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A SURVEY OF LINEAR MACNETIC FUSION REACTORS®
R. A. Krakowski

LOS ALAMOS SCITNTIFIC LABORATORY
UNIVERSITY OF CALIFORNIA
LOS ALAMOS, NEW MEXICO 87545

The promise and problems of Linear Magnetic =rusion (LMF; for the
generation of electrica! power are surveyed. A number of  axial
confinement achemcs are described and compared on an n- bs is. Likewisa,
the rangc of heating methods is described. Tha results of seven
conceptual LMF reactor design studies are summarized with an ezphasis on

the interfaces between reactor operatisn, confinement scheme, and heating

methods.

I. _INTRODUCTION conlinement options. Meating to ignition Yy a
Since the inception of controlled thermo- coobination cf beams ’ncutral IEODI.‘J) rela-
nuclear fusion research, the attractiveness Of tivistic EIECIFOHI.(L) ldi!fl(5'6). fast
plasma continement in linecr geometrivs has boen ‘mplosions coupled with adiadatic compree-
apparent. The excessive plasma length requiced ’ion[7'8) and high-frequercy he'ti“!cg‘ have
to sustain the D-T plasma density at therro- been proposed and investigated. Endloss reduc-
nuclcar temperatures against [ree-streaming tion by the following techniques has been pro-
andloss for times sufficient to achieve a net posed: wmaterial endplugs, re-entrant ecndpiugs,
energy breakeven led to earlv abandonment of elecerostatic trapping, simp.e eirrors, multiple
Linear Mignetic Fusion (LMF) in favor of closed pirrors, cusped ficlds, reverse: (fields, high-
geometrica. The actractions of LMF, however, frequency atoppering. plasma-gun injection.
remain: proven heating wmethods, neutraliy- Only the first five of these end stoppering
stable plasma equilibrium, high plasm: density oethods have receivzd consideration in a reactor
and beta, accesaible and convenient geometry. ¢'b°dinﬂﬂt-(b_a'10) and  experimental studies
Two LMF uork.hop.(l'z) have recently addzessed under recactor~like plasma conditions are non-

the primary obstaclus to LMF: axial patticle/ existent.
encrgy confinement and total system leuzch. This survey of the IMF app-oach to fusion
Although free-streaming endloss has been the power first reviews and etrostas the physics
subject of experimental and theorctica! study, scaling and its reactor implication, after which
methods ot particle/energy endloss  reduction a summery of IMF reactor concepts which thave
relative toe the frre-streaming case until very considernd one or more of the abovementicned
recently have received little iIn-depth consid- heating and confincment schemes are Jdescribed
eration. and compared. Specifically, the Laser-Heated
Conceptual LMF reactor designe reflect a Solenoid (LHS).(S'ﬁ‘ the Electron-Beam-Heated
rich array of potential heating and axial Solenoid (EBHS).(A) the Lirtar Theta Pinch
(LTP).(B) and the Steady-Stat® Fusior Burac-
(88FB)'1?  ure discussed.  Included also ar.

WWork pertormed undver the auspices of the US

Department of Hrergy the very dense wsysteas, such as the glowly
Erorgy,



Q12)

imploding liner (LINUS), the Fast-Liner
Reactor (FLR).(IJ) the Densa-Z-Pinch Reacrtor
(DZPR).(IA) and approaches that have propcsed
multiple-mirror confinalent.‘J'IS) Al though

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

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

these concepts will not be treated.

11. LMF REACTOR PHYSICS AND SCALING
The broad and diverse nature of LMF allows
within the conatraints imposed by this survey

and

points

only a brief simplified presentation of
physics

stabi lity/cqull ibrlum)

those (confinement, heating,

that are crucial to

reactor performance. The trends presented here

should be used for comparative purposcs and must

be tcmpered by inherent assumptions and the

corroboration between theory and experiment.

A._ Confinement

continement ias

vhich,
contigura-

field

For mnat LMF concepts radial

provided by axial magnetic field, oncept

the field-reversed

(12,16,17)

for

tions, reault in oper linca

and a potentially cfiicient channel for plasma

particle/energy loss. Axial confinement,
therefore, is 3 major issue for LMF that is
being addressed hy a variety of methods to
reduce the axial loas rate, to stopper or plug
the ends, or to achieve a significant net fusion
gain in tiwmes that arc short compared to axial
loss timas. It is not surprising that a major-

ity of LMF concepts envisage pulsed operation.

Exceopt for LMF concepts which require very msmall
plasma radii (c.g. LHS, EBHS, FLR),

fincment appears as a secondary issuc.
(18)

radial
With

confinnd

con-
one
experiments  have

uxception, not

plasma for gufticient pericds Pa measure radial
eflects.
The

ona of

bhecomes
LMF

equi-

confinoment issue,
wicth

thercfore,

axial loss; few exceptions,

concepts  simply dJo erhibi: axial

1ibrium. The following axial contasinment

schemes have been proposed: free-streaming,
simple mirrors, material endplugs, re-entrant
endplugs, cusped erdplugs, and multiple
micrors. The reactor implications of each are
summarized belaw.

1. Free-Streaming Endloss (FS)

A cylindrical plasma column of length .(m)
that has been instantaneously heated to a tem-
perature T(keV) will flow axiallvy from the con-
finement region in a time 'rrsan!vn“. vhere
Vi (n/a) is the ion thermal speed. The

transient behavior of the associated arca waves,

self-mirroring and magnet throat conditions, and
diffusion profiles have been quantified theo-
retically(lg'IO) and experimentnlly.(zl) A
comparison of theory and cxperiment ig s“:own on
Fig. 1 in terma of a parameter T where

FL*

' T T T 71T T T T 1

@ Scylle IV=-P (5m)
& Linear Scyllac (5m)
® Scylla IV-3 (3m)

@ Scylla I-C (Im)

i
DK

0 | 1 ] 1 1 1 1 1 [

0 0.2 04 B 06 08 0
FIGURE 1. A comparison of theory and experiment
for—(; fee = treaming endlc = frem a LMF  de-
vice . M(Ref. 22), Whief, 23, TW(Re{.

