“ volumetric

‘~ ini~~, I butscompr~aEion x for a range 0 valuus
;{ . Shown alw ia the mdia~atic rclationsllip
fsr T/T as UCII as tllc rcsuIts or a t ime-
d.pcndc~t “adiabatic” comprrtiainn, burn, and
decomprcsa ion.



In actual systems the campruss ion tu igni-

tion will not be adiabatic, in t%lc over the

finite comprc9s10n (and expansion) tire+
‘R

radiacirm losses and alpha-particle heating will

occur. Shown on Fig. L is a tirne-dcpcrrdcnt

plasma compression, illustrating that for a

30-ma compression time bremsstrahlung radiation

makes the compression much more sluggish (and

less efficient); after ignition has occurred,

plasma cmling is delayed because of resi~ual

alpha-particle heating. Generally, the uee of a

significant amount of adiabatic compression to

ach ieve ignition ant! the lowered efficiency

associated with the large crsmprc9.sions will

rcquirr some dep,rec of reversible recovery 0:

thi: magnccic energy scored ifi the reac tor
chamber (7,8,41,42) ~lthough

. . the attractive-

ncsa of ndiabntic compression must ultimately be

weighed ag;linst the method of preheating. :Ik,,
(43,44)

ollm:c heating, the natural and close

astiuci.7t10n of adiabatic compression hrating

with the primary conlinrmcnt lrchemc represents

lts primary attrirccion.

2. ImplOsinu Ilcnting.—_— ———

Implosion hcatim~ is one of the mere notable

succrsses of the thuta-pinch MF program, hdv i ng

yic!d,:d thcrmonuc;car conditions (2-h ~<cV at

~ 1022 m-’ densities) when used in con-

juncLim wi til adiabatic compressiiin. The

implosiun phase is well underscood(7”45) both

theoretic.llly and e~perimuntallym The h i gh

~ll~crrlc i:eld E. (kV/mm) required to achieve a

prv-comprcs,, ion temperature To(keV) for a

given initinl filling prcsfiurc PA(mTorr) 1s
(4?)

giv~!l [or r!),? gimple “bounce” model by

(9)

md i9 indepcn,lc:)t of plnnmn fvnlllm-) cOm-

prcsniun (X2= 2/5); fnr ?=1, the Ileating

cfficicncy, defined rirnllarly to that Icading to

Eqn . ($), corrcspollde to (3/2) xi(l-x)m 1.

Although these relatively uncompressed plasmae

arc desirahlc frrsm the V“CW point of wall

stabilization of m = 1 MIID rodcs,
(46)

the high

,’altisgrs required mke imploeion heating m-

practical for achieving ignition. Consequently,

implosion heating is
(8,L2,:!) ● , ●

viewed

preparatory scagc to adiabatic camprenmion.

Although the high voltnges [optimally

E, = 0. 1-0.2 kV/- for To- 1 keV) ~ ~ do

not present particularly difficulC problems,

these voltages will appear within the reactor

blanket and at the firet wall, the critical

formation of the imploeion shrath dictates ●

minimum first-wall radius - 0.1 m, the fast-

risinq /1-2 :;e) imp;tision fields mat be pushed

through electrically insulated blanket segmcncs.

and the required capac it ivr ent?rgy store is

expensive ; these factora combine to !~~i~

implosion heating in a reactor embufi-ent co a

preheating function despite the unparalleled

8uccess of this method in routinely and

predictably producing high-quality the?nonuclear

plasma.

3 Laser Beam llcating----

If a high-powered laser beam direcced along

the axia of a I.MF device could be rcfracti,:ely

focused and efficiently absorbed by che

solenoiuully confined plasma co!”an, (”) a

hcatin,q mctk.od presents itself :“12[ can

physically be decoupled from chc reactor core.

Similar to implosion heating, this approach has

been proposed (5,6,41) as a
method to preheat

or “stage” into a subsequent adiabatic

compression. Experiments have shown the

tendency for 10,6-;.m laser light to he trapped

within a plasma column, and 50-100eV

electron temperatures in plasmas of
~023-,024 M-3

densities have been

rep.artcd. (L7-4q) h !9 3
nr ■ 10 s im

cxperimcrtt has been designed to generate - I keV
(501

plasm.ls.

