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TTUABSTRAGT

of the wurld’s quest for magnetic fusfon power,
vith the tandem mirror serving as a primary
backup concept in the US fusfon prugram, a wide

range of alternative tusfon concepts (AFC's) have
been and are being pursued. This review presents
a sunmiary of past and present reactor projections
of a wmatority of AFC a. Whenever poasible,
‘quantitative results are given.

AR

1.__ INTRODUCTION

) Although the strength of the world-wide
“fusinn effort rests with the rapid and successful
advances In Tokamak physica, reactor studies have
{lluminated certafin problems ansociatey with
large atze, low power density, magnetics and beam
technologles, materials 1linitations and remote
maintenance, and the attendant uncertainities of
econonmfcs and relfabf{lit These resulty,
therefore, have prompted a cav.ful re-examination
of the physics requirements and genera. approach
taken hy tokamak reactor dexigners v well as
prudent evaluation of the potenttal of lesns
understood, alternative confinement ap-
proaches! 710, Table I glves a representative
cross~section of alternative fusion concepty
(AFC’8) that {n one way or another have been or
are being considered for the production of
electrical power, chemical procens heat and/or
flsullo miterfal, Depending on the confinement
scheme conuldered, aystems studles of AFU's range
fronm simploe physfcs analysoes, bansed on
Lawson=1lke eriteria, to detafled conceptual
desipng, With few exceoptions most reactor
atudies of alternative concepts tall into the
lese formaltzed part of this spectrune  For this
reason a quantitative intercomparison and ranking
{8 oot advisable at thia time, The Intent here,
fnatead. {s to dewcribe brietly the cwsoent fal
elementy of each AFC.  For thowe concepts  where
reactor parametern are given, thege values should
be viewed aw typlcal; the reactor embodiment  and
the asnnciatod operating parametors for a given

W e . et
Work pertormed under the anaplees  of  the U.S,
Department of Energy.

lown,

T
Sclence Applicattonn, Ince Amen,

tonsight '
systems

evolve aw
theory and

AFCT will
develops
studics.
The summary of the AFC's given on Table [
has becen organized {nto the following categories:
toroidal, compact toroids, 1lincar wsystems and
very dense systems. A comprehensive treatment of
each AFC, even tc an extent allowed by pant and
onguing systeiny studles, {8 beyond the scope of
this revicew. Furthermore, the TMR is considered
a primary backup to the Tokamak and, therefore,
will not he reviewed here, With the exception of
the Surmac concept, all AFC’s consf{dered operate
on the DT fuel cycle, although advanced-fuel
operation of several of the other AFC's  wight
prove feasible and attractive. lastly, although
more comprehensive papery on some  of  the AFC’'s
Riven tn Table I (f.e., EBTR, FRM, TRACT, Linus,
CTOR) can be tound in these procecufnys, for the
sake of  completeness these AFC's  are alsc
fncluded {n this review.

" most  certainly
from experiment,

oy
i

Ile TOROIDAL SYSTEMS
The toroldal AFC's summarized {n Table 1 are
clasgifted as ateady state, long pulsed (10 w=100
8) o: pulsed (~1 8). A msampling from each
catopory s piven In this section.

Ao Steady=state Toroldal Systems

The Stellarator,Torsatron  ts  treated as a
generice concepey the KBTR, Tormac and Surmac are
deacribod woparately,

1. Stellarator/Torsatron Reactory, The
Stellarator represents one  of the  earltost
magnet f¢ canf {nement concepts to reco{ve
attentlon377%9 40 a4 commercial power reactor.
Unlike the  Tokamak, the non=axfsymmetric
Stellarator achioves equilibefum In a  torofdal
Reometry by  cxternally inducing a rotatiounal
trannform tn  the conflning magnetic fluldn;
tdeally, no axtal currents nesd he supported by
the toroldal plaama column, as is required in o
Tokamak, although unt{l very recantly all
Stellarator experiments utilized such currants
for ohmic heattng, The (irnt Stellarator reactare
dentgnud?r %% proposed  the usoe of separate
toroldal and helfeal cotl weta that were combloed
to form "flpure-8" and racetrack  configurationn,
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SUMMARY OF ALTERNATIVE CONCEPTS FOR MAGNETIC FUSION

instrTuTion®®)  REF.

I. TOROIDAL
A. STEADY-STATE .
Stellarator I o oo - —PPPL/CULHAM 11,12

N
® Torsatron : MIT/UWISC/PPPL/JAPAN 13,14
® Bumpy Torus (EBTR) - T e == = ORNL/NASA - - 15-18
® Toroidal Bicusp (Tormac) : R (LBL/LASL) 19-21
® Surface Magnetic Confinement (Surmdc) T UCLA 22,23
B. LONG PULSED ’
® Reversed-Field Pinch (RFPR) -—ce. . -~——-—LASL/CULNAM/PADOVA 24,25
® Ohmically-Heated Torus (OHTE) ! . CAC 26
N Ohmlc.ally-noated 'Iokamd'c (Riggatrun) INESCO 27
. TTTTTTTCL PULSED T T T ToT T T e Tt T
(o -"——g —Theta-Pinch (RTPR) == = -——==r=r— = = o (JAGL) e rmm e i) e
N e High-Beta Stellarator (HBS) (IPP GARCHING) 29
1 ® Belt-Shaped Screw Pinch (BSPR) JUTPHASS 30
A 1I1. COMPACT TOROILD '
L A-  STATIONARY
" e Spheromak ‘ PPPL 31,32
j'_",‘ ® Fleld-Reversed Mlrror (FRM) ' LLL/UILL 33,34
A ® Triggered-Reconnected Adiabatically-
) Compressed Torus (TRACT) ; M SNW 35
) e Electron-Layer Fleld-Reversed Mirror
T (Astron) | (LLL) 36
: ® Slowly-Imploding Liner (Linus) NRL/U3SR 37-40
P B. TRANSLATING e e e
N o Spheromak v ULLL vt 41,42
e Field~Reversed Theta Pinch ((.TOR) LASL 43
: ® Moving-Ring Field Reversed Mirror S Ttooin hainag
i (MRFRM) l PC&E/LLL 44

e lon-Rinyg Conprewor CORU = " =  f1ligt4s

TIT. LINEAR

A. STEADY STATE : B T KL SO 0]
o Tandem Mirror (TMR) ' . LLL/USSR/UWISC 46
¢ Multiple-Mirror Solenold \ (UCB/USSR/MSNW) WITNAT,48
B. PULSED
® Linear Theta Pinch (LTPR) (LASL) 49
o Laser-Heated Solonotd (LHS) (MSNW) . 50
o Electron=Heam Heated Solenotd (EBHS) (PI/USSR) 51
IV.  VERY DENSE (FAST-PULSED, LINEAR) SYSTEMS
e Fast-Imploding Liner (FLR) (LASL) 52
® Dense Plasma Focus (DPF) 53
® Wall-Confined Shock=Heated Reactor (SHR) plL/coLy 54
e Donse Z=Pinch (DZPR) LASL/LLL 55
e Passlve Lincrs ‘ (MSNW/USSR) 56

(")pnrmnhusm tndlcate concepty for which netther expertmental nor
systemi-studies activities presently exist.