24), F(Ref. 25), FW(Ref. 19). 3MB(Ret. 20).



o oy 172, .
- * o (m/2 1) il2. Expressed in 40 T T T

EL m. v L
terms of an n< criterion, and wusinz presswure \ 1
balance ; lzlz'..o = 2nkT), the following i \I i
[ ]
expression resules. " ;I\ ]
. 15, 12.y,:3/2 i ™
(n1)pg = 2.26010) 77 21 (B%5)/T . (1) m\i,_{
- FH
=~ &N
In comparing this criterion with those genccated i\\:‘*{
for other axial flow conditiona, r is  taken 10— \.l AL =
EL - Q
to ba 2.5 (Fig. 1). For T = 10 keV, = = 0.8, 9

21 k]

and nt1 = 107" e/m”, Fig. 2 depicts the

LiD 'PLUGS |
Te>29us

relationship between B(T) and (m); for BE20 T
lengths in excess of 15 km would be required to

achieve "inertially" the specified n* value in

the presence of free-strecaming endlosa.

ENERGY LINE DENSITY (kJ/m)

2. Muaterial Endplugs (MEP) OPEN .

Since the first Proposal(”) to  insert L T!=9_O HS .L
ablative materiala into the end regions of an T-
LMF  device, experiments have been per- i\
Iu.—ned,(z” and Fig. 3 illustrates preliminary

. ol 1 1 i 1 1
PLASMA RADIUS alm) REQUIRED TO ASSURE inT) 'IOzl s/n® 0 s 0 3 20 23 %0
r - TIME (ps)

A, fLASIRF 51 )
LT 10 10 _lo

FIGURE 3. Expcrrimentally observed increase in
energy confineaent tiqurEHIting from the vuse
of material endplugs. ="'

-
T m—

experineatal evidence that a low-atemic rusher

MEP can significantly reduce the axia! narticie
L]

i ; . flow. Under the assumption that an ablative NP

ean effectively suppurt the axia! plasma

P ian)eigv/al

N F .
- UL e 90k g Nl ¢,2 %)
Foo 1L TTRTANIG

! .k (VCLASSCAL ABSMTION (TR
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pressure, the f{ree-streaming endloss probliem i

CONFINEMENT FIELD &(T)

tranaformed into one of axial (parallel-fieid®

, thermal conducticn by electrons. It is easiiv

e a— s Ll g N L (28)
o' 1 " 0! whown that the energy flux conducted 2o a
LENGTH £(m) | cold mEP s P, WY = (e n, where
1. 2 U} .

. k. = 9.8(10) 'TS"IUI.'- is the clasnical
FIGURE 2. D-pendence of field B(T) on plasma (alretron’t  thermal cnnductivit\',(:g‘ and  all

column length (m) for variuvus ETd shoppering . :
schemes to ansure n° = 10°" a/m when quantities are cvaluated at the axial center,

+= 0.8 and T = 10 keV: FS(frve atreaming), Definid Juc®i - Vot

VI atnrial ondpluge), REP(rv-entrant tning a conduction time as ( /A bt
endpluga), MM(multipie wmirrori), and CEP(cusp setting the Coulomb logarithm (o'« 17, and
endpluga).  Al7io shown as a function of B(T) are in - balanc N .
laser absorption length, REB  absorption lenpth, ““_ R .P“'"u"‘ Alance the follewing  a

and plasma radius alm) for radial eonduction, eriterion reaults for the MEP case

H2atnin™t | ()

fn‘.)HH‘ = 2.81(10)
¥Exeept for plasma tesperature T(keV), mha units

are cunsiatently uwed,

1)



Eqn. (2) is compared to the FS case: on Fig. 2;
little improvement relative to the FS caae is
indicated. Since any deviation from clasnical
conductivity enters wunder a square ront,
reductions in kc of at least :wa orders of
magnitude will be required before significant
improvements in the MEP situation dep.cted in
Fig. 2 results. Including the constrainc of
alpha-particle confinement makes this prediction
even unrue.‘ze)

3. Rcentrant Endplugs (REP)

A second approach tn the LMF ax:al endloss
probles would return to the plas:a column a
significant part of the corduction and non-
thermalized alpha-particle cnergy that normally
would be lost to a cold MEP. The recentrant
endplug  (REP) eoncept‘l'JO) propuses two
parallel LMF devices supplying each other with a
portion of the thermal conduction losses by
means of marginally-stable and short "U-heod"

end seclions. Preliminary LMF

(8)

reactor
studics show that this approach can yicld
intereszing reactor designs that are a few
hundred meters in length and  require modest
ficlds (B 10 T) for a lincar-to-REP volume
ratio of ~ 10 ind cross-field conduction Lt
in the end regiun lees than ten times classieal
predictions. Furthermore, the REP  appruach
provides a loss mechanism which wmay make
possible nearly quasi-stcady-state (lunu-pulsed)
oprration. The loss mechanism(s) in the REP
region remain  unquantified at  this  time,
although MHD activity, micro-turbulence, and
cross-fiald (ion) diffusion will certainly
occur; both relatively poor equilibrium and
atability in the "U-bend" sections, howaver, may
be tolerable, Four the purposes of the present
analysis, the confinement time ls taken am  that
ansociated with cruss-tield thermal cunduction
in 2 REP plasma of radius a{m) and a linear-
to-REP plasma volime ratio of !/7R, where R(m)
is the radius of the REP scction, Only the
trapped ficld within the plasmn is assumed to

contribute to conduction resistance. Using

pressure balance, the effective n- for the REP

case becomes

20

tno)oco = 1.60019;00-ya2mirg? 12 L 0y

REP
The predictions of Egn. (3) are compared to the
FS and MFP cases on Fig. 2 for a~ 0.l m and
R = 10 m. The premising resulets given in Fig. 2
and Ref. 8 wmust be tempered with the many
physics uncertainties. The use of internal
rings, axial currents, and high-beta stel'crazor
configuratinng have Yeen suggested ac means to
achieve the required poor-to-zarpinal Lormid.l-
like woquilibrium and sta%ility in the REP
sectiuns,

4. Cusp Endplugs (CEP)

Reduction of the cross-sect.cnal arca for
particle and enerpy fluw, while simuitancously
maintaining a larpe cross secticn  in the bulk
plasma, represants ancther agproach tu  reduce
the frec-streaming endloss precess,  althouia
the application of simple mirrvrs to cach end  of
the plasma column effectiveiv  achivves  this

(7,3:,1

goal, it is  well-known that ths

configuration induc~s unszakis  MHD  actiwvity

(particularly, ballonning and intrrchangae
modes), Line tying, considerably resuces  this
MIID activity, but the increased  conductirn
losars may he irtolerable, The use af a4 simple
cuiyp peovmeltry represents  another method tn
requee the flow area at the ends of the device,
ftur a spindle cusp ol radius Rc(m) and sheath
thickness l.(m). the flow area in Z‘IC .
fneglecting the pnint cusp), and the potential
reduction in flow area relative to the column
area "l2 ia ZRc'cinz. 1f i. equals  an
ion gyvro-radiua ri(n) - 8.85(10‘-3Tl/2/5.
then the expression for an effective n.

