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A SURVEY OF LINEAR MACNETIC FUSLION REACTORS®*

R. A. Krskowski

LOS ALAMOS SCITNTIFIC LABORATORY
UNIVERSI!TY OF CALIFORNIA
LOS ALAMOS, NEW MEXICO 87545

The promise snd problems of Linesr

Magnetic «rusion (LMF) for the

generation of electrica! power surveyed. A number of axial
confinement schemes are described and compared on an n* bs is. Likewise,
the range of heating wmethods described. Tha results of seven

conceptual LMF reactor design satudies are summarized with an ezphasis on

the interfaceas between reactor operatiaa, confincment scheme, and heating

methods.

1. INTRODUCTION

Since the inception of controlled therno-
nuclear fusion research, che attracliveness Of
plasma zontinement in linecr geom:trivi has been
apparent. The excessive plasma length requisad
to sustain the D-T plaama dennity at therso-
nuclear tempueratures against lrue-streaming
andloss for timea sufficient to achicve a net
energy breakeven led to earlv abandonment of
Linecar ‘lagnetic Fusion (LMF) in favor of closed
geometrica., The attractiona of LMK, however,
remain! proven heating methods, nestraliy-
stable plasma equilibrium, high plasm: density
and beta, sccesaible and convenient geometry.
Two LMF uorkuhopn(l'Z) have recently add-essed
the primary obstaclea to LMF: axial paiticle/
unergy confinement and total system leuzth.
Although free-strecaming endloss has been the
sub ject of experimental and theoretica! study,
methods ol particle/energy endloss reduction
relative te the {roe-streaming case until very
recently have received little In-depth conaid-
eration.

Conceptual LMF roactor designe reflect a

rlch array of potential hesting and axial

WWork pertormed nuder the auspices of the US
Depsrtment of Yierye,

continement options, lleating to ignition Yy a

combination cf beams ‘ncutra!l ltoﬂl.(J) rela-

(& (5.6)

tivistic electrons, lasecs fast

‘mpiosions coupled wizh adiadatic compres-
sion{7'8) and thigh-frequerzy heutingfg‘ have
been proposed and investigated. Endloss reduc-
tion by the following techniques huas been pro-
posec: wmaterial endplugs, re-entrant endpiugs,
eclectrostatic trapping, simpie mirrors, multiple
mirrors, cusped ficlds, reverse: [ields, high-
frequency stoppering. plasma-gun injection,
Only the firat five of these end stoppering
methods have receivad consideration in a reactor
enbodingnt.(b-a'IO)

under reactor-like plasma conditions are non-

and  experimental satudies

existent,

This survey of the IMF approach to fusion
power firat reviews snd sirassas the physics
scaling and its reactor implication, after which
a sutmery of LMF reactor concepts which have
considered one or more of the abovementicned
heating and confinement schemes are described

and compared. Specifically, ths Laser-Hested

Solenoid (LHS),(S'G‘ tha Electron-Beam-Hested
Solenoid (snuS).(“) the Linxar Thets Pinch
(LTP),(B) and the Steady-Stats Fusior Birnc-
(SSFB)(ll) are discuased, Included slso ar.

the very dense systcos, such as the glowlv



(2)

l{ner

imploding (LINUS), the Fast-Liner
Reactor (FLR),(l]) tha Densa-2-Pinch Resctor
(DZPR),(l“) and approsches that have propceed
multiple-mirror confinalent.(]'IS) Although

tha Dense Plasma Focus (DPF), the Fiald-Reversed

Mirror (FRM), and the Tandem Mirror Reactor
(TMR) logicaily belong to the LMF class of
confinement schemes, in the cause of brevity

these concepts will not be treated.

LMF REACTOR PHYSICS AND SCALING
of LMF

11.

The broad and diverse nature allows

within the conatrainta imposed by this
brief and
physics points

atability/cqalllh L)

survey
of
heating,

only a simplified presentation

those (confinement,

that are crucial to

reactor performance, The trends presented here

should ba used for comparative purposes and must

be tempered by inherent assumptions and the
corroboration bdetwarn theory and exper:iment,
A._ Confiuement

For mnst LMF concepts radial continement ia
provided by axial magnrtic field, which, except
for the field-reversed contigura-
tinnl,(lz'ls'l1) result in oper field lines
and 3 potentially efiicient channel for plasma

particli/energy loas. Axial con{invment,
theiefore, is a major isasue for LMF that s
being addressed by 8 variety of methuds to
reduce the axial loss rate, to atopper or plug
the enda, or to achieve a significant net fusion
gain in times that are short compared to axial
loss timas. It is not surprising that a major-

ity of LMF concepts envisage pulsed opceration,

Except for LMF concepta which require very amall
plamma radii (e.g. LHS, EBHNS, FLR),

fincment appeiirs as a secondary isauc.
(18)

radial
With

confinad

con-
one
have not

e¢xception, exper im:nts

plasma for sulilicient prrinds ta muasure radial
effectn.
The

ono of

becomta
LMF

equi-

confinoment issue,
with

not

thercfure,

axial leoas; few excrptions,

concupts  simply do exhibi: axial

librium, The following axial containment

schemes have been proposed: free-streaming,

simple wmirrors, material encplugs, re-entrant

and
of

endplugs, cusped erdplugs, multiple

mirrora. The reactor implications each are

summarized below,

1. Free-Stresming Endloas (FS)

of

that has been instantaneously heated

vlm)

tem-

A cylindrics! plssms column length

to =8

perature T(keV) will flow axially from the con-
time TFS

thermal

in a vhere
The

waves,

2 fv. .,
1TH

speed.

finement region
- (m/s)

transient behavior of the associsted ares

v is the ion

self-mirroring and magnet throat conditions. and

diffusion proliles have been

(19,20)

theo-
(21) A

on

quantified

retically and experimentally,

comparison of theory and experimant is s":own

Fig. | in terms of a parameter T where

L'
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@ Scytlalv-3 (3m)
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FIGURE 1. A comparison of theory and exprriment
for (Hcl streaming endlec « frim a IMF  de-
vice “ M(Ref. 22), WGieof, 23), TW(Ref.