For electron dennitica !SC1OW the cut-off

absorption va I tic -lo~7/ \ (M-3), where ‘~ ( .m)

is the l.as.~r-light wavclen~th, the classical

inverse-b~cmsstrnhlung absorption length “ is

given by(”)
a

)a(m) = 2.J6( IO) ‘1 T7’’2/[~iZB2)2/[,:~,, !10)

7



d.ch is depicted on Fig. 2 for T ~ 1.0 keV,

z-1, - 10.6 m and f,,:, = 10; for tl?c se

conditions fields at ~. = 0.8 in Paccsm 0: 4? T

arc needed for ) “- 100 ❑ ; the
a

requlreri length

increases to 1200 m if T iB increfised to 2 keV.

T! IL. nrl.%~.n,:~. of
(40, k9)

?rl; Il)(;ln !)xrbv{..?f tf.r!:av,

huwcver, can reduce the desired beam-plasma

coupling. Ffultiple pa.saing of the laser light

or the usc of longer wave-length lasers •a;~ he

rt!quircd if anasw!ous absorption dots not occur;

LHS reactor studies
f6,41)

assume a facto: of

10 hcttcr absorption than predicted hv Fqn. (lo)

or;cquiv;lently, 10 multiple beam passts o, the

cxisccncc of a 34-m high-powerf?d laser. In

dealing with this potential problcm, the ;+S

rcactvr cmbafimcnt involves relatively dense

(- 10’4 ❑-3) plasmas, which must be confined

in higl)-field (25-35 T) small-bore (0.05-0.10 m)

hyLlrid magnct$; n laser-preheated, staged

comprl,ssion burn cycle is proposed
(6, LI) in

which the laser i:; II..,,: with greater cflicirncy

to produce a -1-2 keV sub ignition plasma prior

to adiabatic comprcssien to t~nir~,~n. B+cause

of conatraintfi not unlike those cited for im-

plosion heating, the L(h,,illl,ll(l}!ic;l] anti cconcnic

necessity to limit the tots 1 laser energy has

naturally lcarf to the 6caF,vd LflS rcactur. In

ciiis way the physics of fJIS heating couples to

th.? cnclluss process, in that, if tcchnn!,>gica !

solutiohs to the high-field m~lKllLht and higil-

heat-flux wall probiems can be found, the B2~.

scaling quanti[icd for the MEP (Eqn. (2)) may be

uacd to addrcsa the axia 1 con[inementl

equilibrium problcm.

6. Relativistic Electron Beam Heating— .—-— —

Rclativi~tic electron beam !QEB) current

densities on the order of 109 Aint2 arc

strrte-of-the-art and represent a potent heating

source for aolcnoidal IMF devices. The axial

electric field induced in an REB-injected plasma

drivrs an axial return current in the plasma.

[n order that the REB couple with the pla~ma in

a rcaaonable distance, two kindn of anomalous

procesaen
cited.(4,52,53) ~,

are turbulent

interactions between REB and plasma electrons

(electron-clect:fin ❑odps or two-stream insra-

bill ticsj, and b) curhulent interaction Lretwcen

plasma electrons and ions (electron-ion modeh).

The eiectron-ion modes give rise to an effective

dc resistivity ●sqociat,:d with t“le acatteriag of

slow electron waves off ion density flrrccua-

tions, whereas the fast plect:on-electron ❑ode

results in p!asma heating by bndiru damping

❑cchan:sms; both resistive return-current aed

ncm-resistive heating mechanisms occur. on the

basis of these REB energy deposition mochnnifims,

a maxinum rfr->nsit ion len~th can b. de-.
f5& ,55)

rived

~ (,:1) = 1.90( lo)5WB~ .,,, ~2 ,,3/2 ~L,TV2
, (11)

a B

where the REB voltages, rmg angular divcr~cncc,

and curccnt dc-n.i! i:- J:c, r,. spcctivcly,

r/Bfv), -. and JB(A/m2). The d,?p,.ndence

0! ‘ B is dcp{ctcd on Fin. 2 [or
~ ;.7°: ..