paramoter beromen

(nli g, = 3.70007 (a¥/m 28 el (3

E
If '] could be as amall as an electron gvre-

radiun, r_, (“r)c:r would be

increased by
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(. /m J = 7.6, whereas if a hybr:d pyro-
rnéiu;{]]) (reri)ll' better
characTerizes \s’ then (n')CE“ 77?1d be
enhanced by a factor (milm Y7t e 8.2

The relationship betwern the field B(T) and
length  «(m) nevded to achieve nt! = 102| S/mj

at T = 10 keV - =0.8 is 1illustrated on

Fig. 2 fcr CEP sheath thicknesses

and

equal to T

(rirv)ll', and . respectively, with
a=0.1m and Rc 21 m. Although the case
where " orr is attractive (e.g. * = 5Mmn
for B = 15 T), achieving and maintaining a
sheath thickacss on the order of an »l::i.-n
gyruradius scems unlikply.(JB; For the case
where =r;. the simple CEP offers little

advantage relative to the MEP or FS cases.
5. Muitiple Mirrors (MM

The use of axial corrugations or mrodulations

in the magnezic fiel'd to reduce particle loss

has been proposed  and  experimentally  investi-

goted. The multip!e wmirror conliguration has
(34.39) . S

been exam:ned a4 a means L inhibit the

axial t!ow nf a8 dense, wall-continad plasma by
(3,15.35)

aother cffort-

linkad,

viscous  drag. whereas

tocused  on average-mi o inum-B

Radaal

have

contipement, energy  confinement may

present a problem for the wall-conf{ined system,

whereas MHD  stability at high beta in an
averspe-minimim~B configuration  may require
dynamic (rf) stabilization, feadback
stabiiization, complex field geometries (c.g.

mu'tipoies) or comhinations thercof.

Application of a simple kinetic theory to MM

systums(]h'lb) has indicated conditions where
the sequential  crapping-untrapping of ions in
linked mirrors will lead to  diffusion-like
scaling (lods time - 52); thi1s behavior hasy
heaen demonitrated  experiaentally for very
iow-density, cuid plasmu.(a) For a given

mirror ratio M, the magnitude of characteristic

system leagths (mirror-to-mirrur cell length ;c'

ficld gradient lengths :m' low angle scattev-

A}

length ' losa-cone

/M)

ing mean-fren-path and

scatiering mean-free-path length

n

hence

determin®  the confinement regime and
scaling relationships. For the case where M>1,
3/H"-c, o, rnd T = Ti = T, the MM

-~

confinrment timn{J) is approximited by M./

Vi when cast into an n: criterion,
[N i
(n.) ¢ < a.930100'% mee 2/ 132 (s)
MM c
On the other hand, when F:JC, the MM confine-
. . . I . .
ment  time I8 given by M. /B-viTH, which
in terms of an n' criterion hecomes
~ L] = -
TR R T LT L (6
Although valid only for M-+l1, weak mirrars can
be described by these equations if M is  repiaced
by the mirror mndu!ution.(l) ' B/B = M-1.

Equation (6) represents a near optimum case; an

.th
i

ion scattered into a losa cone of the

mirror has a high probability of scattering .t

of the loss cone of the (i+l)[h mirror, there-

by underpoing a random-walk or diffusion~like

procz2ss. FEquations (5) and (6) are incorporated
into Fig. 2 for the case ¢ = Sm and M = 4.
For a design with ‘=. c (Eqn. (€)), :2? B
versus reactnr requirements (n- = 10" s/
m3, 2= 0,8, T =10 keV) are comparable to the
optimistic CEP('.B = rc) scaling predic-
tions. As for all mirror systems the strong
temperature acaling makes the mirrors less

Enhancement of
high

effective as T incrcases.

non-adiabatic scattering at beta

(3,37

may

overcome this problem, but the quecstion

of MiD stability remains.

6. Radial Confincment

The fellowing xpression bascd oan classical

thermal conduction gives the cffective n°

paramcter for radia! heat conduction

(n) y!/2p2,2
R
Setting

T =

-

(nl)RC 10
10 keV and ‘- = 0.8 gives Ba = 1.78 Tnm,
Fig. 2.

ficld

, 20,,_ .
C 5.04010077(1

1
equal to s/m°,

which

i3 also shown on Since  patticle

diffusion tranaverse to lincs involves



electron-ion colliiions, the relev;nt diffu-
sivity is decreased, and the associated nr is
correspondingly

BEEREINY

increased by approximately
(ni/m

On the basis of chis analysis LMF devices
operating with moderate fields (B <20 T) and
lengths (1 <500 =) appear feasible only for the
REP and MM approaches. Approaches which invoke
the MEP or CEP and still maintain 2 <1000 m aust
operate at Z~0.8 plasma densities that are
equivalent to fields of 40-50 T. Thir high-
field approach to IMF is characterized by the
Laser Heated Solenoid (LHS).(5'6) which has

(38)

chosen to address magnet-design and

(39) tcchnology problems rather than

first-wall
evoke the unresnlved physics of high-7 MM or REP
approachea, although LHS reactor designs have
assumed some degree of unspecificd end stopper-

ing. On the other hand, the Linear  Thetas-Pinch

Reactor (LTPR)(B) und the Eloactron-Beam Heated
Sotlenoid (EBHS)(A) approaches to LMF  have
selected, respectively, the REP and MM axial
confinement schemes in order to ease thicse
technological problems. An important inprodient
in making the respective choices for  axial
confinument is the plasma heating achueme pro-
posed by each.
B. Heating

The [lexibility of employing a variery of
heating schemes and combinations thercofl is
claimed as a major advantage for LMF. The open
ends whict preseont a crucial containment problem
can gencrally be viewed as an advantage imsofar
as rendering flexibility and access for pu-poses
of heating. From the view point of au overall
ronfinement  scheme

system & given (axial)

interacts with and atrongly influences  the
heat ing method.