24), F(Ref. 25), FW(Raf. 19), 3MB(Ret, 20).
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‘g " -u(.iz +T) 2. Expressed in 40 T T T ™+ T
terms of an n: criterion, and usinz pressure \ 1
balance  (:B%/2__ = InkT),  the following R A
[ ]
expression results. H I\\ i
. - 15 . 2.,y,.3/2 [ T
(n)pg = 2.26010) 7 31 (B5)/T . (1) »\__i, I
1w 4

In comparing this criterion with thosa generated

for other axisl flow canditions, TEL is taken C
to e 2.5 (Fig. 1), For T = 10 kev, 2 = 0.8, - *«I-_ N
snd nt - lO2l II'I], Fig. 2 depicts the B .,'-I‘\_:

relationghip between B(T) and (m); for BE20 T

r L4
LiD PLUGS
lengths in excess of I5 km would be required to TE’ZQUS
achieve “incrtially" the aspecified n- value in

the presdence of free-streaming endlosa,

ENERGY LINE DENSITY (kJ/m)

2. Materinl Endplugs (MEP) OPEN .

Since the firat propoual(zs) to  insert L =90 HS .L
ablative materiala into the end regions of an T-
LMF  device, experiments have  been per- i\
hlrmcd,(z” and Fig. 3 illustrates preliminary

. ol 1 1 - 1 1
PLASMA RADILS ﬂll‘) REWIR'EDTU ASSURE inT) 'IOZI s/nd 0 s 0 13 20 2 %0
" TIME (ps)

o A, II.A!II‘" 0!
! o FIGURE 3. Exprrlmentally observed increase in
encrgy confineaent tl?glril\,lting from tha use

g . of material endplugs.
&
2 ! experimeatal evidence that a !ow-atom:ic nueher
i . I MEP can significantly reduce the axia®l nartisie
1
E 10 flow, Under the assumption that an ablative MEP
'-: Il {  can effectivel suppurt the axia! laama
§ .'ln‘:-.:;hjl“ m.".’”\ (A /0, : r th ry - PP : - -P i
‘5 ,",',ﬁ'm"“ 1 .”“ N4, g, 4n) | pressure, e {rec-streaming endloss probiem s
g o . R . sty
C \ ¥ muus..nmmnnlm tranaformed into ane of axial (parallet-Iieid
RO - T R-n LIS LKA 1 T, pa '
CH P CUSP 1 MOPLLS 8-0L 0,-04! thermal conductien by electrons. It is easiiv
o~ ——i1—uu4, uu.L—— AW T U U1 NS W (28)
0! 0° w0 shown “~" that the energy flux conducted 2o a
LENGTH £(m) cold MEP s (W/m™) = (le/7)k I, where
1. 2 e . ¢
. e "9 8(10) 5’ /0 is the classical
FIGURE_2. D-pendence of field B(T) on plasma (alectren!  thermal c.nnductivit}',(:g‘ and  atl
column !ength (my fer varions ETd lioppulng .
schemna to ansure n° = 10°" a/m when quatities are evaluated at cthe axial center.

+® 0.8 and T = 10 keV: FS(free  atreaming), Defint . i e
Bttt aping endnlugs), REP(ru—ontrant inlng a conduction time asa (.\/.‘.l\.. Ve
undpluga), MMlmultipie mizrors), and CEP(cusp setting the Contomh ‘Yogarithm tu' « 17, and
crilpluga). Alao shown as a function of B(T) are : - - N .
laser abgorptian tengeth, REB  ahsorption lenpth, “”fnu pressure  baluuce the follewing  a
aud plasma radius alm) for radial eonduction, criterion results for the MEP vase
12 2,.2,,2,.072
(n: . . > / . "
n )H!I" = 2.81(10) 3~ . ()

¥Excopt fur plasma tesperaturs T(keV), mks unita
are consmiatently usel,

3



Eqn. (2) is compared to the FS csse on Fig. 2;
littla improvement relative to the FS csse is
indicated. Since any devistion from classicsl
conductivity vunters under a squsre ront,
reductions in kc of at leaat wa orders of
magnitude will be required before nsignificant
improvements in the MEP situation dep.cted in
Fig. 2 renults, Including the constraint of
alpha-particle confinement makes this prediction
even unrue.(za)

3. Reentrant Endplags (REP

A second spproach to the LMF ax.:al endloas
problem would return to the plas::a column a
significant part of the cowduction and non-
thermalizedd alpha-particle enorgy that normalty
would be lost to a cold MEP. The reentrant
endplug  (REP) concept(l'JO) propuses two
parallel LMF devices supplying cach other with a
portion of the thermal conduction losaes by
means of marginally-ustable and short “U-hend”
and  seclions. Preliminary LMK rcactor
studieu(a) show that this approach can yiuld
interesting rcactor deasigna that are a few
hundred meters in length and  require modest
ficlds (B 10 T) for a lincar-to-REP volume
ratio of ~ 10 and cross-field conduction (§ [
in the end 1vgiun lves than ten times classical
predictions. Furthermore, the REP appraach
provides a losa muchaism which may make
possible ncarly quasi-stcady-atate (lL.um-pulseil)
opuration, The losa mechaninsm(s) in the REP
region remain  unquantified at this time,
although MUD activity, micro-turbulence, and
croas-fiold (ion) diffusion will cortainly
occur; both retatively poor equilibrium and
atability in the “U-bend” sections, howavor, way
be tolerably, For the purpnses of the present
analysis, the zonfinument time s taken am that
ansmociated with cruss-tintd thermal conduction
in a REP plasma of radius a(m) and a linear-
to-REP plasma volume ratio of ‘/3R, whare R(m)
ls the radina of the REP section, Only the
trapped fiold within the plaumn is assumed to