‘D
= 0.25, JB = 5.0 f10)p

A/m2 , T = 10 keV, and ? = 0.8. It is

generally belicvcrl that the ions share iittlc ifl

the ancma!0u9 energy deposition; the HEB is

primari;y a heater of electrons. As for Iasc’r

heating, therefore, the confin.:mcnt schvmc th,l E

i9 cO,.Ipied LO chc ii:d-,le.lccri solenoid must allow

cfficicnt ion-clecLron equilibration. F,, r

(52)
reactor applications REB sources of 100 %

avcrag,c power drc rcquirefl chat can deliver

30-100 !l.fipulse at
‘B

= 5(10)8 Aim= and

VB = 10’ v; the AURORA REB
(55)

systcm

generates several megajoulv REB from a 5 f’lJ,

12 W and 902 eificicnt Mrx c:rcuit.

As a means to create a plasma in a closed

reversed-field con flgurac ion prior tu adiabatic

compression by a liquid liner, tllr! LINUS
(12)

concept proposes the use of a rotating.

annular F.EB. Rotation is produced by p.lssing an

an~rrlar REB throug!l a magnetic Cuspm When the

RE9 exits the relatively short (- 12 m) LINUS

device, an ionized and pre-heated plasma results

that supports the imnfic currents necessary to

sustnirl a closrd-field configuration; the REB



paramv:t’rs fcr this app!lcat~cn arc V = 3 W,
B

lE - 3 M, and LO YJ ,J.!:q.’,r. ! i,, ~ . . .

5. FfaEnr L.Mrcoustic ~lcaL1n~—— —.. — ..—. —

F1.lgnctoacixstic htiatln~ (.W) is ~pp!i~~ CO

a cylindrical p.atma by an Oscil!atti, rv pum?:ng
(9,5;)

of :!l C confining umgnctic field. Unlike

jou!c or bean (REB or laser) heating but like

implnsion hca:ing. Pf.Ul can act preferentially cm

the ions If an app:upr iate ~issipative mcc!~anism

is available. Ul)cn the raLio 0[ :esunance

frequency to ion-ion collision frequency is

Srrmll, classical rcsistivity trrrd i on viscosity

provic!c the dissipation, snd the experim,~nta~ly

observed plasma bul,avior( 58) can 5C lt,scriFcd

L:, r,, ri, t i call.: hy viscous ma~~ctohydrodynar,ics .

At n.gh.zr ion tcmpcrn[urcs, when :he rcsonaacc

frcqu,, ncy is much Iar?cr than thc ion-~on

co!l is ion fr,. qucficy, classical dissiptit ion in 30

lon~er suffic]cnt to account for C!IC

cxp,.rim,.:llal::~ Asurvcci hcacing eftects. Recent
(~9)

the.:rctical rdsul Ls in Seth rcgincs

indiC~Lr Ion heating t;mes in the mi 11 isecocds

rar7. ti fu: rcartor cnnrficioxs.

From the reac Lor view point tile USC 0[

grmlual MAll Pas ttlc poccnclal ad.vu::u~: that the

{nJuccd in-core clec L1-ic ficl. d~, cnmparcd to

implcsion bracing. may be considerably smallrr.

MH also pr.:svnts an = atcrac~ive continuous

source of energy for operating a fJ+F device ~3 a

“WCt wood burner. ”’(7’59) A ccrsprchcnsivc

study of the pottintial advantages and problums

for reactor-like applications of HAfi, howrvey,

is not nvailablc.

L1 A&ha-Particle Hc~g—.— —_—..