1. Adiabatic Compreasion

Adiabatic compregsion is an effective and
proven means to heat a fluid and is  particularly
applicable to high-beta plasmas wherein  the
magnetic "piston" can be directly and efiec-

tively coupled to both ions and electrons. \he

efficiency of adiahatic compression T aC as
measured by the increase in plasma thersal
energy 3nokT°(T/T°-l) relative to the

magnetic energy needad to fill the volume v,V

cr2ated by the displaced plcsma, rapidly Ze-

crcases as the vaolumetrie compression 1/x = v o
0o

is increased. It is easily shown that

-1

1 x 1-x
reom— =) e —_— (8)
f - - - H
AC . (' ) x T2(1-2)72 e
-} -]
r'
vwhere 50 is the initial pre-compression plasna
2
beta (2n &T /(B7/2.-)). Tihe dapen-
o o "o "o
dence of ™ on x and - is depicted in

AC o
Fig. 4, which also shows the depenience of

T/To for a

behavior clearly illustrates the desire to kecep

lossless compression. This

T/To as smal! as possible, whiech in turn
points to the need for sign:ficant preheating
(i.e. T 21-2 keV), For this reason the
(13,50) . .
FLR requires  preheating  hy o pun
jection, the LHS invokes prehesting by
COz—lnser beams.(ﬁ'hl) and impiosion
6

pre-heating is proposed for the LT7R.

EFFICIENCY OF ADIABATIC COMPRESSION

1.0 0
o8
oc
L
<
04
7 -
, QUECH™
o2 o {Ta* X "“)1 2
CCMPRESSION ™ — — =
(T,,‘BO ms) y5/3 J
0 ] | L n
o] 02 o4 ce o]} 10
X*V/Vq
FIGURE 4. Dependence of adiatutic-compression
heating eff{iciency "A on volumetric
compression x for a range 8% inir:. beta wvalues
% . Shown alwo is the adiabatic relationship
for T/T as well as the results ot a time-
drpendcht  “adiabatic" compression, burn, and

decompression.,



In actual systems the compression tu igni-
tion will not be adiabatic, in that over the
finite comprussion (and expansion) time R
radiation losses and alpha~particle hearing will
oceur. Shown on Fig. 4 is a time-dependent
plasma compression, illustrating that for a
30-ms compression time bremsstrahlung radiation
makes the compression much more sluggish (and
less efficient); after ignition has occurred,
plasma cooling is delayed because of residual
alpha-particle heating. Generally, the use of a
significant amount of adiabatic compression to
achieve ignition and the lowered efficiency
associated with the large compressions will
require some degreec of reversible recovery of
the magnetic energy stored in the reactor

chamber.(7fa’hl'hzi Although the attractive-
ness of adiabatic compression must ultimately be
weighed against the mmethod of preheating., lke

(43,44)

ohmic heating, the natural and close

associattion of adiabatic compression  heating
with the primary confinement secheme represents
its primary artraction.
2. Implosion Weating

Implosion heating is one of the more notable
successes of the theta-pinch LMF program, having

yielded thermonucicar conditions (2-4 keV  at

>,lO22 m—3 densities) when used in  con-
junciicn with adiabatic  compression. The
implosicn phase is well unders:ood(7'A5) both
theoretically and experimentally. The  high

clectric tield E. (kV/mm) required to achieve a

pre-compression  temperature To(keV) for a

given initial filling pressure PA(mTorr) 18

givea for the simple "bounce" model by(A?)

. = 0.755 PL/Z i . (9)

and is independent of plasma (volums)  com-
pression (x2= 2/5);, for =1, the heating
efficicncy, defined vimilarly to that leading to
Eqn. (3), (3/2)x/(1-x)= 1

Al though these relatively uncompressed plasmas

corresponds to

are desirable from the v'ew point of wall

(46)

stabilization of m = | MUD rodes, the high

+sltages required make implosion heating im-

practical for achieving ignition.

. . . . , 42 .4¢
implosion heating is v1ewed(a‘ 2 ) as a

Consequently,

preparatory stage to adiabatic compression.

Although the high voltages {optimally
E = 0,1-0.2 kV/mn 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 crirical
formation of the implosion sheath dictates a
winimum first-wall radius ~ 0.1 m, the fast-
rising (1-2 is) impivsion fields must be pushed
through electrically insulated blanket segmants,
and the required capacitive energy store is
expensive; these factors combine to timit
implosion heating in a reactor embodiment to a
precheating function despite the unparalieied
success of this method in routinely and
predictably producing high-quality thermonuclear
plasma.

3. Lascr Beam Heating

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

focused and efficiently absorbed Dby the

(26)

solenoidally confined plasma coluan,

heating method presents itself that can
physically be decoupled from the reactor core.

Similar to implosion heating, this approach has

(
been proposed 5.6,41) 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 ctrapped

within a plasma column,(“7) and 50-100 eV

electron temperatures in plasnas of
23_, .24 -3 S

10°7-10"" m densities have been

reportod.(h7-hq) An nt = 1047 s/mJ

experiment has been designed to generate -~ 1 keV
plnsmns.(SO)

For electron densitica bYelow the cut-off
absorption value ~10%7/ \(m_J), where % (L)
is the lasar-light wavelength, the classical
inverse-bremsstrahlung absorption length 1. is

given hy(Sl)

! -~
3 (m) = 2360100 " 17 28T 0, (10



wh.ch i5 depicted on Fig. 2 for T = 1.0 keV,
Z=1, - =10.6 .m and {r* = 10; for these
conditions fields at . = 0.8 in excess of 42 T
arc needed for ’a" 100 m; the required length
increases to 1200 m if T is increased to 2 keV.
The presence of  8riilouln hurkqvnlrrr!nu,(AB'A9)
huwever, can reduce the desired beam-plasma
coupling. Multiple passing of the laser light
or the use of longer wave-length lasers may he
required if anamol!ous absorption does not occur;

6,61) assume a factor of

LHS recactor studies
10 better absurption than predicted bv Fqn. (19)
or, equivalently, 10 multiple beam passes o. the
existence of a 34-.m high-powered laser. In
dealing with this potential problem, thre [4S

reactor embodiment involves relatively dense

(~ 1024 m-a) plasmas, which must be confined

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

hybrid magnets; a laser-preheated, staged
(6,41)

compression burn cycle is proposed
which the laser is uw.: with greater efficioncy
to produce a ~1-2 keV subignition plasma prior
to adiabatic compressicn to ignition. B-:cause
of constraints not unlike those cited for im-
plosion heating, the technolopical and  ecconemic
necessity to limit the total laser energy has
naturally lcad to the staged LHS rceactor. In
tuis way the physics of LHS heating couples to
th2 endloss process, in that, if technologica!
solutious to the high-field magnct and high-
heat-flux wall probiems can be found, the le
scaling quantified for the MEP (Eqn. (2)) may be
used to address the axial confinement/
equilibrium problcm.