Early raactor caleulattony and cont this truly steady-ytate device as  a
entimatenll 12060 gar  Seollarator reactors  reactor. 11082063 Although the magnett. surfaces
{adteated the related potenttal probloms  of low  in a Torsatron are topologically similar to those
power deastty and high magnet costs. These early fn the more complex Stellarator, the destred
Jurvey studies wore eventunlly overshadowed by nagnettce  geometry can in principle be created by
dtacouraging physfcs reaults for Stellarators and  uning only relatively 'force~free"  helical
contemparary progress {n Tokamak confinement. cotls. !l Even more recontly, elimination of the

Conuldoration of the Torsatron concept®bl ag helical colly {n favor ot toroidal coils that
L] reactor wllowed the alimination of the have been aubjected to a distortion hasw allowed
toroldal=fleld ¢otl aet, and, when coupled with the Toruatron the promive of higher and more
new underutanding  of Stellavato/Torsatron  reallutic  mpystem  wmodularlty. Spectfically,
physicu, has gonorated more recont  interent  An {mplementation of o doformatlon (twist) into a



l(aﬁlé- “torotdal-field coll set®® allows the
Torsatron magnet{ic geometry to be produced while
elfninating the helical coil set in favor of a
highly modular device.!% 1In  addition, more
Jptimally orfented cofl forces and lower stresses

are anticipated for this wodular Torsatron
approach. These new advances have renewed
interest {n the reactor extrapolation of the

Stellarator/Torsatron concept, a rcnalssance that
coinc!des with experimental success In heating a
low ohmic-current device,55 the latter being a
prerequisite for aeventual sateady-state reactor
‘operation. T
that can be invoked

- Qualitative advantages
for the Torsatron reactor concept include: e
(;70 Steady-state magnettc  fields  and
.;, thermonuclear bhurn.
:W:O Operation at dgnitfon or high G for low
S recirculating power.
[
)g'o Plasma start-up on existing magnetic
w2 surfaces with redictable particle/energy
,;? confinement at all times.
e Impurity and ash removal by means o{ u
‘' magnetic limiter and  helical polotdal
o divertor that occur as a natural consequerce
- of the magnetic confinement topology.
® No major plasma distuptions that could lead
'  to an intense, local energy dump on the
first wall or in the blanket;shield/coll.
"® No auxiliary positioning or fleld-shaping
coils and moderate aspect ratio (> 10), both
of which ease maintenance access.
These advantages remain to be quantiffied in the
context of a comprehensive reactor study; !
{ncorporating crucial physics issues (e.g.,
scaling of beta with aspect ratio and the
required or optimal rotational traasform,
magnetic shear, and magnetic-well deptu},
engineering constraints (e.g., cofl design and
atresses) and economics.

Parametric  studles of an fgnited,

steady-state Torsatron have been summar{zed!* for
fixed values of rotatfonal transform and l4,1-MeV

neutron first-~wall current fnan g = 2 syuten,
Alcator transport scaling (ry « nr ¢) han oren
assumed, and for a Torsatron £ equials the number
of helical conductors (2¢ conductors foar an
equivalent Stellarator). Parameters for a
specific, {nterim reactor design point bhased on

the modular Torsatron (i.r., deformed tocotdal
colls only) are displayed 1a Table Ul along witth
those of the £ = 2 Hellotron=C%2 ard the £ » 3
T-1 Torsatron,!3 the latter two reac.or concepts
operating with only hellcal colls. The high
valuc of beta and the large major radias  rewult
tn a large thermal output for the Helintron €
reactor. The moderate value of beta adopted in
the R-3 design point {8 uked to obtain nearly tho

‘"intervening

‘electron

hnme'bow;r'bufput as the T-1 design 1n a smaller
reactor with higher power denstity.

2. FElmo Bumpy Torus Reactor (EBTR). The
EIMO Bunmpy Torus (EBT) concept (s a toroldal
array of simple magnetic mirrvors. The promise of
a steady-state, high-beta reactor that operates
at or near DT ignition emerges from this
cosbination of “si{mple wmirrors and torofdal
geometry. The creation of an r~f-generated,
low-density and energetic electron ring at each
position between mirror coils is needed to
stabilize ~ the bulk, toroidal plasma agairst
well-known {nstabilities assocf{ated with simple
mirror confinement. R

The EBT was f{rst examined as a reactor_over
four years ago.l6 Interim revisions and
reassessments have been made during the
years, 17718 A bumpy~torus
configuration that {is stabflized by energetic
rings combines a number of wunique
features thal describe a fusion reantor with the
following attractions: steady-state operation in
an igulted or a high-y wode; a potential for
high~bata operation with the attendent efiicient
utilization of wmagnatic fleld energy; large
agpect ratlo to give an open and acceistible
geomctry; an enginreering assembly that is
comprised of -relatively simple and compact
modules, fu8e of maintenance, modular
construction and a relatively simple magnet
system. Although the earliest EBTR designslbrl?
predicted relatively Jarge power plants, the
attatnment of high magnetic aspect ratios {n
systems with lower phvsical aspect rat{os through
the use of aspect=ratio~enhancement (ARE) colls
indicates that swualler reaccors may be possible
while simultancously  maintaining the above
wentioned reactor features.

The presence of the high-beta cvlectron rings
at each midpline positfon 18 crucifal to the MHD
stabtltty of the bumpy torus; a simple bumpy
torus {8 unstable to drift and MHD modes,
Diamagnetic currents, however, flow in the
high-heta electron rings, each playing the role
of a "coll" posttioncd within the toroldal plasma

ut each midplane location, e resulting
depression in the magnetic field at the
electron-ring location creates a local region of

average~ulnimim ficld,
decrease In the quantity § de/B
plasma minor radius. Al tuough this reglon of
averape-minimum field does nou extend to the
centerline of the toroidal plasma, 4 stabilizing

glving a MHD-favorable
with fncreasing

effect uponi the bulk plasma  Sounded by the
electron rings neverthelen., results. The
atabtlifty of the high-bueta toroldal plasma has
been inferred to be limited by a value of the
bulk plasma beta (at the midplane location) that
approximately equals  the clectron-ring beta.
These stabllity-related beta llmits are based

upon the assuaptlion of rigid rings, are sensitive
to the assumed pressure profiles but nevertheicss
sorved R the primary stability congtrafnt
applicd t» ENTR studles. Typteally, for a

~midplane beta  in the range 0.3-0.5, the average
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SUMMARY OF TYPICAL STELLARATOR/TORSATRON FUSION REACTOR CONCEPTS

e e v Y ey g W ——— v

KYOT0®2 MIT!3 LASLI®
HELIOTRON=-C T-1 R~3
N i =2 - =3 - 2=2
Minor radius (@) ———————-———-2,8 —— —~ — 23 — 2.0
. Major radius (m) 28.0 29.2 16.2
T Flasma volume (m3) - 4330 E 3049 1240
o Density (1020/m¥) 0.75 1.33 2.0
e Temperature (keV) 20 7.3 10
- Lawson parameter (1020 g/m3) 1.0 i ans 3.0 4,5
i Averaged beta ©0.15 ’ 0.035 0.06
! " T Plasma power density (MW/m3) T 2.0 174 3.2
it;———Ignited/driven "burn - IGN IGN IGN —-
1 Magnetic fleld (T) 2.9 5.0 5.3
N Pulsed energy (MJ) ] ] 0
oD\ Burn time (s) - - -
N Off time (s) 0 0 0
T Neutron current (MW/m2) 2 1.25 2
i3 Thermal power (MWt) 8500 4300 4000
o Net power (MWe) 2530 1280 1190
125 System power density (MWt/m3) 0.5 0.35 0.55
I2: Recirculating power fraction 0.15 0.15 0.15
T Net plant efficiency (npy = 0.35) 0.30 0.30 0.30
2
itoroidal beta (defined here with respect to the AT Lo PR

‘average magnetic field) for a mirror ratio of ~ 2
would lie in the range 0.13-0.22; these latter
values are quite acceptable from the viewpoint of
system power density and superconducting mdgnetlc

technology.