“[:ic 3.5-Ye V alpha particles produced in L-T

rcacti0n6 represent a significant nource of

energy in a thermonuclear plasma. If this

uncr~~ can be transferred to the Ion.<, the

cificicncy of the KeaLt Or can be enh.lncccl. On

the ot!ler Iland , anoma Ious transport and

long-wavelength plasma instabilities driven by

LliF}la pnrticlrs can be detrimental to plasma

Con fim!m,:nt. Class icnl scattering at LtlF pla6ma

densities causes fast alpha part ic1c6 to

tran9fl>r abaut h~lf Lhc;r rn,-rgy co the plasma

in a r~nze uf scvt}ral ki lomet,.rs; some degree of

alpha -p:ir Llcic confinement , there fore , in

ncccssary. Among the proprrs,.J end scoppering

Sci:,. mrs . cm.lltip!P ❑ i rrors that wou!d confine

61>mr fraction of the a Ipna particlea, and

rr-rntr,. nr onr.lp!ug9 t+at wuu!d retain almost all

the a 1pha pnrticlco ncvm most promising.

Classical alp?..l-part iclc 6cattering. however,

primarily hvots th.~ elcctrcns thereby increasing

radincive ]Oq6e5; this effect should not be

strong, sincr most IJ4F deviccq wou!d ope:-at -

with nearly equal ciectron and inn

tcmpa. raturcs Anoma;aus scattering associntrd

with microturbu]cnce mny permit r!irect transfer

of Lhe alpha-particle energy to the !orrs. ~6

vcli as provide nmch shorter Mea:i-free-paLh6 for

tllormalizat{on. The influence of C1.lssical

alpha-pnrticlc thormalization rn the ignlcion of

an MEP-stoppcrcd UfF devic~ 53 s been
~xccined (Za) an,]

Fig. 5 gives the dependence

of B2. !ignicion) on the axial center

t,:rcpurat(lrr and chc d<gree of anomalous decrease

in parallc:-(i. ld therms 1 conductivity; even

with tctal climirmtion of the thermal conduct ion

10..s (k/kc = O on Fig. 5) for the }f.Ep case,

:

F
IGNITION: 1. P,. POR* Pc p.oe

low)

FIGURE 5. Klcprnclcncc of B2:(ignition) on——
axial ccntcr tempvraturti for a LWF device with
mnterial cndplugs, including the c0n9traint of
classical alpha-particle thcrmalization. (~a)



the alpha -particle therm.alizat ion constraint

still rcqulrra substantial B2/. (igniti,xr)

Values.

In general, alpha-particle heating for LFfF

devices is .s crucial issue from both the view

~oint of heating and con[inemenc . Uniortunace-

ly, because of the theoretical difficlllt~ in

analyzing thermal ization processes lrr finite

geumetrica. this ●spect of renctor-related

plasm and ener~~ balance modclin~ has received

only cursory treatment to dnce.

c. Stability and Equilibriinn— .—

Hot and dens,: plasmns producd in straight

aolcnoidal geometries have been shorwn both

expcrirnu.ltall\ 60’”) and thrcrrcti-
caL,y(31 ,32)

to rxh ihit radlnl equilibrium .mrrl

neucrnl s~ahility. The m=l “.wobb I c“ HIID

instability, which is believed so be induced by

partial ~horc!ng of rsdial electric fiol,ls in
(62)

the plasma at the end region. 9aturaccs at

a lW amplitude, is lot ohsvrved for Iargc

radius plasmos (radius approxirmrtcly equal to

half of the Wall radius), and ia completely

damped by the use of a ~p (27)
Recent

thuortcical wcrP!6’) indicatt~~ :Iia: [“., ::c..

Larmor-racl ius effects arc responsible for thu

sl.isbilization of higher mndc r.]t~tir.:. :i i n-

atubil itics. Al though LVF devices generally

should bc stable to non-ideal HlfD rotational

inatabilitics, the question Of curvntllre-driven

instabilities (b.lllnonirrg and interchange

modes ), such aa those expectcrl at high beta in

multip!e mirror configurations, i9 unclear;

fin i te-Larmor-radius and wall-std-i I iz.ction

effcct9 may play on important stabilizing role,

but some form of fervlback or dynamic stabili-

zation may be required. Although the simple

theta-pinch configuration pcrmit9 9pcr:]L;,m

outaidc the plasma parameter range vherc

resistive and eolliaionlem tearing mo2es art

active, LYF approached that operate with tr ppcd

or reversed ficlr. may have to deal vi th this

prublcm.