4. Relativistic Electron Beam Heating

Relativistic electron beam {REB) current
lO9 A/mz are

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

densitics on the order of

source for solenoidal LMF devices. The axial
electric field induced in an REB-injected plasma
drives an axial return curreat in the plasma.
In order that the REB couple with the plasma in
a rcasonable distance, two kinds of anomalous

(4,52,53)

processes are cited: a) turbulent

interactions between REB and plasma electrons
(electraon-clectron modes or two-stream insta-
bilities), and b) turbulent interaction between
plasma electrons and ions (electron-inn @odes).
The eiectron-ion modes give rise to an effective
dc resistivity associated with the scattering of
slow electron waves off ion density f{luctua-
tions, whereas the fast eclectron-electron mode
results in plasma heating by Landau damping
mechan‘sms; both resistive return-current and
non-resistive heating mechanisms occur. On the
basis of these REB energy deposition mechanisms,

a maxinoum
154,55)

derasition length can he de-

rived

R S RN T

€
2
Yofa) = 1. Yty oo \
a 1) 1.90(10) VB /JB.
where the REB voltages, rms angular divergence,
and current densit oo are,

N 2
{ FE {
VB V), and JB A/mT) . The

respectively,

dapendence

of ;a on B is depicted on Fig. 2 for
vy =107 v, .= 0.25, 1, = 5.0010)°
A/m2, T =10 kev, and - = 0.8. It is

generally believed that the ions share little 1in
the ancmalous energy deposition; the REB is
primariiy a heater of electrons. As for laser
heating, therefore, the confinement scheme that
18 coupied Lo the kzg-avated solenoid must allow
equilibration. For

REB sources of 100 4«

ion-electron

(52)

efficient
reactor applications
average power are required that can deliver
30-100 MJ/pulse at JB = 5(10)8 A/m2 and
Vv, *10' v; the AURORA REB  system
generates several megajoule REB from a 5 MJ,
12 MV and 902 efficient Marx circuit.

As a means to create a plasma in a closed
reversed-field configuration prior tu adiabatic
compression by a liquid liger, the  LINUS

conccpt(IZ)

proposes the use of a rotating,
annular (LB, Rotation is produced by passing an
annular REB through a magnetic cusp. When the
REB cxits the relatively short (~ 12 ) LINUS
device, an ionized and pre-heated plasma rcsults
that supports the imape currcnts necessary to

sustair a closed-field configuration; the REB



parapeters for this applicaticn are V_ = 3 MV,

IE = 3 MA, and 40 MJ !

5. Magpnotoacoustic leating

veroel ino~ L

Magnetoacoustic heating (MaH) is  a2pplied to
a cylindrical p.asma by an oscillatory pumping

(9,57}

of the confining magnetie field Unlike

joule or beam (REB nr laser) heating but like
implosion heating. MAM can act preferentially on
the ions 1f an appropriate {issipative mechanism
resanance

is available. When the ratio of

frequency to ion-ion collision frequancy is
small, classical resistivity and ion viscosity
provide the dissipation, and the experimentally
observed »lasma buhavior(sa) can be deseribed
thearetizally by viscous magaetohydrodynamics.
At n.gher lon temperatures, when the resonance
frequency  is much  larzer than the ion-ion

collisien friquency, classical dissipition 1s 00

longer sufficient to account for the

experimentally observed heating effects. Recent
. 159) . .

theoretical results in both regizes

indicate 10on heating t:mes in the milliscconds
ranre four reactor conditiuns.

From the reactor view point the use of
gradual MAIl has the potential adveiiux: that the
induced in-core electric fields, comparcd to
implesion heating. may be considerably smaller.
MAH also presents an # atcractive continuous
source of cnergy for operating a LMF device <3 a

n(7,59) A ccaprehensive

"wet wood burner.
study ol the potential advantages and problums
for reactor-like applications of MAH, however,
is not available.

6. Alpha-Particle Heating

The 3.5-MeV alpha particles produced in G-T
reactions represent a significant souurce of
energy in a  thermonuclcar plasma. If  this
vnergy can be transferred to the ions, the
efficiency of the reactor can be enhanced. On
the other hand, anomalous transport and
long-wavelength plasma instabilities driven by
aipha particles can be detrvimental to plasma
confinement. Classical scattering at LMF plasma

densities causes fast alpha particles to

_ B2 (1%m
o’
1]
©0, 0 ©
(]

transfer about half their encrgy to the plasma
in a range of several kilometers; scme degree of
therefore, is

alpha-partic.e confinement,

necessary. Among the proposed end stoppering
sciiemes. multiple mirrors that would confine
some fraction of the alpna particles, and
re-cntrant endplugs that would retain almost all
promising.

the alpha particles seem  most

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

radiative losses; this effect

strong, since most LMF devices would operate
with near ly equal clectron and ion
temperatures. Anomalous scattering associated
with micreturbulence may permit direct transfer
of the alpha-particle energy to the ions. as
weli as provide much shorter mean-free-paths for
thermalization. The influence of classical
alpha-particle thermalization cn the igaition of

an  MEP-stopperead MF device has been

(28)

exatiined, and Fig. 5 gives the <dependence

of Bz.(igni:ion) on the axial center
tempurature and the degree of anomalous decrease
in paralle!l-ri.id thermal conductivity; ecven
with total climination of the thermal conduction

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

10
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Or—TTTTIIM
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1 1 ] 1 .
5 10 15 20 23 30
T_(kev)
[
FIGURE 5. Dependence of Bz?(ignition) on

axial center temperature for a LMF device with
marerial endplugs, including the constraint of
classical alpha-particle thermalization.(28)



the alpha-particle thermalization constraint

still requires substantial th(ignition)

valucs.,

In general, alpha-particle heating for LMF

devices is a crucial issue f[rom both the view

noint of heating and confinement. Uniortunate-

ly, because of the theoretical difficulty in

analyzing thermalization processea in finite

geometries, this aspect of rcactor-related

plasma and energy balance modeling has received
only cursory trestment to date,

C. Stability and Equilibrim

Hot and dens: plasmas produced in straizght

solcnoidal geometries have been  showm  both

(60,71)

experimeatally and theareti-

(31,22) and

MHD

to oxhihit radial

The

cally equilibrium

neutral stability. m=l "gobble"

instabjlity, which is believed zo be induced by

partial shorting of radial electrie firlds in
the plasma at the end rcgion.(62) saturates at
a lov amplitude, is not observed for large
radius plasmas (radius approximately equal to

hatf of the wall radius), and is completely
dampad by the use of a HEP.(27) Recent
theoretical wu:k(6]) indicates that e
Larmor-radius effects are responsible for the
stabilization of higher mode rotaticn:i in-
stabilities. Although LMF devices generally
should be stable to non-ideal MHD rotational

instabilities, the question of curvature-driven

instabilities (ballooning and interchange

modes), such as those expected at high beta in

multiple mirror configurations, is unc lear;

finite-Larmor-radius and wall=-stasilization

effects may play an importamt stabilizing role,

but some form of feedbaclkk or dynamic stabili-

zation may be required, Although the Bimple

theta-pinch
the

configuration permits operation

outaide plasma parameter range  wherc

resistive and collisionless tearing modes are

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

prublem.