. Given an  acceptably small level of
instability-driven energy/particle losses, the
dominant loss from the toroidal plasma can be
attributed efther to diffusive processes or to

unconfined particle orbits (i.e., particle orbics
that {ntersect structural walls). The diffusive
loss of particles and energy from the
non-ax{symmetric bumpy torus {s determined by
neoclassical processes in which the diffusive
step size s {nfluenced significantly by the
magnitude and direction  of guiding~center
particle orbits in a toroldal geometry. The
poloidal drift orbits, that effectively cancel
tornidal drifts normally responsible for rapid
classical losses {In any toroldul geometry, are
driven by & x B and 9B forces, where the
ambipalar electric field is primarily radial and
gradient-B drifts result from the local bumpiness
assoclated with the simple mirrors. Using this
neoclasstcal transport theory, the expression
relating the nty  product to the plasma
temperature, T, the toroidal mnjor radius, .
and the mngnetlﬁ/zrndlun 2 curvature, R,

proportional to T RT/R ) This scaling, when
coupled with the fact thnt most dimensfonless
parimeters meayured for EBT experiments, with the
exception of the toronidal-plasma beta, are close
to the projected reactor value, indeed promises a
technologically attractive and economic reactor,
typlcal parameters for which are shown on
Table 111,

4

“a~ ~37 TABLE III

 TYPICAL REACTOR PARAMETERS FOR THE ELMO BUMPY
| TORUS (EBT) FUSION REACTOR CONCEPT15718

RS VIR I B
Minor radlus (m) ] 1.0
Ma jor radius (m) e maten 35
Plagma volug ) 690
Density (18TS 9 1.0
Temperature (keV) Coe o 30
Averaged beta 0.2
Plasma power density (%wt/m ) 5.0
Ignited/driven byrn 16N/pRyN(a
Magnatic field (T) 3.5
Pulsed energy (MJ) 0
Burn tiwe (3) -
Off tiwme (s) 0
Neutron current (MW/mz) 1.2
Thermal power (MWt) 3100
Net power (MWe) 1100
System power density (th/m ) 5.0
Recirculating power fraction ¢ 0.10
Net plant efficfency (npy = 0.36) 0.32

(a)EHTR .ranyport scaling shows a propensity for

thermal runawvay and hence, a potential need for

?ggration in a slightly subignited mwode.
Average value bared on a mirror ratio M = 2

aa

3. _Toroidal Biscusp (Tormic). Like the

Tokamak and the Stellarator/Torsatron, as well as
ia

the Reversed-Field Pinch, the Tormac!9721

a



‘torofdal ‘device that confines plasma on combined
poloidal an¢ toroidal magnetic fields. By
opening the outer poloidal field regions,
however, the Tormac creates an absolute minimum-B
configuration that is MHD-stable for large aspect
ratio and plasma beta, The resulting torolidal
- line cusps support plasma on both closed fleld
‘lines ( {.e., high-beta, bulk plasma) and open
field 1lines, confincment of the latter plasma
being enhanced by mir:oring effects in the sheath
region that separates regions of open and closed
 field lines. The bulk toroidal plasma would be
!-surrounded completely by a gheath ~of
. mirror-confined plasma, and the composite
, particle/energy _loss txme,,rl.vghquld equal that
..0f an fon-ion collision time, 1(y, {Increased by
. the number of sheath inventorie- contained in the
‘bulk plasma. This factor is ~ r /As' where r_ is
;@ measure of the plasma minor gadius, and A, is
i.the sheath thickness; A, should be no greater
pthan a few d{on gyroradii, p;. Given that
Ty ¥ Til(r /oy), relatively small, high-teta and
-possibly teady~state reactor embodiments have
!‘been projected.l972!
'3 Under the assumption of a steady-state that
i-18 sustained by neutral~beam injection, with an
refficlency of ~ 0,7, reactor design curves have
-been computed as a function of key system
,;variableszo. For example, 1f the engineering
. Q-value, {g¢ selected to be ~ 4 (recirculating
pguer fraction of 0.25) for T, = 65 keV, then
ol = 4MWm and ¢ B = 3.1 Tm. Furthermore, 1{f
I, = 4 MW/n®, then = 1.0m, B= 3.1 T, and the
‘net power equals 30A, where A = R/r_ is the
plasma aspect rat{o. Hence, for A = 4, ' systems
with  net powers of 520 MWe are predicted,
Table IV gives Tormac reactor parameters for this
case.?! The optimistic parameters listed for
Tormac result in part from the assumed beta of

TABLE IV

TYPICAL REACTOR PARAMETERS FOR THE TORCIDAL
BICUSP (TORMAC) FUSION REACTOR CONCEPT2O

Minot radius (m) 1.0
Ma jor radiue (m) 4.0
Plasma voluas (TB) 80
Densi*y (10“Y/u”) 1.3
Temperature (keV) 65
Averaged beta 0.7
Plasma power density (Mu/ma) 22
Ignited/driven burn DRVN
Magnetic fleld (T) 3.1
Pulsed energy (MJ) 0
Burn time (1) -
Off time (3) 0
Neutron current (MW/m?) 4,0
Thermal power (MWt) 1733

Net power (MwWe) 520
System power denwity (MWt/m?) ~ 1.4
Recirculating power fraction 0.25
Net plant efflciency (npy = 0.40) 0.30

0.7, which clearly remains to be demonstrated for
this assumed steady-stale device.

Generally, moderate decreases in B8 can be
compensated by modest increases in B, which for
the sample case given above 1s already quite
small. Increases in sheath thickness, degrade
“the ~ reactor ~“performance. Arguments can be
made, 20 howevgr, that Ty can be enhanced by a

“'factor “(n/ng)“, "where "n is the bulk plasma
density, and ng 1is the sheath density. Better
theoretical sheath models are required before
this 1ssue can be resolved. A clearer

-runderstanding of the mirror~-confined sheath
physics as well as the startup, achievement and
maintenance of the Tormac fi=ld/plasma
configuration represent topics of future study.

"On the "basis “of “the ‘assumed " parameters and
present knowledge, however, the range of point
designs appears promising from the viewpoint of
acceptable recirculating pnwer, modest total
power and steady-state (driven) operation for
reactors of small physical size, low flelds and
acceptable neutron wall loading.