In ~uamary, although the charactiscic U:

ncucral stability for LYF is generally valid,

thi$ claim imst be exnmi ncd m>re cnrefully in

the rontext of the specific heatinR and axial

confinement ~chcmea b.ing proposrd. For

instance, beam-driven Instabilities which

enhance rndial field or particle transport awy

become crucial for ‘LJ4F crmccpcs chat require

very sma 1I rat ii i plusma9. Other annma loua

phenomena rclatec! to thr particular heat ;ng

schvmr may alao rcducc tile final plasma !)eta,

th,.rc!ry diminishing thr overall e[ficirncirs

prmject,?d for sp-cific I.W reaccor embodim,.nts.

IIT SLM4ARY DESCRIPTICV OF ‘U+F FTSI[?!i RX.\ C”lC~_____ ——.—— .- - . -- ------ .-—-—

COiXEPTS
— .-

Tt,c essential clemrnts of most LVF

app~naches tO fusion powrr are detormin., d i r.

parLicuior confinrmcnt .Irll! ?ienting Sc!!l. n!..s

invoked. The intent hsrc is [c prcsen: on;:J a

qu,-clitacive 9ucmmry of eacn .dcsign as t!l..y

prc~rntly exist; che variability in ~tucy level.

p;lysics assumptions. and projection o! cvrta!n

tcciinologics ●11 cmnbine to make a quin~. itnci..,.

comparison irm.!v isable at tt. is t:cll!. %

Cmr,,asis ‘s placed, hcwver, on both the gensral

merits and problems ant ici pa ted for \{:,lC,

approach. The rcau!ts Of an ongoing ccnpfirativ?

asacssment by E!cc Lric Power Research Instituts

and Bcchtcl Corpor.ltimr
(6J)

03 Lhe \JSIS Ot

ectinomic and techno!ngy guir!ulirea, howrvcr

should bc of significant value in mkirg a 1,:0r c

Iunntit:l:l..z ,css.:isment. It is also nnrrd thst

of the seven LYF concepts rrvicwed here cl.’:, chc

bscr Heated Solenoid
~LHS)(5,6,41)

Gnu .be

Electron-Beam Hc.ntcd So Ienoid
~EB,ls)(L ,52)

reactors hm.,t> rccrived indcpth study. although a

significant part of the taroidal Refcru,lre

Theta-Pinch Rcatur (RTPR~
(L~,&fi)

acudy is

applicable to the Linear Theta-Pincil Reac~or

(LTPR) (S) concept. Since the few rrnctor

deaigrr parameters cited are based on either

interim or older v:.lues, they should be vieved

10



~n!y ~, indlctacivti,and no :omparnt ive ● sseas -

ment in implied or intended.

A. Laser-llcalrd Srsl,,noic (LHS)
t5,6,38, Ll)

-—-..

Because o< previously noted linitati3n0 .sn

coupling 10. h-~m l~scr light co the p!a~mn ●nd

chc dcfiire to ❑inimize both total Iamcr encr Ry

(50-75 FIJ) and reactor length (<500 ❑), cht IJIS

envisaBcs at lease fouf small bnre i. O=-m raa iun

first wall! planma chanbers embcrkd into a

-1 .5-M radium blanket. me ~.o(lo)z~ m-3

dense plasma ia heated to 1.7 keV by Iascr

absorption that is cnhanccd over the p:cdicciona

of inverse-bremmstrahlung absorpt~rsn by a fa: trm

of 10; multiple-pass herl~ing is proposed. ml.,

2S-T compressim fif,id that bring- the plauma to

a -18-m ignition radius is generated by

nulling an !8-T superconductirrg [icid with ●

norms 1, room- tlgmpcra:cle Co:l locJLwd ime-

diatr=iy behind the iirfil wal!, 1 he tiring

sequence for a flo.minnl ZO-ms bur~ pulw is shown

IF Fig. 5, and a G-n dwell tinz between scqu,~n -

t.ial burn pulnea in each o: the four pinama

chismk.urs is envisaged. In crder to rscllieve a

20-=M burn in a 500-m long dcvicc, an unspeci-

fied axi:ll ccmfincmsmt wad assumed to an ● xtent

BURN SEQUENCE FOR STAGED LHS

t
,LASER IJEATING (0.1 mu)
1 ,COiMPRESSICFJALI+EATING (1 ms)