contribute to conduction resistance. Uning

pressare bHalance, the effective n* fur the REP

case becnmes

20, _ 1/2

(h)ocr = 1.60019) Da/mieior Y

REP
The predictions of Efn. (1) are compared to the
FS and MNFP csses on Fig. 2 for a=0.1m and
R = 10 m. The promising results given in Fig. 2
and Ref. B must be tempured with the many
physics uncerzainties, The use of  internal
rings, sxial currents, and high-beta stel'crazor
configurations have Yeen suggeste:d] ac means to
acl:ieve the required poor-to-zarpinal Lernid.i-
like uquilibrium and stability in the REP
sectiuna,

4. Cusp Endplups CEP}

Rettuction nf thr: cross-sect.sual area for
particie and encrpy f{low, while siruitaneous!ly
maintaining a8 larp: crass secticn in the bu'k
plasma, repres#nts ancther appreach to  reduce
the frin-streaming endloss praicesd. Althunza
the application of simple mirr.rs to cach «nd of
the plasma column cffvrctiveiv achieves  this

(7.3:,3

goal, it ia  well-known that  this

configuration inlarss unaszakic  MHD  activity

(particunlarly, ballnoning amd intercharge
mades?, lLine tyinyg conaideratly roecueces this
MID activity, but the increased  conduci:ien
losars may he imtalurable, The use of a simpie
cusp geumetry rrprrsents  another e tlid tn
reaare the flow area at the ends ol the davice.
fee o spindle casp ol radius Rclm) an!  sheath
thicknosa .ﬂ'(m), the flow area in Z'Rc .
(ncgleeting the pnint casp), aad the potential
reduction in flow area relative to the column
arra -al ia ZRc'ciuz. 1t i_ equals  an
8.85(100 Yrt/2;p,

effective n.

ion gyro-radius ri(n) -

then the eoxpression for an

parameter becomen

(ati oy = 3.07000"7 (a¥rm 2n? /2 ()

EP

It 5' conld be sa small as an colertron gyroe-

radius, L would be increaned by

(O epp



(m, /m 7 = f7.6, whertvas f a hytr.d py-o-
ra&iu;{J]) (ruri)l': better
charac-erizes ls' then (n')CE“ Ti?ld be
enhanced by a factor (m,/m ) * = 8.2,
The relationship between the field B(T) and
length  (m) nevded to achiove nt ® lO2l S/mj

at T = 10 keV ~ a2 0.8 1is illustrated on

Fig. 2 for CEP sheath tnhicknesses ecquail to r.,

and

(rirv)l Y and Tor respuctively, with
a = 0.l m and Rc =1 m. Although the case
whiere Z”:=re is attractive (e.g. + = 5" m

for B = 15 T), achieving and maintaining a

sheath thickness o the order of an ol::i.'n
gyrurailius  seems unlikuly.(JJ; Far the case
where ro. the simple CEP offers little

advantuge rcelative ta the MEP or FS casus.
5. Muitiple Miveours (MM

The use of axial cor:agations or rodulations

in the magnezic fie'd to reduce particle loss

has Leen prigensed  and  experinentally  investi-

goted. The muluipte mirror coaliguration has
134,3%) R

Luven examiued as a means L inhibit the

axial t!ow nf a dense, wall-continad plasma by

(4,15.1%)

wlereas  other effort-

Tiakitd,

visnconw drag,
tarsegand on

Radial

have nvnrupn-mlnfmum-B
'

cunfini'ment . energy confinement may

prescut a problem for the wall-coni{ined system,

whereas MDD stability at high beta in an

e-min:mem-B
(rf)

stalkiriization,

aver: require

feadhack

confipguration  may

dynamic stabilization,

complex fiecld geuametries (e.g.

multiputes) or comh:natioas thervof.

Application of a simple kinetic theory to MM

(34,36)

systems has indicated coaditians where

the seqential  trapping-antrapping of iona in

linkedd mirrors will lead te diffusion-like
scaiiny  (luss time - iz); this  behavior has
leaen demoaitrated  experimentally for very
itw-slengity, cuid plasmn.(J) For a4 given

mivrer ratia M, tte magnitnde of characteristic

system leagihs (mirror-to-mirror cell leageh

fild pradivzat lengthas fm, law angle scatter-
ing mean-freo-path  length 7, and losa-cone
scaturring, mean-frecv-path length /M)

n

hence

determinet the conlinement regime and
scaling relationships. For the case where M3},
Mo, C o, £ T =T. =T, the MM
c Ty e i o
confinrment  time ia appreximated by M. 7/
&-VviT"; when c¢ast into an n: criterion,
'/H"'
(n.) © = a.93010v'% ms 22 132 ()
MM c
On the ather hand. when 3=£c, the MM confine-
ment  time is  given by H'.2/81viTH, which
in term: of an n: criterion hoecomes
- " " "
TR WA PN LY (6
Althoagh valid only for M-I, weak mirrers can
be described by these equations if o is repiscued

th S B!B T M-1.