4. Surface Magnetically Confined Systems
(Surmac). The Surmac conceptl? represents one
example of a general class of multipole
configurations2*6 {n which electrical conductors
are arrayed in either a 1linear or toroidal
geometry to ' create a surface magnetlic
configuration with low magnetic field (i.e., high
beta) 1in the bulk plasma volume. The Surmac may
operate with considerably reduced synchrotron
.radiation emanating from the bulk plasma, and,
therefore, this ceoncept may be particularly
sufcable for 'confining the higher-temperature
advanced-fuel plasm + (e.g., p-Bl1),86

' In essence, the¢ Surmac forms a "magnetic
bottle" by passing La. 'ent  in alternating
directions through appropriately arrayed pairs of
conductors. In this way a surface layer of
rippled magnetic field lines 1s formed cthat
provides the confinement of a bulk, high-beta
(0.2-0.4) plasma. The curvature of field ltines
in Surmac 1. such as to provide plauyma stability
at t'e inner reglon of the magnetic surface
(i1.e., an average nagnetic well is formed}, but
plasaa {9 expected to be rapidly lost from the
"bad-curvarure" regions outside the array of
paired conductors that Create the surface
magnetic flelds. Stable, high-beta plasma has
been confined experimentally at temperatures {in
the range 0.03-0.25 keVZ2? using a deflagratton
gun as a plasma  source. Staged heating of a
Surmac reactor utilizing the p=B!l fuel cvele
would be accomplished by neutralebeam {njection
up to ~ 10 keV followed by boron Lfon-beam
inject on (10 MeV, 10 A) through pulued magnetic
windows® to the operating temperature of
~ 300 keV, The cloye proximity of
magnetically-levitated superconducting magnets to
the plasma may preclude the use of DT or other
neutron-rich fuel cycles, a limitation that
couplea with the above ment{oned advantages to
polnt Surmac towards the burning of advanced
fucls. Ruactor studles have not been extensive,
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but’ " Table V gives a range of typical parameters

P T s el ey e - . eareim ey

BT s

projected23°3® for a toroidal dodecapole (& = 6)
configuration using the p~B!! fuel cycle. If the
6-MeV fusion-product alpha particles can be
efficiently contained in this design, ignition
may be possible. The technology required _to
protect the superconducting coils, which
inherently must be located near. the plasma, .from .
severe thermal loading 1s anticipated to be
difficult.

B. Long-Pulsed Toroidal Systens - ’

. In terms of power density, Telative
simplicity and symbiosis with the basic

confinement schene,—ohric dissipation of toroidal
plasma. .currents .represents ..a._highly desirable
heating  scheme. Two long=-pulsed toroidal
concepts are described thLat propose ohmic heating

as the sole means to obtain an ignited
thermonuclear plasma for reactur application: the
Riggatron (high-field Tokamak) and the

Reversed-Field Pinch (RFP). A variation of che

RFPR has recently been proposed that would use an
‘external helical winding to achieve a more
;controllable rotational transform in a

reversed-field state; this concept26 i3 called
OHTE (Ohmically~Heated Toroidal Experiment), and,
depending upon the selection of key plasma
‘paraneters and technological constraints for the
reactor, OHTE would operate In a technology
regime somewhere between the Riggatrocn and the
RFPR.

TABLE V
TYPICAL REACTOR PARAMETERS(2) FOR THE SURFACE
MAGNETICALLY CONFINED (SURMAC) FUSION REACTOR

CONCEPTE6

Minor radius (m) Ixa
Major radius (m) 9

Plasna volupg (%) 2700
Density (10°7/m”) 1
Tenmperature (keV) 200-300

Averaged beta 0.2 -~ 0.4
Plasma power density (MW/m3) 0.7
Ignited/driven burn (may 1gnite)
Magnetic field (T)
Pulved energy (MJ)

Burn time (s)

Off time (&)

Neutron current ’Mw/mz)
Thermal power (MWt) 2000
Net power (MWe) 600
System power density (th/m3) NA
Recirculating power fraction 0.15
Net plant efficleacy (”TM = 9,35) 0.30

O g Ow

(a)ynitke the other concepty sum.arfzed hrretn,
the Surmac parameters are based on an advanced
p-B!! fuel cycle,

--short — life. ——The __plasma __chamber
__D,0-cooled copper magnets would be small _BTcagaev
o? m ")

- operating mode emerges as follows:

. operational
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1. The High-Field Ohmically—-Heated Tokamak
Reactor (Riggatron). Although 1{n principle a

Tokamak, the Riggatron9'27 approach represents a
sufficient change (n engineering approach and
"conventional"  Tokamak physics to warrant
_consideration here as an AFC. The combined use

of high toroidal current density (8 MA/m2) and
high toroidal _ field _(_16-20 T) copper colls
positioned near the first wall allows net energy
production in a relatively short burn period from
a high-beta ohmically-heated system. The zevere
thermal-mechanical environment {an which the
relatively 1inexpensive Fusion Power Core (FPC)
must operate necessarily dictates an engineered
.and - the

the 1increased plasma density (2-3(20)
and high beta (.15-0.25). The 6-10 tonne FPC
"would generate 1~2 Git, the fusion neutron power
being recovered in a fixed lithium blanket
located outsi{de the magnet system. Recovery of
Jjoule and neutron heating in the copper coils is
also an essential element of the overall power
balance. The short~lived, disposable FPC would
operate 1in clurters of 4-6 fusion modules, with
two additional stand-by modules and a rapid
"plug-in"  capability promising high plant
reliability/availability without in situ remote
malntenance. ITTTITNS
The optimum design window for the Riggatroa
reactor was inves.igated . by weans of a
one~-dimensional model that has been benchmarked
with PLT and Alcator Tokamak data. .., These burn
phys/cs results have been coupled to materials,
neutronics and ecunomics constraints to specity
ney engineering requirements. limiting the
smallest FPC size on the baais of space required
by the ohmic-heating transfurmer and specifying
the largest sizc from censiderations of tritium
breeding, magnet thickness and practical limits
on total power (i.e., 1-2 GWt) leads to major
radii {n the range 0.57~0.95 m and aspect ratios
of 2.0-2,5, Practical considerations of material
strengths, first-wall heat fluxes (20-40 MW/m?,
no divertors) and plasma volume access versus
ripple constraints (180 toroidal fileld cotils,
0.1X ripple, 30% vacuum purping area) results {r
a well defined pardameter space for reactor
operation.? Table VI  summarizes a @speclific
Riggatron design point. A cost-constrained
magnet power
luw-density ohmically-heated
ignitfon; gas puffing or pellet injection
increases and sustains the plasma density and
<usion power; simultaneously, the toroidal and
polutdul flelds are reduced to Increase beta and
to reduce the tokamak safety factor, gq, to
levels; burn  control requires
10-100 Hz response frequencles; the burr would be
terminated by lmpurity bufldup after ~ 30 a,

irn applied for a
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ABLE VI

. TIPICAL PARAMETERS FOR TH. RIGGATRON (HIGH-FIELD
TOKAMAK) REACTOR CONCEPT?