FIU!KE 6. Typical burn cycle for ● staged Laser
=cd=ol.:lwid (UIS) usin~ axial confinement
that is lC timeo better than free atrraming.

that ,l!lcb+ r% 5U:: to rwrIJr for x 8 free-

strcsm:afi end; osa tim?s or -- k thermal con-

ducrioa tl=.~s (~: ● !%!r was wmp!cyed). Tha

pulst,c ncrmal mapn~t :~qcirrs 1.3 GJ of hnmo-
(+5)

po!ar mto:lgu~.?rocor Stl?rage, and

770 %,.fn,.t) of ●!ect:icity Jt 3.4 Wiclz

fusion ncutran wail loadi~g is produced with a

rucircuiating power fr.ction @f 0.S5 and a totll

cystrm pnuer dennity* of 0.?5 H14t”a3m The

advrmt.l Rcn of a rkcoupl..d prc-heating source

(i.e. t!le Iaarr), tha prmsibi]ity of bib” -field

LYF in the s~ll-sore coi:a, and t~~ rC]~tiWiv

high p!adma fi!ling fraction ~rcclucei mn:;netic

●ergy storage .md tranafrr rcqrsirecenta! Cuat

be weighed a~ainst the prohlcmsi anu:or un-

ccrtair, tics atsoci:tnd with aeve rc thcrm 1

pulees and neu:ron 4oncs at the first wall

❑agnc:s, the un:,>Golved ..JnG#t@ppL*r:r.g and

Itrs*r-absorpc ivlc:: lac.~:~. the .T::P laser

energy and power dcnsitirs ~-,0-:5 u!.-,
,O:h-:o; h

Klm2), anti the : ova r marg~n

alluwcJ for the ctfccl!r of anrmalc.Js rao:al

tranq >rt.

B.
:4,52!E1ectro”-~~am l[catPd solenoid (EBliS?

—- _“_. ____ ______ ___ ___

Tkc EbHS car.ccpt p:oposrs :he inj,.ctioa of a

- 30-!lJ, 1O-MV RES into a plasma of 17-= ~adiua

and 275-m Icng:h co -rwide the tot:: k~ating

:cquircd fr: ignition. The @o% ●fii:ieri~ REB

dource WOU14 deiivcr a total currcc: of 0.55 YA

(500 Y4/m2) along a 5.9-T guide field; the

15.3-T Coniir{rg ficid weu],? be proa::ced by

supercondu::ing coils. T!le 33~Weimt) pow r

lS ac!li?ved with a rec{rcula[in~ power fraction

of 0.25 :,:\d a 260-fsa pulse period :0 give a
,

first-tiall fusion neutran W,l11 landing of

4 )fUin2 frcm the single plrma ehacher. Tht

total aymtcm p-r density is 0.71 Wt:n3.

The burn cycle pr..prisui for the EBHS, ag

ii~ustratcd in Fig. 7, would inject slang a

ftuidc field COid plasma (few ev) f~ra annular

plasma guns Iocatud cc-axially with ar,4 in front

W.? i Incd always T I he tntnl the.--l pnwe r
divided by che Vrllumc cnclcoed by the
confinement systcm.