10

the
LMF is

In summary, although charactistie wu.

neutral stabiliry for generally wvalid,

this claim must be examined more carefully in

the context of the specific heating and axial

confinement schemes  b-oing For

which

proposed,

instance, beam-driven 1nstabilities
enhance radial field or

LMF

particle transport may

become erucial for concepts that

Other

require

very small radii plasmas, anomalous

phenomena related to the particular  heating

schime may also reduce the final plasma beta,

therehy diminishing the overall efficiencies

proiected for specific IMF reactor embodimwents,
IIT1. SUMMARY DESCRIPTION OF LMF _ FUSION REACICR

CONCEPTS
The

essential elemencs of most LMF

approaches to fusinn power are determined in

large part by thz benefits and limits  of

confinement and

The

particuiar hanting schemes

invoked. intent here is t¢ present oniy a

qualitative summary of eaca cdesign as  they

presently exist; the variability in stuay level.

puysics assumptions, and projection of certain

teciinologies all combine to make a quintitative

comparison inalvisable at this timu. An

empnasis s placed, however, on both the general

merits and problems  anticipated for  cach

approach. The results of an ongoing ccmparative

assessment by Eloctric Power Research Instituta

(64)

and Bechtel Corporation on the Yasis ot

economic and technol!ogy guidelires, however.

should be of significant value in makirg a wore

Auantitati»2 assessment. It is also neted that

of the seven LMF concepts reviewed here ci.'y the

Laser (LHS)(5‘6'hl) and he

(EBHS\(A’SEW

Heated Solenoid

Electron-Beam Heated Solenoid
reactors have recrived indepth studyv, although a
the

(RTPR)

Linear

Refercace

-
study(b"aﬁ) is

significant toroidal

Theta-Pinch

part of
Reator

applicable to the Theta-Pinch Reactor

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

based on either

should be

design parameters cited are

interim or older vilues, they viewed



only as indictative, and no comparative assesy-

ment is implied or intended.

A. Laser-lleated Solenoic (LHS){S's'ls'Al)

Because of previously noted linmitatiosns on

coupling 10.6-.m laser light to the plasma and

the desire to minimize both total laser

(50-75 MJ) and reactor length (€500 m), the

encrgy
LIS
envisages at least four small bore (.0°-m raaius

3

embedand
The 2.0010)%7 o
1.7 keV by

first wall) plasma chambers

~1.5-m radius blanket.

dense plasma is heated to laser

absorption that is enhanced over the predictions
faztor

The

of inverse-bremsstrahiung absorption by a
of 10; multiple-pass heating is proposed.
28-T compression ficid that brings the plasma to
ignition radius 1is
18-T
room-:umporn e

hehind

a ~|8-rm generated by

nulling an superconducting fieid with a

located imme-

The

normal, coil

diateiy the first wall. firing

sequence for a nomina! 20-ms bure pulee is  shown

ir Fig. 6, and a 4-s dwell tima between sejuen-

tial burn pulses in each of the four piasma

chamters is envisaged. In crder to achieve a

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

fied axial confinement was assumed to an extent

BURN SEQUENCE FOR STAGED LHS

,LASER HEATING (0.1 ms)
" ,COMPRESSICNAL HEATING (| mg)
an |''m ~20-msBURN - =
I g t -
W~ e P \
— g " I 1)
Ll a I+ 2 \
of 2 ‘IALPHA' \
ES - / peRTICLE Nl T
20 s ' HEATING ~.0
g5 8 —y- B0
= B=28T
FIRE NCRMAL COIL. | R
PRE.ONIZE . \ TIME By .
FIRE LASER -8
Byr-187
B0
FIGURE 6. Typical burn cycle for & staged Laser
Heated Solumoid (LIS) using axial confinement
that is IC timew better than free streaming.

for ~ 8 free-

thermal

that allcws the bdurn to eoccur

or ~ 4 con-
emplcved). The
1.3 6GJ of homo-

stornge.‘€5)

stream:nz condiosa timeg

duction ti=es (.. a MEP was

pulse¢ nurmal magnet Tequires

and
2

polar

770 Mav!net) of

motor/genrator
electricity at 3.4 MW/n

fusion ncutron wall loading is produced with a

recircuiating power fr.ction of 0.25 and a totil
systen pawer density® of 0.25 HHt':j. The
advantages of a decoupled pre-heating source

of hig -field
tha

(i.e. the laser), the pnasibility

LMF in the small-bore coiis, and relatively

high plasma filling fraction (rcduced magnetie

transfer roquivecents) cust

the

energy storage and

be weighed against prohlems anu:or un-

certaintics associzted  with Aoverc thercal

pulees and nautron doses at the {irst wall

magnets, the unresolved ead-stoppering  and

laser

£50-75 wr,

laser-absorptivity tac.:rs. the )

and densitivs
wW/m™),

the

cnergy power

10-4-:0°"

allowed

ancé the lower marg.n

for effects of ancmalous radial

transg ort.

’ -y
B. Electron-Beam ileated Solenoid (EBHS{\A'S"

The EBHS concept proposes the injection of a

~ 30-MJ, 10-MV RES into a plasma of 1l7-==m radius
and 275-m length to rrovide the ¢eotai hkeating
teguired fer ignition. The B0 efiicient REB
gource woul:d deiiver a total current of 0.45 MA
(500 ¥a/m?) along a 5.9-T guide field; cthe

15.3-T confirnirg ficid would be produced by
supercondu:zing coils. The 334 Mde(net) power
is achi~ved with a recirculating power fraction

of 0.3%

firat-wall

and a 260-ps pulse peried

will
”
4 Mi/m“ frem the single plosma  chacbher.

total system power density is 0.73 HHt:mj.

to pgive a
fusion neutron loading of

The

The burn cvcle propnsed for the EBHS, as
illustrated in Fig. 7, would inject aleng a
guide field coid plasma (few eV) frca annular

plasma guns located ce-axially wich and in front

*D2fined always a8 the total thermal power
divided by the volume «e¢nc'csed by the

con{inement systen.