ﬁinor radius (m)

TTTTTRETIUTITT TABLE VIX

e A

TYPICAL PARAMETERS FOR THE REVERSED-FIELD
PINCH REACTOR (RFPR) CONCEPT2S

0.34% Minor radius (m) 1.5
Ma jor radius (m) ~——0,85 ~— Major radius (m) — 12.7
'Plasma volume (m3) . 2.0 . Plasma volume (m?d) 564
Density (1020/m?) ————----= 20-3Q0 -—:-—--Density (1020/m3) - ———- 2.0
Temperature (keV) 12-20 ' Temperature (keV) 15-20
Averaged beta 0.2 Averaged beta 0.3
Plasma power density (MW/m3) 460 Plasma power density (MW/m3) 4.5
iIgnited/driven burn "L IGN - Ignited/driven burn iGN
Magnetic field (T) 16.0 Magnetic field (T) 3.0
Pulsed energy (MJ) 200 17 Pulsed energy (MIJ) 14700
Burn time (s) ~~ T 777 TTTTTTTT36 ° T Burn time (s) T 21.6 ——
Cfftime(s) -3 ~0f f time (s)— 5.0 ——
‘Neutron current (MW/m?) 68 Neutron current (MW/m%) 2.7
‘Thermal power (MWt) 1325 . Thermal power (MWL) 3vy0
'Net power (MWe) 355 " Net power (MWe) 750
System power density (MWe/m3) 14 System power density (Mwt/m3) 0.50
.Recirculating power fraction 0.33 Recirculating power fraction 0.17
‘Net plant efficlency (nqy = 0.40) 0.27 . Net plant cfficlency (“TH = 0.30) 0.25

==
i~z

[
27 2. Reversed-Field Pinch Reactor (RFPR). The
‘Reversed-Field Pinch (RFP) is similar to a
.Tokamak in that a toroidal axisymmetric
‘configuration is used to confine a plasma with
toroidal :rrent by a combination of poloidal and
toroidal magnetic ffelds. Using a  passive
conducting shell, the RFP replaces the q > 1-2
Tokamak constraint by _one that requires
dq/dr ¥ 0; the variation of the magnetic shear
should not exhibit a minimum in a region enclosed
by a first-wall conducting shell. By removing
the q constraint, the RFP can operate with a
current density that {s sufficlent for ignition
by ohmic heatiag, wunrestricred aspect ratio,
higher beta and appreciably lower magnetic flelds
at the superconducting windings.

. Reactor prognoses based on these degrees of
design freedom have been made by two indepeadent
studies?S. The aforementioned RFPR advantages of
lower magnet coste and the possibility of ohmic
heating to fignition are compensated to some
extent by the need for a  passive
electrically-conducting shell located near the
plasrta edge; the impact of this stell on the
overall system modularity and thermal efficiency
remains to be fully resolved.?% As for many of

the less developed AFC’s, an uncertainty for the
RFP {s the poorly understord scaling of energy
loss dur{ng and after startup and the related

{mpact both may have
ohmic heating alnne,
The point-plasma model used to generate the
basis for the reactor design given in Table VII
has bheen superceded by a one=dfmensional (radtal)
LHD burn slmilationd7., Agresment between the two
models s good, with the one-d imengfonal
simulatinne predfcting somewhat higher Q-values
because of lower filelds and toroidal currents
required for fgnition. Although the long-pulsed
unrefueled design glven in Table VII s

on achieving Lgnitfon by

characterized by a high Q-value and acceptable
power costs, technoiogical ifmplications of
first-wa'l thermal cycle and pulsed fields gives
a strong {mpetus to examine the potential for
truly steady-state operation. Recent
suggestions®8 for Tokamak rf current drive and
limiter/divertors should " also be applicable to
the RFPR. Additionally, the unique phenomenon of
pitch convection®9 may also provide a means to
sustain a steudv-state toroldal current in a RFP
sonfiguration. .. ' wittie

&3. Pulsed Toroidal Systems. The early quest
on the part of fusion reactor designers to attain
the economic advantages of very high beta
gimyltaneously with the physics advantages of
toroidal confinement led to concepts like the
toroidal theta-pinch reactor (RTPR)28 and the
High-Beta Stellarator (HBS).5’29 It was generally
found that the fast-pulsed nature of the RTPR
({.es, ~ (=2 ys shock heating, 30-ms adiabatic
compression, =~ 0.5 8 burn cime) resulted in
technological problems that may outweigh the
high=-beta (2 0.8) advantages for that particular
system. Additionally, the ahsence of MHD
stabllity without fast feedback for the
particular field configurations then  under
experimental investigation indicated other
reactor-related problems for both the RTPR and
the HBS, although the latter was proposed for
steady-state operation. The most recent reactor
embodiment of the high-beta adiabatically=~
compressed torouid {s the Belt~Shaped Sctew Pinch
(BSPR). 70 Like the carlier RTPR design, the BSPR
is heated by a fast radfal implosfon, but a
toroidal blas magnetic fleld in applied to reduce

the final vajues of beta and thureby to enhance
stabllity., After the ~ 2-ys implosion phase, the
plasna (s adiabaticslly compressed in 0.1 s, an

fgnition/burn phase would be sustained for
8, and the

17
tmplostion/compression/ignition/burn

~
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T TABLE VIII T ol

TYPITAL PAEACIE
SCRE+ PLuCH

Minor radias

m)
Major ridiuas (m)

L

Plasma volume (23;
Pensity (139 @,
-emperatura (ke
Av.raged beta
Plasma power density (MW m?
Igniteds/driven burn
Magnectic field (T»
Puised energy (I,
Burn time (g}

™

_*7_§lmple

reactsr.“" Afcar summarizing ~ che reaccsrs  that
héve beén propssed for the Astron-like (isa~riagy
branch of  the CT famlly, ¢thr=e specific FEC
reictsrs are described: Linus (Stationary); THACT
(stitilcnary); and <Tok ftraaslating).

~"A. "TAscran-Lixka Devices
Tre first ccnslderatlsns for using a
"7 field-r=versca plismsid to produce pover were
based upzn the Ascron 2* 3 conzept. Electrons
accelsrated ts relativistic energies (20-57 MeV)
ar2 laj=cred ac the end of a cylianarical vacuun

————chamb=r. —The elactrons gyrate ibs.t the central

aals whlle travellng back ama f[-rth berween Che
magnetic wmirrsfs; an  electran layer s
thereby 2enerated., The current carrizd by ~this

Cf i time (s)
Neutron curreat MW @)
Thermal pover (Hwr)

Net -czwer (Muwal

Sysrem pawer density {Muwe
Recirculating power fracrics

Net planc efficlency fnpy = U.=5.

L

phase would be repeited. Typlcal reactor
parameters for the BSPR are glven on ~~ble VIII-
III. CO4PACT TORSIDS

The gener-c name “esmeact terald" (2T) has
recently been applied to the _lass of toroidal
plasama conflzuratisns In =L1ih Ag magnetiz coll
or material walls exrand thrsugh the torus. This
clesed-fi1eld plaszsta corfiguratisn Is not new,
ha«1ng beer senerat=d by & <oaxlal plasaa gun
over tws decadas ag:. ? Interest 1n this
eonfipuration, as appiled t= a canceptual fusion
resctor, however, rexindled <t.en the Spherdoaakd!
wgs proposed 4s 1 means (S retals the develsplng

physi<cs base fsr Toksrmdks, whlle 41multanresuysly
preddlnry .ercalr technalsgical difricaleles.
Since the Spherzmik rea<tsr was f1rsC proposed,

ths fuslsn “oAWnLLy Las L3entifled ! Cie general
area ang  pocentiil of compact torsidz,  the
Cpheranak being sne elament sf the ©T class of
pla-ma coaflguratizrs.

In aZJitlan t5 a great diversity af piiwvmgrd
foruitlan, heating 15d confinement e8chemuw, Lhe
Furlimental physics of part . cle enerygy Cranaport
and stakllity; equiilbrium are n.-t well known  far
mGsit Bukseta of ths CT class. Beoause of a
desire fur reactsr plasmad with m@axitua pewer
dersilty, the MHL=like branch 5f CT s has rece:ived
greater attentisn r[rom the reictsLr viewpolrt.
The B, -~ O Mii=llke clearnts of the °T famiiy are
cla:i?fled as Fiela-Revera-ed Conflguritisne
(FkC).