II



BuRN SEQUENCE FOR EBf-f5

Je-.-....————.-
BREArL TFcAN2FFR MAGNET., TIME

‘. INJECT REB
‘FIRE TRA?12FLR MAGfJET

FIRE COLD !-2 ●vi PLASMA tNJN

FI(;IIPK 7. T;pi...l: I,urn cyclv 11,r an Elvr trf,r,
I!...fim ;Iu%ltl.tlSol.. m,iti (EI!IIS) ,l~i I,;; rr,ull:pll,
mirror con: ln#.m,.nL ,

01 1111. Rlill di(l~l.. ntruc L1llt. ,nt ,.,l Ch ,:1,,] ,1I tllv

,Ivvit ,.. Al ! a.r ::11 !!:, i 1:/ ,.xp;, nt!in~ l!:,, J!’!~1:1”

111.11. 1.) L:,., VI Cl;llt~ 1)1 thf, ,iiIIIII lnr Ithlf d; IM!f.

!.,/ nl. ,..lll:i 1, , n lran..flnr mil~ll~.1, Lliv flkfl 1,4 Hui, !..ll

.11011;: lilt, m.l~rv,r ic f it. Id I i noy into thf. pl ~1,im;l

,:t,illm!)i.r :1! L!.r hl. in): Coml, Ii.q~,.d by n I :11.I ,#1 11!

10. Tit,, t rmtsl cr m.lfr,nt,t 1111,11 Iorct,,m i II .Ims

Ltw xn I ..:lni ,!il I lirld~ radially i uwfi rd :111(1

III T(I!IK!I I 11.. (1111111I;lr HER rnt 11(111,.Ll) pllllot,f Lllilt

p,,lt 1)1 Lll,. IIF.;! ilibi!.lr,lll l.% Lr4,m t 11!, ,. VI .111,1;1:

plnsmml !,...1. Thv RKII m,, r}:y iri nq~llm,.f! ttl 111.

,Miit.lrmiy ,h, poxi t,-d.llon~: Ltlr inLl”l acl i-m 1,mELh

EIVC.n hy hqn. ( I 1) to nn ~xlt!nt 6uII ir il.n L Ln

c.lusl~ ● stal ion,lry till 1,, (Ltlph,l-p,vlliclo

drprw i it IOU cqua ,~ iIIdI:IL i.m lt)xmt. u). n,>: ?I).. ms

h i~h,.l,OLa burn p,, r i od at 7,1( IO!72 m-’

dcn~ity is J!; :i,m.,.l Lu ncrur lmintlihi!, ,t! by

FINI l(mIti thrt,ll~!!l Lht! 11..1! Of ft’(’dbark-fi t:lltilizt.d

Multlpl!! mirrtilu: n ❑cal inp uimi I.lr to tllmt

hivru hy Kqn, (h) i~ uat.d, with I IN. nnMump: it,n

of llun-adi.lba L ic %cn Ltcrinfi ill t!l~! pro?lrm,, d vrry

uhnrp mirrors. Tlw Vrlc Uurn mi rror rntin WIIM

tmklm to b{, 2, al Chuuglt tlw t,t [ret ivi. , hi@l-hr La

■ irror ratio coIIld bu nn high nn 4-(I. Stroflmirtg

plarrma [rim Lhr! EBIIS wrdn paarmrr through !!1,.

ermtrul hrJlc in thu annul.lr REB cathodo mtd mllnt

bo urrpnntlcrf in rmtium hy a factor 0[ ‘jOO to
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i 1,.,.-,:, rev..:i-l :.-14 , ... . ... ;..: ,r , ..:, :!. ”,.-.

wJ,# !..)rt.,.11 . . 81.1 * fir.- .. ..at ;!. ~ .,.. : hr, :a: 1,, ..:

::,. ,.: , ,.7, : ; ,#. n,.,,1 ., r,- .1 1. , ..,,,..: *,:, ., P}. E ,.,., : ,.,,

,f, n,lt r rh.lr I- W, :? 11,,, %,. ., , W;414-d r,. “.l I.

r~,nf I,jr * IaI-. 1 !,P ~.I#r.;#.lfI : ..%> t,y,.. ,... ;,, .....!

,:l.:. ,, 1 f y ..qlla ! l-L. ;,”A, ~ “. .11,4 f ill. ro~.c.;:.. f .,ti. f:

Al+! ,,.11 II J , #- ;I.,l,,f 1.1!..,1 %1!1. 1!,,.pla .I’li .1!!4

, !..,,.:’: !.!: pro, l,i !nflflrl, Itii..,lll~.l.l,fJ w,!},

.. 11,11 I !,1. i IIIVI ..ni. r f.y I .111 11e. 11..21. ! ,.. ‘, ! ./
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f I 15 ‘; (,1,,..., . rf,l;,l,l,~! lili.. r !,./ ..:l, m.