Equation {6) repreaents a near optimeom

by the mirror modutation,

Case an

.th
1

ion scattered into a losa cone of the

mirror has a high probahitity of scatiering .t

of thu loss cone of the (i+l)th mirror, there-

by undergoing a random-walk or diffusion-like

procass, Equations (5) and (6) are incorporated
into Fig. 2 for the case ¢ = 5m and M " 4.
For a design with ‘=. (Eqn. (€)), the B
virsas reactor requirvments (n- = lOZl 8¢
mJ, # = 0.8, T = 10 %eV) are comparable to the
optimistic CEP('.s = rc) scaling predic-
tions. As for al. mirror avstems the strong
temperature scaling makes the  mirrors less

Enliancement of
high

effective as T increases.

non-adiakatic scattering at beta

problem,(3'37)

may

overcome this but the quustion

of MID stability remains.

6. Radlial Confinement

Tae fellowing xpresaion based on classical

thermal conduction gives the effective n°

parameter for radia: heat condaction
(n") 1!/252,2 -

, )20 o
RC © 5.04(10)" (1=

[ (
(a1) 10°
nt RC 0
T - 10 keV and ‘- = 0.8 givea Ba = 1.78 Tnm,
Fig. 2.

field

. 1
Setting equal to sfm°,

which

i3 also shown on Since paiticle

diffusion traunsvers: to linca iuvelves



electron-ion colliiiona, the relev;nt diffu-
sivity is decreased, and Lhe associated nr is
correapondingly

c)l/2 = h7.h,
On the basis of thia analyais LIMF devices

increased by approximately

(ni/m

operating with moderate fields (B <20 T) and
lengths (L <500 =) appear feasible only for the
REP and MM approachea. Approaches which invoke
the MEP or CEP and still maintain 7 <1000 m aust
operate at #~0.8 plasma densities that are
equivalent to fields of 43-50 T. Thic high-
field approach to IMF is characterized by the
Laser Heated Solenoid (LHS).(S'G) wvhich has

(38)

chosen to address magnet-design and

&
(39) technology problems rather than

first-wall
evoke the unresnlved physica of high-7 MM or REP
appronachea, although LHS reactor dea:igns have
assumed somne degree of unspecified end stopper-
ing. On the other hand, the Linear Thrta-Pinch
Reactor (LTPR)(B) and the Elactron-Beam Heatod
Solenoid (EBHS)(A) spproaches to LMF  have
selected, respectively, the REP and MM axial
confinement achemes in order to ease these
tecnnological problems. An important ingrodient
in making the respcctive choices for axial
confintment is the plasma heating acheme pro-
posed by each.
B. Heating

The flexibility of employing a8 varivry of
heating schemeas and eombinations thercor is
claimed as a major advantage for LMF. The opun
ends whict pres»nt a crucial containment problem
can generally be viewed as an advantage insofar
as rendering flexibility and access for pusposes
of heating. From the view point of an overall
ronfinement  acheme

aystem & pgiven (axisl)

interacts with and atrongly influences the
heating method.

1. Adiabatic Compreasion

Adiabatic compresaion ia an effective and
proven means to heat a fluid and ia particularly
applicable to high-beta plasmas wherein the
magnetic “piston’ can be directly and efiec-

tively coupled to both ions and eluctrons. 1he

efficiency of adiahstic compression fac as
measured by the increase in plassa thersal
energy JnokTo(T/To-l) relative to the

magnetic energy needad to fill the volume va-v
cr2ated by the displaced plisma, rapidly Ae-

cresses aa the volumetric compression !/x =+ /o

[4]
ia increased. It is easily shown that
T -t
1 x I-x

rea o~ (=) = ——— (8)

P - - :
AC ! (‘ %) x T21-2072 ey

o o

10

where 50 is the initial pre-compression plasna
b
D ( - . - -

beta (ZnoxTol B°/2 o))' ne depen
dence of rAC on x and o is depicted in

Fig. 4, which also shows the depernience of

T/To for a lossless compression. This

behsvior clearly illustrates the desire to kecep

T/To as smal! as possible, which in tuen
points to the nced for sign:ticant prelecating
(i.e. T,21-2 keV), For this reason  the
(13,50) . .
FLR renuires preteating  hy  gue
jection, the LHS  invokes prehesting by
COz-luser beama,(ﬁ'al) and impiosion
‘B:

pre-hcating is proposed for the LTPR.

EFFICIENCY OF ADIABATIC COMPRESSION
[Ke] [{e]

o8
o]
Q
<
04
-
02 7 {Te® 3C "“)1 2
CCMPRESSION ™ — — =
(Tm* 10 ms) Y »5/3
0 1 | 1 e n
0 02 04 c6 o]} 10
XeV/Vy
FIGURE %#. Dependence of adiatatic-compressien
heating cfficiency A on volumetric
compreaaion x for a range oE inir:.t beta values
% . Shown alno ia the adiabdatic relationship
for T/T_ as well as the vresults ot a time-
dependeht “adiabatic" compression, burn, and

decomprussion.



In actual aystems tlhie compression to igni-
tion will aot be adiabatic, in that over the
finite comprussion (and expansion) time ‘R
radiation lossea and alpha-particle heating will
occur. Shown on Fig. 4 ia & time-dependent
plasma compression, illustrating that for a
30-ms compresaion time bremsstrahlung radiation
makes the compression much more sluggish (and
lesa efficient); after ignition has occurred,
plasma cooling is delayed becsuse of residual
alpha-particle heating. Generally, the use of a
significant amount of adiabatic compression to
achieve ignition an¢ the lowered efficiency
associated with the large compressions will
require some degree of reversible recovery of
the magnetic energy stored in the reactor

chamber.(7fs'hl'hz' Although the attractive-
ness of adiabatic compression must ultimately be
weighed against the ethod of preheating., ke

(43,44}

ohmic heating, the natural and close

association of adiabatic compression  heating
with the primary confincment acheme represents
its primary artraction.
2. Implosion lleating