Both the statisnar, ang
Fleld-Reversed Mirror (FRD3d:3= concepes are
alsn classi1lieq a8 FRC'6. Reactor stulics of the
Spreromak conflguration, 2 ari gne varfation of a
FRM-1i{ke tranalacting Sphercmak have baen recently
rep-rted."! This partizulir Sphersmik  embodiment

Ceanslating

is similyr to a Hhiah-beta FrM with tarsldal
field, and 1ta perfnraunc: parimeters J4re n..C
unli<e those reported for the maviag-riag Ficl

layer "reverses the externally "applizd field and
produces clossed magnetic field Iines cthat are
potentially capable of zonfining a thermonuclear
plisza. Particle Interaccicns berween the
clectraoni~layer and deuterivo/rricium atoms
produces the rchermsnuclear plasca  immediately
after fileld line closure occurs. More detslled
anialysis of cthis parcicular approach revealsd,
however, that the slswing=dswn clme of fasc
eleccrons, because of synchrstron radiacisn,
would be shorter than that requlied fsr am energy

breakeven, unless the electrsn energies ire less
ttan  20-59 MeV. .Thi1s <onstralnt limits the
plasma density and fusisr pover Gulpul to a value
that would be too low for economlc power
production. oo 2 T

To avold tne ssnchrstrsn radiicisn  problen

-
e

the injec:1on sf Kich-erergy 15ns was propsscd.
lon-ring enirgies near 3Jud eV wers fz.nd L5 glee
optimal confinement Pprsperties. Priduclag -nd
Sustalning trhese Ilon riags selely by particie
sceleritars was deenmed unfeasible-® peciuse of
the difflcultles 1n making 1N acceplable energy
balance. In order t> compenfate for the [asT
erergy balance & much nure efflcient ring heatilng
fjurce would be requlred.

The (en-riny cuTpres+o” was then proposcd. *
By pr-ducin; the 1s6-ring ac #omewhil  lower
wnergles (~ Ju leV) uslhg piarcicle beams, the
frnefricien:{es becsme less signiflcant, silace Che
bul< of the [liany energy weuld he 1dded to Che
ring by ad1ak.tic Jompresslon. A sudlarv of
expr-ied rea=t.r parigeters for this latter
appruact Is listed 1 Tavl. TX.

The azimuttal carrent 10 both the Agfoon
fon-ring deviccs Is .arrled preiscinantly bs the
high-encrgy parcticles. As the predsurs of the
backgrand  particles acreimed, a sianafilsant
fra-tizn of thl- fleld-reveralng cutrent 1s
provided by plasmua Jlmagnetic currents. The FRI1
1n fact relies s=lel, on thiese plisma currents ts
provide ficld res-r-al with-i,t the gysc of
high-enetgy, clrculsting layer of particies. The
diffrrence between the Aitron and FRM geowilles

5

ang

can be descrite-d 1n terma of the pdr.actar
$ = 3 S which BuAR-.CCoN t ha: nunber St
lon=g,rir1dll enclosed by the pluvms Fadlas,  a.

A clann of particles with § € | exlats {n an
Astion device, while the FRY conflguritlon  would
gperate  =fth 5§ ~ 5-1.1. _In the ab-vave _of 4
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TABLE IX ~

TYPICAL PARAMETERS FOR ION-RING COMPRESSOR
REACTOR CONCEPT“S

COMPRESSION/
* - BURN CHAMBER
Deuteron energy (MeV) 30/300
Total fast-ion charge (C) ~~— "7 1.5/1.5 o
Major ring radius (am) 10/3
Radizl ring thickness (m) 10/3
‘Axial ring length (m) 15/4.5
-Temperature (keV) < 1/20
‘Density (1020/m3) 0.1/0.63
'Fusioghgpweg_per ring (MW) _ _0/300 ‘-
.Total energy per ring (MJ) 50/540 ’
Ring lifetime (s) =~~~ ToJ1/s T
‘External magnetic field (T) 0.14/1.4
‘Magnetic field at ring (T) 0.20/0.67
‘Axial current (MA) 10/10
" First-wall radins (m) 15/4.5
First-wall load.ng (MW/m2) 0.1/2.3
"Compression tlme (s) 0.2-0.5
;Duty cycle 0.8-0.9
~Ring energy gain 3

‘
s

“conducting

shell, finite~-Larmor-radius
.stabilization may be important to the FRM
stability, and an upper limit on S s generally

taken to be ~ 10. The reactor lmplications of
these constraints on S for the FRM approach have
been addressed Iin Ref. 44 and 71.

"B. Slowly-Imploding Liner Reactor (Linus)
The use of a "dynamic coll" to heat a FRC by
"strong adifabatic compression has been under study
as a reactor at NRL37939, at LASL3S and at the
Kurchatov  Institure*?, Table X summarizes
typical reactor parameters along with parameters
for CTOR and TRACT. The 1liquid-metal liner |is
fmploded by a wmechanfcal or gas-dynamic drive
onto a FRC plasmoid, transferring the liner
kinetic energy to the plasmofd through magnetic
flux compression of the high-beta plasnma. The
Linus reactor promises a high-power density with
unique solutions to several technology problems.
This concept envisages the nondestructive and
reversible compression/re-expansion of a
quasi-cylindrical liquid-metal (L{ or LiPb) liner
that is rotationally stabilized against
Rayleigh-Taylor modes at peak compression. A
high-pressure helium reservoir (~ 15 MPa) would
serve as the liner energy storage. The FRC
plasmoid can be produced in situ using rotating
relat{vistic electron beam techniques’® or formed

externally by a Field-Reversed Theta Pinch
(FROEB).75 Depending on the specific
approach,38+39 the {nitial state of the plasmold

requires 0.4-0.5-keV temperature, 0.5-T magnetic
field, average beta of ~ 0.6-0,8 and g length of
8-10 nm. The plasmoid i{s compressed on a ~ 20-us
timescale to a final state (15~20 keV, SO T and
8 » 0.6) at which point a vigorous thernosnuclear
burn occury during the short {~ 0.5-1.0 my) dwell
.time at peak compression. Pruvided that the

‘radial dimensions are appropriately 'chosen,” the’
alpha-particle energy added to the plasmaid from
the DT burn is sufficient to compensate for the
mechanical losses dncurred during the liner
implosion, driving the liner outward and
repressurizing the helium reservolr. The

"~ liquid-metal liner is sufficiently thick (> I m)

-———-—wall that ~-is

" Linus concept.

t
v

at peak compressioa to sh'eld neutronically the
permanent ~—structure ~and liner implosion
mechanisam. In addition, the liner material (Li

or LiPb) functions as a tritium-bdreeding blankec,
primary heat~transfer medium and "recycled" first
capable of accommodating severe
thermal loadings.