[!11i 1 kl. l,! :;:::;
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1111. ;Ippll, ilcll, 11,,. Fi.l!

ntft, mpl% !.7 rl. mtrhfi lo. I !11. [,n.*.d tf,r rt,,, rr..:!,10

;111(: I 11111101 11,,1 ,1,, ,,,,,, , ., ,,: 1 Ill. 1 I Iv.r ,,:,..1 V,J ,

Will <lo m :1y o.rl,,.l : 1,1 ,.X ,...,1 LtII- 1111,rl!l,l.111, :,.11

,,ulp, l! . “1’111. Fill :Ipplu.., m1, .,I.IIV i .,, Ir, I..* d .Iln. l i

Ii[,,, r by-. fIJm (IIIilI~Il;y [J. ; O. I.FI !:i,!i,lt I:V1

l#OIIXIIIJ III:It IS r. Ip:d!v /.. “I ,., drlv..ll ., I,r II v
:’.’, - !

pra.11,.nla.d .Illd l!l, !l %1. (... ‘,()(1 ,*V, .If) :, :

pll,.m.l wIlh :.,llllritult %,,,.,.,1 (- lot” ,m.1,, ,,:,,!

..nt,l,y~ (hoi) ‘,()() Ml) nJ III t.pt. rnlt. will, :,, :1 ,.., !

lll,,lm~llllir Io, mlr yiI,iIl pi.: 1111I t Ill inili:ll i I ,..,1

a.na. rb;y f II I,; :I. Q) , h) l,) 1,1 ;mil;,l[,. I h.- 111,1,fl 1s11

lInl, r rtlt:tl IIm f 1111 til:ll, iliz.nr it,:t n f 14.1,/1 I v,:!l

lny It, r tIy Irthlyn.lmlr MIMI,.:, I , :IINI r ) 111 ,,18,.11 I II*,

pt>.l%ihi Iil y ,,1 Will ( inrrl ial] rIIIIl IIIIS1711111 ill

1111. pi,,,.f,lll!l, ml a I Il,,lml I Iy in,i!l lilt in~ red::, wl ie

rlc,ltl. tlt,llc(’ , JJd i;llmL ic compl. uq i(~ll .i]ll)p ! i oil

lIN, M.I jur hml I nu I III 1110 FM, pi .hwal i :1x c:.111 h

prt,v id~,,l by plilm.1-~uu in jrr r inn. sand 1111, ,Iqinl

( :111!1 rndi{li) 1,0111 Ilu, m,, nt. Illi l:. iul I L ha, HEP

(with mil~nf,t ic innul:lt inn , r.tlv~ory. ‘1111,

:dvdht~ltii~ti cil. d lIIr LIII, I, INIJS iIlmJ tipply fc1 t IW

FM which ha~ n ●yHL{’m plw I don, lil v II r

9.3 }r:l %,; , .I lmll ill roll,. !1!” 10 II*, ~ 111,L p.,..o.r

of 270 .XWII(IIIII), ,.nd fi rrcirculntinR pllwl.1

traction or 0.25, TrJ circumvvn~ Wr pul,,,ltinl

LINUS prubl~mu nf rovl, raihlo vrrvrgy rrCIIVI-Iy,

hviltin~ au:: conlin,,wnt, the faah~r np,~rntinR

!,. ? . . . . .=.. .. :1. }:* :..i.fr . . . .. !.?Ls-
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~!, .,.,, ,.
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. .

11 m..,mn ,Ipl,llll)rlni,. t,, r. II\rl 11,1II LllirI Sulvr.v
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ro~ntvlrcll: n) nimplu phynirdl ant I malb;nol IC

gr~!motry, mIIl h) mtvndy-stntr nprrali.!n, Tlw
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