Implosion heating ia one of the more notable
succusses of the theta-pinch LMF program. having

yiulded thermonuciear conditions (2-4 keV  at

2!022 m-3 densities) when used in con-
juncricn with adiabatic  compressivn. The
implosicn phase is well understood(7'A5) both
theorcetically and  experimentally. The Thigh

eluctric 1ield E. (kV/mm) required to achinve a

pre-compression  temperature To(kev) for a

given initial filling pressure P, (mTorr) 18

A
giveea for the simple “bounce™ model by(a?)
E - 0.5 pl/? ; : (9)
A 3

and is indepenlert of plasma (volum:)  com-
pression (x"= 2/5); for 2=1, the heating
efficiency, defined wimilarly to that leading to
Equ. (3), (3/2)x/(1-x)= 1,

Although these relatively uncompreased plasmas

corresponds to

are desirable from the v ew point of wall

(46)

atabilization of m = | MUD rodes, the high

+altages required make implosion bheating im-

practical for achieving ignition.

‘e
implosion hesting is vicwed(a'bz"') s a

Consequently,

preparatory stage to adiabatic compreaaion.

Although the high voltages {optimally
E, =~ 0.1-0.2 kV/ma for T~ 1 keV) per se do
not present particularly difficult problems,
these voltages will appear within the reactor
blanket and at the (first wall, the critical
formation of the implosion sheath dictates a
minimum first-wall radius ~ 0.1 m, the fast-
rising {1-2 .a) impicsion fields must be pushed
through electrically insulated blankuet segments,
and the required capacitive enargy store is
expensive; these factors combine to Vimit
implosion heating in a recactor embodiment to s
preheating function desp:te the unparalieied
success of thia method in routinelv and
predictably producing high-quality thermoauclear
plasma.

3. Laser Beam Heating

If a high-powered laser beam directed along
the axis of a IMF device could be refractively

focused and efriciently absorbed by the

(26)

solenoidally confined plaama coluan,

heating method presents itself chat can
phyaically be decoupled from the reactor core.

Similar to mplosion heating, this approach has

(
been proposed 3.6.41) as a method tc preheat
or ‘“stage" into a  subscquent adiabatic
compression., Experiments have shown the

tendency for 10.6-.m laser light to be trapped

within a plasma column,(a7) and 50-100 eV

electron temperatures in plasnas of
23 2% -] -

10°7-10" " m denatties have been

reportcd.(“7-hq) An nt = 10!9 aimJ

experimuent has bLecn designed to generate -~ 1 keV

(50)

plasmas.
For electron densitiea bYelow the cut-off
bd -

~'lO‘7/ V(m 3), wvhere ' (.m)

is the tasur-light wavelenpth, the classical

absorption value

inverse-b:emsstrahlung absorption length ?. is

given hy(Sl)

' -
3 (m) = 236010 170285 2, 110



wh.ch ia depicted on Fig. 2 for T = 1.0 keV,
Z=1, - = 10.6 .m and {.* = 10: for these
conditions fiefds at - = 0.8 in crxcesa of 42 T
arc¢ needed for ’a“ 100 m; the required Llength
increasea to 200 m if T ia increased to 2 keV.
The presienve af  8rlilaatn :--'lrlrwr:uIa-r!:-u,u‘s'bg)
lowever, can reduce the desired beam-plasma
coupling. Multiple pasasing of the laser light
or the use of longer wave-length lasers may be
required if anamolous absorption does not occur;
LHS reactor atudies(b'“l) assume a facto: of
10 better sbsorption than predicted by Fqn. (19)
or, equivalently, 10 multiple beam passzs o. the
existence of a8 34-.m high-powered laser, In
dealing with this potential problem, tre {4S
reactor ecmbodiment involves relatively dense
(~ lOza m-]) plasmas, which mumst be confined
in high-field (25-35 T) small-bore (0.05-0.10 m)

nybrid  magnets; a laser-preheated, staged

comprrssion burn cycle is proposed(“'él)
which the laser is e« with greater efficieoncy
to produce a ~1-2 keV subignition plasma prior
to adiabatic compressicn to ignitian. B-causea
of constraints not unlike those cited fo:r im-
ploaion heatiag, the tucimulunical and econemic
necessity to limit the total laser energy has
naturally lead to the staged LHS reactor. In
ticia way the physica of LHS heating couples to
th.: endloss process, in that, 1if technologica!
aolutions to the high-field magact and high-
heat-flux wall probiems can be found, the Bll
scaling quantified for the MEP (Eqn. (2)) may be
used to address the axial confinement/
equilibrium problem.

4. Relativisric Electron Beam Heating

Relativistic electron beam (REB) current
IO9 A/mz are

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

densitiea on the order of

source for solenoidal LMF devices. The axial
electric field induced in an REB-injected plasma
drives an axial return current in the plasma.
In order that the REB couple with the plasma in
s reasonable diastance, two kinda of anomalous

(4,52,53)

procesaes are cited: a) turbulent

interactiony Setween REB and plasma electrona
(clectraon-electsnn modea or two-stream insta-
bilities), and b) turbulent interaction between
plasma electrons and iona (c¢lectron-inon @odes).
The e.ectron-ion modes give rise to an effective
dc resistivity ssdociated with thie acattering of
slow electron waves off ion density fluctua-
tions, whereas the fast eclect-on-electron mode
results in plasma heating by Landau damping
mechan‘sms; both resistive return-current ard
non-resistive heating mechanisms occur. On the
basis of these REB energy deposition mechanisms,

a maxioum
(54 ,55)

deyinsition length can he de-

rived

RIEINCPRYS.