The NRL groufp proposes two approaches to the
The more recent NRL proposal uses’
“tangential T inject{on "to create” the T rotating
liquid liner. This approach would operate with
two oppositely-directed annular free-pistons and
would avoid the problems anticipated with
high-temperature, high-strength rctary seals and
bearings associated with earlfer designs that
used radial pistons to drive the {mplosion.
Axial pistons would also develop an axial
convergence of the liner material, which would
allow the liner energy ¢to follow the axial
contraction of a FRC plasmoid that occurs during
radial compression. A compression that is drivea
by a tangential injection also eliminates the
need to rotate a large fraction of the reactor
structure, while simultaneously leading to a more
spherically-symmetric implosion (reduced exposure

of reactor structure to ‘'water~hammer" pulsed
. . pressure at peak compression) and allowing the
liner to follow more closely an
axlally-contracting ' FRC ~° plasmoid during
compression with reduced end-streaming of the
fusion neutrons. The LASL parameter list given

in Table X is based on independent +odeling3® of
an alternative Linus configuration in which a
radially-collapsing shell with tangential
injection provides the liner drive.

C. Triggpered~Reconnection Adiibatically
Compressed Toroid (TIRACT) Reactor
Like the  Linus concept, the

approach?®'76 to the utilization of a CT for
power production envisages the stationary
(nontranslating) adiabatic compression of a
preformed FRC {gnit{on. Table X also gives
typical reactor parameters for this ~ 1~Hz
batch-burn system. Utilizing a longer burn
period (~ 0.5 s) and lower magnetic filelds (5.3
T) than Linus, a hybrid supercon-
ducting(dc)/normal(ac) coll system would provide
the required flux compression to achieve ignition
in a plasmoid of {nitifal 0.72-m radfus. A
first-wall copper coil cancels and subsequently
reverses for a few milliseconds the field
generated by an exo-blanker superconducting coil,
during which time a low~temperature plasma {s
created. The superconducting flux is
re=established In the plasma chamber {n two
stages: a fast (shock) stuage and a slower
(adiabatic compression) stage. During the shock
phase the plasma column and trapped (reversed)

TRACT
net

to
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-TABL.E X

TYPICAL PARAMETERS FOR A NUMBER OF REACTOR CONCEPTS BASED ON THE
USE OF FIELD~REVERSED CONFIGURATTONS? :

Linus(3) TRACT35:76 CTORY3
e Minor radius (m) 0.08/0.037 0.14 0.31
Mujor radius (m) T 0419/0.11 T T T0.36 T 0,52
, Length (m) 3.1/10.0 1.88 6.0
. Plasma volume (m3) 0.35/0.50 1.52 12.0
s Density (1020/m3) . 2400/1900 28 10
[ Temperature (keV) T15/20 8-40 12-14
i Averaged beta 0.55/0.60 (3 0.77 0.8
R Plasma power_density (MW/m3) _ __ 4000/6500_ _ 560 _ 230
i Ignited/driven burn DRVN/IGN IGN IGN
e Magnetic fiel? g 54/60 7 4.2
i Pulsed energy (MJ) 1400/1700 570 240
e Burn time (s) 0.0004/0.0010 0.5 2.0
L Off time (s) 1.0/0.5 0.5 6.2
:;;‘ Neutron current (MW/m2) 305/259 10.0 2.0
7 Thermal power (MWt) 1790/3350 520 1050
i Net power (MWe) 507/9§ 130 310
it System power dersity (Mwt/m3) l(c /4.1 1.70 0.70
o Recirculating power fraction 0.15/0.22 0.19 0.15
et Net plant efficiency ("TH) 0.28/0.27(0.33/90.35) 0.25(0.30) 0.30(0.35)

Ce e e e s
» R 1 <
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‘EF (a) NRL/LASL parameters
s 2:; Initial liner kinetic energy (mechanical).

the liner.

i v
s s

bias {lux are
shock heating
and subsequent

radially compressed; significant
results. During the shock heating
adiabatic compression, cusp coils
at each end of the 8-m-long plasma chamber may be
needed to reinforce the trapped flux while
expanding the forward flux, leading to a delay in
the reconnection of field 1lines. At the time
when the external fileld 1induced by the fast
shock~-heating power supply reaches a pec't value,
trigger colls are activated, and fleld-line
reconnect{on occurs. An elongated FRC results,
which rapidly compresses axially to achieve an
equilibrium configuration, this axial compression
providing significant heating. As the firsi-wall
bias coil continues to discharge to zero current,
the full superconducting field is retrieved, and
a2 moderate amount of radial compressional heating
follows, The resulting ~ 1.5-m-long plasmoid
would attain {gnition and burn for 0.5 s, chis
cycle being repeated every second. '

) The TRACT parameters given in Table X apply
to a prototype reactor that would generate net
electric power in relatively small sizes and at
low cost.”’® A fusion energy of 538 MJ is produced
from each batch burn. The magnetic energy
required to null and reverse the superconducting
field s 570 MJ. Joule losses incurred fn the
first-wall copper cofl would be small because of
the hybrid magnet approach and transient nature
of the current nulling. Economic recirculating
power -- fractions - ave -calculated for a

90%

valculated using reactor volume including the gas reservolr used to drive
If the smaller volume enclosed by the unimploded liner is used as
the basis, this parameter would be {ncreased by a factor ~5. .

ST aien

pulsed—energy:trahsfer“efficiénéy}

Thermal and
direct-energy recovery from the burning plasma
has not been considered, but should lead to

somewhat reduced recirculating power fractions.
T-e method for heating a FRC plasmoid
proposed by the TRACT approach leads to a
relatively small pilsat plant of moderate cost
thit may operate on the basls of near-term
technology.’® A large commercial plant that
distributes the pulsed power supply costs over
several reactor modules benefits from an economy
of scale that predicts acceptable direct capital
costs. The advantages of significant heating
promised by axial compression (reduced voltage
needed to drive a radial shock) and the use of
the hybrid magnet approach (reduced magnetic
energy transfer and joule losses), innovations
which indeed may be significant, are
countetbalanced by problems that have been
tdentifiod for other similar systems?® ({n-core
voltage, pulsed enerpy storage/transfer, thermal
cycle, etc.).
D. The Compact Toroid Reactor (CTUR)
The CTOR system“’ would use a Fleld-Raversed
Theta Pinch (FROP) to produce external tc the
reactor a FRC plasmoid that 1is subsequently
translated through a linear burn chamber. This
approach differs from both the Linus and TRACT
systems; the high-voltage plasmoid sour.c aund
COmpEEbSiondl heater are removed -from .the _burn

- IOA
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“chamber ] to T a "less “hostile ‘environment.” “To
minimize the technological requirements imposed
by the plasmoid source and the associated pulsed
power, a flared axial compressor would maintain
the first-wall magnet coll close to the plasma
for stability while the translating plasmoid is
adiabatically compressed

entering the linear burn chamber. Translation of of plasma confinement in linear geoietries has
the ignited plasmoid in the high-temperature burn —been —apparent. ~-The -excessive plasma length
chamber allows portions of the conducting shell required to sustain the plasma density at
that have not experienced flux diffusion to be thermonuclear temperatures against free-streaming
continually 'exposed". A nearly steady-state endloss for times sufficlent to achieve a net
i(thermal) operation of the first wall and blanket --energy--breakeven led to early abundonment of
1s possible by adjusting plasmoid speed and Linear . Magnetic Fusion (LMF) {in favor of
injection  rate. Locating the stabllizing closed-field geometries. The attract'ons of LMF,
‘conducting shell outside thé blanket permits however, ~remain: ~ proven ~“heating "~ methodsy”
‘roomrtemperdturd — epération ~and Thinimlizes the  Tneutrally-stable ~plasma~equilibrium; high plasma”
translational power, which appears as  joule density and beta, accessible and convenient
.losses in the exo-blanket shell, losses that can geometry. Two LMF workshops’7*78 have addressed
.be supplied directly by alpha-particle heating tne primary obstacles to LMF: axial
‘through modest radial expansion of the plasmoid particle/energy confinement and total systenm
‘inside a slightly flared conducting shell, length. Although free-streaming endloss has been
“blanket and first wall. Superconducting coils the subject of experimental and theoretical
'Bre placed outside the blanket, conducting shell study, wmethods of particle/energy endloss
and shield to provide a continuous bias field reduction relative to the free-streaming case
}that is compressed between the conducting shell until recently have received 1little in-depth
.of radius r, and the plasmoid with separatrix consideration. If fact, the developmen” of the
radius rg; gross MHD stability would therteby be previously-described FRC represents one solution
fprovided throughout the birn without requiring to the LMF endloss problem, and the past focus
‘active feedback stabilization. The plasmoid and direction’ of LMF has been preempted by
‘motion  terminates in an end reglon where present activities in the area of compact
‘expansion directly converts anternal plasma torolds. ToroTAarn meadsreg