BURN SEQUENCE FOR EBHS

FlLL OLEIEHD NITH COLL '~7 441 PLANG
REB MEAT NG (172 ps)
ELECTuf M- IGN EQUIL'BRATIUN

fLH‘A HMEATNG

-H. -I-— 20-my HUFN -

vl | u;’Pu.-'Pﬂ.
oo

of

IGNITION

L

- . ION TEMP { T\

e NN IGNITION

BREAK TRANSFFR MAGNET
' INJECT REB
'FIRE TRAMSFER MAGHNET
FIRE COLD ‘~2 avj PLASMA GUN

TIME

FIGUPE 7. Typi-~al burn
Feam  ileated  Solenoid
m.rror con!inement.

Electron
nult.ple

far an
using

eyele
(EEHS)

ol the REB diode structure at  each end of  the

NV, Atter  rad:iaily  expanding  the

tiela to Lhe vicinity ot the aanular REB  diols-

Ly means v a transter magnet, the REB 4 puidiad

along the magnetic ficld lines  into  the plasma

chamboer alter beinyg compressed by a factm of

10. The trimsler magnet then  lorcees  in « 1 ms

il tields

the  soleaoic radially inward and

through the annular REB cathude to

RE3

protect  that

part ot the apparatus  trom the  eventual

plasma !cau. The REB eaerpy  is  assumed to he

umitorsay deposited along the interaction length

given by Eqn., (11) to an extent sufticient tn

cause a  stationary bury Calpha-particle

Tt 20--ms

" -3
2.1010 " m

uninhibhited by

deposition equa:s cadiation lusaes).

high-beta  burn puriod at

density i3 uassuacdl to oecur

endlosas through the uwe of feedback-stahilized

multiple mirrers; a acalinp wsimilar teo that
given by Eqn, (6) is uaed, with the assumpiion
of nun-adiabatic senttering in the presumed very

sharp mirrora. The wvacuum mirror ratio was

taken to be 2, although the etfective, high-heta

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

plasma from the EBUS ~nds passes through the
central hule in the anmular REB ecathode and must
be expanded in vadius by a factor of 500 to

SUppETe . SeLOIGATY Lt eBisaln. frem and
thermal ~nnduetion ta the ool endplateg,

The cimigae fearore and =a'.r  attra tion  af
tis:  EBIUS appraacrh as the fore .m0 -2 ot the
efticient pramary (REE, W, M) ar!  se-c-iarw
fpiasma gun, 2-3 MI, heatirg sousces !:iom the
confinement syLtem. Thin advartape (s et ted

by thee rtacr tat the EENS artiievey e sroulatong

o4t fractions rthat are ¢ zsarabie o otter
v

pused (MF approaches ) Lur with & ten?:

valur, The required RER conprewsion and re s -

port, the peneral stability and  ef:: v o
the REE- plasma iLtera: tinn LI NI heam
ditfoson ,and  daisperaian, aturne, e g

un:eLnlved  insues ansoritted  with che parget
pivama format:on, tne overaldl  eftepovonens and
stahility of hipgu-uets multple morioeos,  the

fean Lility of therealiy stanie Yarn,  aud 2he

question of  radial plasma o apest, b oower,
Fressb ancecstaint oes far S agps oy e
Lo Livear Thet. - Pined keacter frigv "

Tie heeating, and fradial? N ement
principles tes *0 DIPE wnld obe ide te
thoae vavisaged  for tle toro. lal car

. (62 .55,
Thero-Pinch Reactor were 1t et the
rap.- lnss of plasma enerpy brom the o pen eonds
Hegew, o pre-tonized DT 00 70 hinated oy 0
(~1- 5, implusion '~ 0,0-2%rm acimt 10 0 " "
rlectric tield) to temperatuzes 9t ~1 Yol thrs

prel ated plasma s subsequent iy cenpres od
adiah tirvally to ignitinn temneraturen
(~ 5% %eV), and a hurn cycln ocsurs a vt a

plasma radius/temporatiere trajectory dete mlpeld

prirarily by the dymamics ol an omereetic,

hish=-ota plasma, The LTEFs

REP, vwhen

stusy el
amd  on

WK ot

‘n the  endloss particles Ry

Ay im0 LT e directed S a0 seall
conduit to a

The

racius -of ~curvature secomd,

parallel plasma colum . plasma within the

REP repion may not necessarily be  in "torendal"

oquilibrium and will be asubjoct to cruas-tiel|

tranaport  lossen, An intermittent  toaroidal

evquilib=ium may be eatabliahe! in the REP  ragien

which is similar to that envizaged for  the
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froensti, st oase A masne! stresses (B-T

peax

trole Tue present roectacaties of the REP
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v Imptetin g Licer TLINCSS

The

LiNUZ ajproacn tn  IMF ativmpts to

: 23 -1
high=-beta 2-31'10! m

‘M kLT

AL eve piarmas ot

density. The high densities and

eds oare procuced reversibly by driving  with

Fas pisteas g retat:ing (3 He) liquid-nrtai

celinder {l.fh-m ipner radius, 1=m thick, 12-=
tong) tadially dpeara onta a low  temperatyre

-1

Bl
(2.°010," " m ", ool

field

~ | keV)

puide

plasan guire

tiedd,  The plasma and are

cempressed by g jactor ot 100 within ~ 24 =5,

1t the Murs period is snstained hy the anerris,

af the Lii™ liner hetere it reveraibly  "baences”

radially outwar! towards its  starting posit:er.

Hence,  adiahatice rumaression rep-nserts the
. ]

mijor heat iag mechanisw, and

tie ~ 6 GJ

a majoer ; wtion of

init:al radial kinntie enerey  f{which

must alse suppiv thoe final rotationa! cnerpy as
anvular meaentua (s conserved) must  he  revers-
inly  recovored.  The alpha=particle  pressure
gencrated during the burn is more than vnough to
compensate for liner losacs and te assure a
reversibhio  cucie. Apr saamite i 3.5 G ot

thermonuc lear «nargy would be released, and the

pulse frequency would e ~ | He, The
24 MPa (3500 psi)

which unider reversib!v aperatien

Yinor s

drivan by a gaw reservoir.,
aerves as  the

primary cnergy store.