L

-4 2

1 (a) = y - - ) '
a 1) 1.90(10) vB /JB. /T , (11}

where the REB voltages, rms angalar divergence,

and current densit [t are, respectively,
VBlV), ST anel JB'A/mz). The dopueadence
of ;a on B s depicted on  Fig. 2 for
vy - 107 v, .= 0.25, 1, = 5.0010)°
A/nz. T = 10 eV, and = 0.8. It is

guencraily believed that the ions share tittle 1in
the ancmalous energy deposition; the REB is
primari.y a heater of electrons. As for lascer
heating, therefore, the confin:ment scheme that
is coupiwl Lo the isg-acated solenoid must allow
equilibration. Fer

REB sources of 100 4»

ion-electron

(52)

efficient
reactor applications
average power are required that can deliver
30-100 MJ/pulse at Jg = 5(10)8 A/m2 and
VB a 107 \'H the AURORA REB systcm(SS)
generates several megajoule REB from a 5 MJ,
12 MV and 90Z efficient Marz c:ircuit.

As a means to create a plasma in a closed
reversed-field configuration prior tu adiabatic
compression by a liquid lirer, the  LINUS
proposea the use of a rotating,
annular 2LB., Rotation is produced by passing an
annular REB through a magnetic cusp. When the
REB exits the relatively short (~ 12 n) LINUS
device, an ionized and pre-heated plasma results
that supports the imape currcnts necesaary to

sustair. a closnd-field configuration:; the REB



parapesers fer this applicatioen are VB = 3 v,
[E a 3 MA, and 40 MJ tivert ino~ L
5. Magnetoacoustic lcating

Mugnetoacoustic heating (MaH) is  2pplied o
a cvlindrical p.asma by an osciltatory pumping

’ .
fiota, 237!

of the confining magnetic Unlike

jouie or beam (REB nr laser) heating but like
imploston heazing. MA! can act preferentially on
the ions 1f an appropriate Qissipative mechanism
is available. When the ratio of resonance

frequency to ion-ion collision frequancy is
small, classical resistivity and ion viscosity
provide the cissipation, and the experimenta’ly
observed plasma buhavior(ss) can be¢ described
thewretizalls by viscous wmagaetohydrodynamics.
At n.ghuer ion temperatures, when the resonance
ion-ion

frequency is much larger than the

coilisien friquercy, classical dissipation 18 1o

longer sufficient to account fur the

experimentaliy observed neating effects. Recent
,r

thesretical resules 59) in toth regizes

indicate 10on keating t:mea in the miilliscconds
ranfe fur reactor condit.urs,

From the reactor view point tie uyse of
gra:tual MAlt has the putential advuizue: that the
induced in-core elvectric fields, comparrd to
implciion heating. may be considerably smaller.
MAH also prosunts an “ attractive cont inuous
source of energy for operating a LMF device <3 a

burner."(7'59)

“wet  wood A ccaprehensive
stuldy of the potential advantages and problums
for rcactor-like applications of MAH, however,
is not available.

6. Alpha-Particle Heating

The *.5-MeV alpha particles produced in LO-T
reactions represent a significant avurce of
vnergy in a  thermonuclear plasma. 1f this
cuergy can be transferred to the ioni, the
etficiency of the reactor can be enhanced. On
the other hand, anomalous  transport and
long-wave length plasma instabilities driven by
aipha particles can be detrim:ntal to plasma
confin:munt. Classical scattering at LMF plasma

densities canses faat alpha particles to

- T
o’
1]
0o. 5. ©
("} N
L uianl

Al A Llil)

transfes about half their enecgy to the plasms
in a range of several kilometers; seme degree of
alpha-particie  confinemeat, therefrre, is
necessary. Among the propns:d end stoppering
sciiomes, multip!s mirrors that wou!d confine
some fraction of the alpna particles, and
re-entrant ondplugs that wou!fd retain almost sll
promiaing.

the alpha particles serm most

Classical alpha-particle scattering. however,
primarily heats the electrona thereby increasing
should not be

radiative losses; Lthis effect

strong, since most LMF devices would operate
with nearly equal electron and ion
temp:-raturces. Anoma‘ious scatlering associated
with micreturhalence may permit direct transfer
of the alpha-particle energy to the ions, as
weli as provide mich shorter mea:n-free-patha for
thermalization. The influence of <classical
alpha-particle thermalization ~n the igaition of

an  MEP-stopperod MF device has been

(z8)

exanined, and Fig. 5 gives the dependence

of Bz.(ignilion) on the axial cunter
tecperatare and the degree of anoma.ous decrease
in parallei-vi ld thermal conductivity; even
with total climination of the thermal conduction

H (k/kc =0 on Fig. 5) for the MEP case,

8
1o T T T T T

o
Lol a1 ail)

0

oll
Or—TTTTUM

IGNITiON:: L P p“. pe pr08
1 1 1 1 :
5 0 15 20 23 30
T (havi
o
FIGURE 5. Dependence of B2 (ignition) on

axial center temperature fur a LMF device with
material endpluga, including the constraint of
clasaical alpha-particle thermalization.(?



the thermalization constraint

still

alpha-particle

requires substantial th(ignition)
values,
LMF

view

for

the

In gencral, alpha-particle heating

devices is a crucial issue from both

noint of heating and confinement. Uniortunate-

ly. because of the theoretical difficalty in

analyzing thermalization processes 1n finite

geometries, this sspect of rcactor-related

plasma and encrgy balance modeling has received
only cursory treatment to date.

C. Stability and Equilibrim

Hot and dens.: plasmas produced in straizht

nolenoidal geometries have been shown  both

(60,7 1)

experimeatally and theoreti -

"
(31,22) and
MID

induced by

to exhihit radiatl

The

cally equilibrium

neutral stabilivy. m=1 ‘'wobble"

instability, which is believed 20 be

electric firllds in

2)

saturates at

partial shorting of radial

the plasma at the end rugion.‘e

a lov amplitude, 1s not obsurved for large

radius plasmas (radius

half of

approximately equal to

wall and s

the

the radius), completely
HEP.(27)

shat e

the

use of

Hu:k(ﬁl)

dampad by Recent

theoretical indicates

Larmor-radius effacts are responsible for

stabilization of higher mode rotate:n in-

Although LMF devices
stable to MHD

atabilitivs,
should be

generally

non-ideal rotational

instabilities, the queation of curvature-driven

instabilitina (ballooning and interchange

modes), such as those expected at high beta in

multipte mirror configurations, is unclear;

finite-Larmor-radius and wall-stasilization

effects may play an important stabilizlng role,

but some form of feedbactt or dynamic stabili-

zation may be required, Although the simple

theta-pinch configuration permits operation

outaide the plasma parameter range wherc

resistive and gcollisionless tesring modes are

active, LMF approaches that operate with tr pped
or reversed fielr. may have to deal with this

prublem.

10

In summary, although the

LMF is

charactistic wu.

neutral stabiliry for generally wvalid,

this claim mist be examined more carefully in

the context of the specific heating arnd axial

confinement schemes  b->ing For

which

proposed,

instance, beam-driven instabilities
enhance radial field or

LMF

particle transport may

become crucial for that

Other

concepts require

very small rasaii plasmas. anomalous

phenomena related to the particular  heating

schime may also reduce tiie final plasma beta,

thereby diminishing  the overall efficiencies

proiected for specific IMF reactor embodim:nts.

11f. SUMMARY DESCRIFTICN OF LMF_ FUSIQN REACICR
CONCEPTE
The

cssential clements of most LMF

approaches tn fusion power are determined in

larpe part by tha benefits and limits of

canfinement and

The

particuiar haating  schenwes

invoked. intent here is t¢ p-esent oniy  a

qualitative sumary of wvacn design as  thuey

preiently exist: the variability in stusy leve!.

piysics assumptions, and projection of certain

tecunonlogies ail combine to make a quinsitativa

comparison inalvisable at this tim.:. An

viipasis s placed, however, on both the gencral

merits and problems  anticipated for  «:ach

approach. The reau.ts of an ongoing ccmparative

assessment by Eloctric Power Research [Instituta

(64)

and Bechtel Corporation oa the bYasis ot

economic and techno'cgy guidelinres, howaver.

should be of significont value in makirg a wore

Anantitaile. 2 assessment. It ia also nnted that

of the seven LMF concepts reviewed here ¢1.'»  the

Laser (LHS)(5'6'hl) and

(epus) (4+5%°

Heated Sotienoid he

Electron-Beam Heated Solenoid
rractors have rvcerived indepth study, although a
the

(RTPR)

Linear

Refercace
(42 ,46)

significant part of toroidal

Theta-Pinch  Reator study

applicable to the Theta-Pincie Reac‘or

(LTPR)(B) concept. Since the few reactor

cited based on

ahould be

deaign parameters are either

interim or older v.lues, they viewed



oniy as indictative, and no :zomparative assvay-

ment is implied or intended.

A. Lascr-lleated Soleroic (LHS)(5'6'38'al)

Because of previously noted limitations on

coupling 10.6- . m lsser light to the plasma snd

the desire to minimize both total laser

(50-75 MJ)} and resctor length (2€500 m), the

energy
LS
envisages at least four small bore (.0°-m raaius

into a
k]

embedoad
21 -

The 2.0010)° " m
1.7 keV by

absorption that is enhanced over the

first wall) plasma chambers

~1,5-m radius blanket,

dense plasms is leated to laser
predictions
faztor

Thae

of inverse-bremsstrahlung absorption by a
of 10; multiple-pass heating i3 proposcd,
28-T compression firid that brings the plasma to
ignition radius s
t8-T
room-tumperauie

hehind

a ~18-rm gencrated by
fieid
located

lhe

nulling an superconducting with a

norms!, coil icme-

diate;y the fiTsy walt, firing

sequence for a nomina: z0-ms bucn pulse is  shown

ir Fig. 6, and a 4-s dwell tinc between segquen-

tial buru puleses in each of the four piasma

chamtcrs is envisaged. In crder to aclkijeve 21

20-:8 burn in 8 3500-m long device., an unspeci-

fied axial confinement was assumed to an extent

BURN SEQUENCE FOR STAGED LHS

[LASER HEATING (0.1 mal
! COMPRESSICNAL HEATNG (1 ms)
o |*'r 20 msBURN - =
Ja - e o
W~ . e \
—( g L I K t
l.l-ﬁ % st
2u W ¢ ALPHA- \
=g - / PERTICLE Nt
0z "’ HEATING ~.
'g = «- B, 10T
2 \ B:2BT
ﬁ'-B.,r n
g-18T

FIRE NCRIJAL COIL.N |
PRE.ONIZE \ TIME
FIRE LASER
B,r-187T
B:O

FIGLRE 6. Typical burn cycle for a staged Laaer
lleated Solenoid (LIS) using axial confinement
that is IC times better than free atreaming.

that allcws the “urn to ecrur for ~ 8 frea-
stream:nz endioss times or ~ 4 thermal con-
duction times (. a&a MEP was empicved). The
pulaee nermal magnet requires 1.3 GJ of homo-
polar motor/genarator storage,‘ﬁs, snd
770 Maelnet) of  electricity at 3.4 HH/nz

fusion neutron wail loading is produced with a

recircuiating power fr.ction of 0.25 and a total
system power dennity® of 0.25 HH:':’. The
advantages of a decoupled pre-hesting source

of hig -field
thka

(i.e, the laser), the pnssibility

IMF in the small-bore coiis, and relativeiy

high pluasma filling fraction frcduced maznetic

energy storage and transfer reoquiremenits! sust

be weighed against the probhlema anusor un-

certaintirs sssociztnd with Acvere thercal

pulses and nautron Zoscs at the Iirst wall

magnels, the unzesolved wad-stoppering  and

the leser

£30-75 w2,

lasar-absorptivity tac.ics, LT AR

energv and densitivs

10°%-:0'% wrm™y,

power

anc the fowar marg.n

allowes for the etfects of ancmalous radial

transgort.,

’ -y
B. _Efectron-Beam leated Solennid (EBHS{‘“'S"