For the prak  compression field (€3 T) and
LINSUS Tength {12 m), a nearly closed  axial
continement will be required (re: Fig. 2). A

T MW, 4 s
which

rotating, holls RED (40 MJ,

is injected into one end  of

7 MA,

the device,

breaks doun  the gas, preheatas  the  plasrma,
generates the precompreasion fields, and  vpen
exiting the device leaven  residual plasma
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wabeh the  Qrner ¢ an b peser by

energy

receyered, amd the  geoeral teshnniapy  rego ied

to reveraably amplode cnee a0 werad a0 ma L e

(139 STomas, rotabting liner sywiom,

11,000

(12)

Approacn,

k. Faut laner Reartor (FLR,

Unitbe tue L the Fi.k

attempts 1o el.minate the peed  for  revers:itie
and controlled  qecnuery ot the Liner enerpe,
whicto may equal  or  ex eed Ll thermone fear
nulpat. The  FLR  appreaoh envisages a apall

liner systes Gandtially 0.2 0.8 m radiu.

lengtn) that as rap:dly 7= o, driven  -mto 4
¥ '
preheated ‘md dinue (.. 500 oV, St a
. 7
ptoema with suthicient  speed  (~10 Yararoand

vaer gy (400 500 MJ) a) to cperate with s vl

thamonue lear yieid per unit of dnitial fiee

enerpy Thigne- Qo b)) to elbimiate  the  need  tar

Liner rotation fhor stabilization of  Ravliegh

Taylor nyirodynamie modien), and ¢)  to open the

poasibility of wall Cinertial) continement  in

the prewence of a themally

fi1eld,

innlating magaetie

Henee,  adiabatic  comprs asion  applien

the major heating 1tor the FLR, preaeating can

provided by plama-gun injection, and  the  axial
tand radiai) contiement fails inty  the MEP
(with  magnetic insulation. catepgory, The

advautayes cited lor the LINUS also apply to the

FLR which has a system  prewer denuity  of

9.3 wn’=n’, 4 pulie rite of 10 02, a oot poer

of 270 MWelnet), .nd a recireulating  power

fraction of 0.25, To circumvent the poteatial
LINUS probiias of reversible energy rvecovey,
heating and conlinement, the faster operating

one bor | - N r.- L v e

R NS L AT A

. BT

PRt Baalefia.

[CTAAT SPCIN VIS ST LA P Y B SRR AL

(leain, aue

ST aps

] Lot a2 Porrr meqer ¢ (170 IR

The DIPE La prajees Tt Ay gnerter peans fn
IR B AR I AR AN T NS £ SAPE ] B L A
Lirnar g 121 4 and R A oo ™ "l.:" !'-. ‘
slanma. A 1 LWIAIN | Myl Legoel T e
rarstun [0 B 7N N L (qrrese [
(-cl MA . -7 ‘.A.m:; 1 proage et ot Ve e
be a N M2, hn MV ow [T BT Cmee
wupplv inteooa dense opas 1000 :':;:- = -t
Pia V. oan .y wWan Wt b B a P .
el brvapdiaan, Frer o ocan o e a0

Lo roradtany, L lavpe Bhe regeore ! vt ey

fysrer s May Y ron et N | TTRET

Piooma Leating wmld T oprewva el sty Y

P L T I N N LA A L N
the=a,12at 1on, HI el Tyl r
Zowrr ot beeanse ot ata grheeent onime gy '
edfarcant iy proviching Loomoa o orgle o e b
T b A cuntinement [ Terar, Sl oagry
caper Bental  connpderaty on, and thee: = o
wlawmas ol =10 @ " oand a0 0T g

have  hoen wilh oMo .
Stubiilizat:on  against  the aotoplme b lee gl
s ape anstat Jlities by pai ambeeiding . slacnag

finite-Larpar r wding etieers

(14 ,010)

Tow nay

prowe

feasrhle, Alrha,h ph

protte oy (H

blast  conlinement  and  energy  trans§or

R TR
FIR =2 !
the

are not  mnlive  thase  noted 1or  the

certain beam-peilet busion s-hemes, e

vlegant caonliguration otleced by a  stabalized,

selt-conitrieting  pinch ropresents a ma o

attraction.

G. Steardy- State

,_Stendy- $1
(ssrpy B

l(.:;--h-.pn_l dal'  Fusien Burrer

It scema appropriais to conclude this  survey

with an IMF scheme that in principle proemises to

fu'till the two moat cherished poale of  (usion

rescarch: a) simple physical  and  magnetac

Reometry, and b) steadv-state operation. The
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R
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LT, W Ve regquared Mo N, e 1 ale

e tealy vale,
| IR FENTINN BN TP IS T ' edte tive 'y
i W [PERE | ) ) s peare e the
e ath 1 totai ey tegquired L § wead o
[ ST LAER TR the  pe oty e sach
Wb s bate it s minror ojerat . on i been

bt nowhae s a 0N Mae redetor eperat -

L Pt Withoa terrt uiating power fracticn of

=)t anl St w dergth o sor el ated, vomputa-

[ FEF TYR ' I T namilin o tiwse

PR with a REDP,

poenoon Fipo B, alwa chow the potential  tar

g, sbe ey state operatien,  wherein axial

maintained

vttty and temperature profiles are

PeLot vy st bt ter tumes Wien radial

dillusien hecmes important.

IV, GUMMARY AND CUKCLUS TONS

The major constiaintys imponed on LMF by rhe

phyuics of  Leat:ng and ¢ mbinernont oee heen

coantrannty

IMF

divcunied, and the impact of  these

on A wide range ot conceptual roacturs

demigas was reviewesd,  Two generic approaches  to

¥ eege Bram Ut walar s Wl ATe intamate.y
Tetals 40 The gL, s onloneEeT o Te ke, Firat,
T Ve pLmes rege v on Bor et s onder 1000 @

e oL LG ., Caltw wdteaeealne Jens. ties

TPonlus w... a lewl 9! cantinement

[T to thal preadtncted tar o eatler ault.ple
Littars or ge epirant enanlecs {and ponnihle
Ieversen e oG L gnral cnrl, A number of

sppteactes e gt teta MM or REP centinement

teraier ta be expored, and each peneralle

e ts the gsane of plasoa stami ity as a trade

o0 aaiad contioement,  Secoraiv, the high-tield

IMF approact retaang the  acvarntages ot neutral

S’ 1.0y ant athinpts to "satren”  the  axiai

the H?

conlirerent problem hy means at

vvaling thgus, (i)Y ¢ 2. In sett.ng thiw
Ceutee aph-tield  TMF O opis ot addresn the
technetopival problens o hast-toeid mapnets and
Baph hrat-dlux tirst Gasls o svehyyppe for weld
nder s tont and predictahle TAVRICH; the

imploding-liner and  Lonse 2-opineh approaches

premase 0 ounigue solcteon to e high heat 1lux

will probiem. At this stew a0 the  developmen?
ot fuvon power, hoth approaches jeom
justitied, Ultimately  tie amvantages ot LA

cited may Yo orealized by a svmbiosis of  resulls

tha? emerpe Irem exper:imectai and  theoretical
Rtudios of hoth approaches.
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