The EBHS concept proposes the injection of a

~ 30-MJ, 10-MV REB into a plasma of l7-=m radius
and 275-m length to rrovide the ¢tota: heating
tequired fes: ignition. The BOX eftizient REB
gource would deiiver a total curremt of 0,45 MA
(s00 HA/mz) slong a 5.9-T guide field; the
15.3-T conficirg ficid would be produced by
supercondu:%ing coils, The 334 Mde(net) power
is achi-ved with 8 recirculating power fraction
of 0.35 »nd a 260-ma pulse peried to pgive a
firat-wall fusion neutron wall loading of

"
4 MW/m* frem the single plaama chacher. The

total system power density is 0.73 HHt:ﬂj.

The buzn cycie prapnsed for the EBHS, as
illustrated in Fig. 7, would inject along a
guice field coid plasma (few eV) (rea annular

plasma guns located ce-axially with and in front

*Dofined always as the total the:mal pover
divided by the volume «¢nc'osed by the

con{inement aysten.



BURN SEQUENCE FOR EBHS
IF|LL COLENG.D WITH COLY =7 a /1 PLASNG
)

RED MEAT NG 1102 un)

/' /ELEc'rr«,-u-:m: EQUIL'BRAT:UN
|

1

!

20 ms HUFN -
Rt Fha

fLH‘A HMEAT.MG

-_ ION TEMP T\

i e _NONMGNLION

BREAK TRANLFFR MAGNFT
* INJELCT REB
'FIRE TRANSFLR MAGHET
FIRE COLD ‘-2 ev) PLASMA GUN

TIME

fur an
asing

FIGUPE 7. Typival len
Beam  ileagted  Soleneid
mirrur roniinement.

ryrlw
(KRIS)

Elet toonn
meatt  phe

ul the REN diade

Llter

atrastme at  each <t ot the

Nevie e, radtaily  expanding  the P HT

Treloe te the vacaumity al the analar REB dicete

ey mean e, a transler maguet, the RREB o1 puidiead

alhng the magn-tic lield lines  intu  the  plasma

chalier alter heing campaessed by a lactan al

10, T triasler magnet then lurves in o 1 ms
the  zotesnidal  Hirelds radially invnrd  and
thraupl the wanalar REB catleale ta prarect  that

parl nt tlee HEY  apparatas acan the  cwentaad

plusma leaa,  The REN vaerpy  in asdamed  te Le

mloray clepagited atang the interactiam lenpth

given by Equ, (11} ta an rxtent suftirient to

cause a  stationary e Calpha-pmiticle

deposition equa:s cdhiation tassen), Tk ?20-ms

high-Leta hurn purind at 2.1(10 ??2 m-J
density iy uasitncd ta arenr acinhiliitod by
mulluag thronpgh the e of  fredback-stabilized

multiple mirrvis: a acalinp similar te that

kriven by Eqn. (6) is uaed, with the assumplion
of nun-adiakatic scuttering in the presumed very
The

taken te be 2, althauph the vtfoective,

sharp mirvors, vaicuum mirrar ratin wus

hipgh-heta

mirror ratio could be as high as 4-6,  Streaming

plasma fram the EBIS onda pasaesn through the
central hule in the annular REB cathode and muat
b expaunded in radins by a factor of 500 to

SUpETe L SeCLINATY  aLetllon eBisatn frem and

theemal
Tl---
REUS

st Lion U e e el gndpl slea,

s featere and wac . attrectign af

the e

fREE, W,

Approachk s den n. 2 al the

vflicoeent primary MI)  aeet seteegary

fpianma g, 2-3 MI, lLeatirg vautlen fiom tha

onlitement sysSem Thon advartape is ted

Iy the vact 1wt tlee KRS ardiievey et rcinlat,eg

preadtrr fraciieas rhat are  r o=paratde P sagter
g sed MF appruacten, Lot witt g tentlt the
vaiue, The reqorred RER conpreasian 2l os 0 6=

post, tlee poneca!  stahiltity awd  ef:: cev o
the REE - plasma PLEeras 1enrn LI beam
witlascnn  and  dhaspernina, At e g,

an: e olved  dusaes  anee ited with o the g |
pivama feematian, tue overall  efteen venees and
atability of hipa-eta st nle moriocs, the
lean, bility «of therseliv stat o fara,  aud tue

Qe e adian plasma e sy, b Cover,
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prol wtedd plasma a5 salineqont ly  eenpras il

adiab.rically tn
(~ % V),

ipaitinn [ RS P L]

arl a hmrun eyele acmurs a g

plasma calinstemperatiice trajertoav Jdete mined

privarily by the denamics o1 an omersetic,

hish--ta plasma, The LT

REP, whers 'n the

Lok e
wnd e

directed S g

ntagy

vrelfuss partirles Ty

ORI L 1 LT e smail
comdait to "

The

racias -n! =cuevature second,

paratlel plasma colum . plasma within the

REP rrpian may uot pecvasarily be  in "torendat®

equitibrinm and witl ve sukject to cruss-tiell

tranaport lassen, An intermittont  toreidal

rquilibrium may be eatablishel 1n the REP  regica

which ia aimilur to that envisaged fer the
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