energy to electrical energy. Conceptual LMF reactor designs reflect

o Parameter studies of the CTOR concept were rich 7 array .of 'potential “heating and axial
performed using a point-plasma model that incor- confinement options.?? Heating to ignition by a
porates analytical equilibrium expressions.?S combination ~of. .‘beams ~ (neutral atoms,"“’
Table X also summarizes typical CTOR parameters. relativistic electrons, 5! lasersS0), fast

A FROP plasmoid (T = 1.6 keV, ry ~ 2.5m, ¢ = 9.7
m), 1s adiabatically compressed to 8 keV (rs
0.85 m, ¢ 5.0 m) in 0.1 s using a rotating
machine for a power supply. This ignited
plasmoid enters the burn chamber with an initial
velocity equal to 2-5 times f&/tg, where the
electrical skin time, Tg» describes t.: decay of
flux within the area between the first wall and
plasma separatrix. The plesmoid velocity s
subsequently reduced by tailoring the flare of
the shell to maintain a constant first-wall
neutron loading along the length of the burn
chamber. Plasmoid motion proceeds until the
velocity falls below ¢/r,, at which point the
reactor length 1s defined. Energy confiiement
time scalings_SYrreipond;ng to classical, Alcator
(tg 3(la) nr_“) and 200 Bohm times (TE ¥
3. 2r B/Te) were parametrically investigated,
Both  Alcator and 200 Bohm confinement scallngs
result in plasma and reactor performances that
are relatively 1insensitive to reactor length;
these burns are thermally stable and eventually
quench because of thermal loss. As the enerygy
confinement time 18 reduced from Ttz = 1 s
(classical) to g 0.2 3 (Alcator) and 0.1 «
(200 Bohm), respectively, the {ncreased plasma

=

losses are suppllied by increasing the FRC power
density. This capability results {in a reactor
.that . is.

w

1

plasma transport ad ‘the ‘plasmold “dens{ty “and
injection rate are adjustable to give a destired
(axially-uniform) wall loading and total power.

IV. LINEAR MAGNETIC FUSION
the inception ot

Since ontrolled

to ignition—prior to —thermoruclear fusion research, the at :ractiveness

a

coupled with adiabatic compression“?
and high-frequency heating80 have been
investigated. Endloss reduction by the following
techniques has been proposed: material endplugs,
re-entrant endplugs, electrostatic trapplng,
simple mirrors, multigle mirrors, cusped filelds,
reversed fields, high~{requency stoppering,
plasma-gun injecticn. Only the firs: five of
these  end-stoppering methods have recelved
consideration in a4 reactor embodiment, and
experimental studies have yet to be conducted
under reactoc=-like plasma co 'ditions.

As a quantitative exampie of ¢ "typical" LMF
reactor system, the Linear Theta-Pinch Reactor
(LTPR) with axial (electron) thermal condvction8!

{mplosions

to re-entrant endplugs (REP) 1s gummarized in
Table XI. Were {t not for thke plasma endloss,
the heating and (radicl) confinement principles

for the LTPR would be similar to those
for

envisaged
the toroldal Reference Theta Pinch Reactor?28

and more recently for the TRACT reactor.35:276 A
prefonized DT gas is heated by a fast (~ 1-2 us)
implosion to ~ | keV; the preheated plasma 1s

subsequently compressed adiabatically vo ignition
a burn cycle occurs along a plasma
radius/temperature trajectory determined by the
dynamics of an energetic, high-beta plasma. The
LTPR  study invokes the re-entrant endplug,

Aand

_remarkably {nvarfant _to_ the assumed  wherein the endloss particles _and_euergy are_ .




'''' CUTTARLE x1 T
TYPICAL PARAMETERS FOR THE LIN

PINCIL REACTOR (LTPR)*Y Cox
RE-ENTRANT ENDPLUGSY

Flrat=wall radius (m) 0.5
Length (m) 150

REP radius (m) - 5.0
Plasma volume (ml) 2h0.
Implosion fleld (kV/mn) 0.1
Temperature_{keY) 10-2
Denslty (1028/ Y) 89 -
Averaged beta 0.9
Igntted/dctven burn . _____IcN T
Magnetic fleld (T) e __ 8.0
Compression time (8) 0.03
Burn time (8) 0.4
Ofy time (4) 12.4
Neutron currunt (MW/m?) 2.5
Thermal power (Mwt) Jovs

Net jower (MWe) 1080
System power density (MW/m?) 1.1
Reclrculating power fractlon 0.25
Net plant efticlency (nqy = 0.40) 0.30
(8)pysed  on  ten  times cross-fleld thermal

conduction 1n REP reglons.

directed by a small radius~of-curvature coadult
to a sccond, parallel plasma enlumn, The plasma
within the REP replon mikt necedsarily be 1in
"torofdal”™ equilibrium but {n alt likelihood
would be dubjected to anonalous cross=field
transport lesses, which for the proposed aesign
reported {n Table XI {4 assumed to equal ten
times classieal values.

The LTPK reactor parameters shown [n Tahle
X1 have been determined by a time-depeadent axial
burn code. Both the implosion and adlabatlic
compresslon cofls operate at - om Lemperature and
are  located outgide ¢ f a radlus flest wall
and U.4=n thick blanket, operate near 300 K, and
requlre 0.9 GJ and 44 GJ of puliud eneryy,
respectively; reversdlble recovery of the
adtiabat{c compresslon energy at 952 efficlency 1Is

specificd. The 0.4-s burn reducen but  Joes not
ellulinate the problems  assocfated with pulsed
thermal loading of the first-wall, energy -

transfer/storage and mgnet stress.29 The present
uncertalntles of the REP appruach, the close
coupling of the tmplosion prehcating to the
reactor core (high-voltage insulated blanket) and
the need for an efficfent encrpgy=transfer/storgye
syatem represent important fasues for the LTPR.

V. VERY DENSE (PULSKD, LINKAR) SYSTENS

Of the five fast=puise (~ l=ys burn time)
concepts  listed on Table I only the Fast-Liner
Reactor (FLR),3? the Wall-Confined Shock=lleated
Reactor3*  (SHR) nand the Denae Z=Pinch Peactor
(DZPR)5> have been subjacted to  preliminary
redctor scaling studlen. Conaequently, only
these three conceptn are described. S

T implodes

. ve rwe e e

A-_FaxtsLiner Reactor (FLK)

The use  of magnc'TEJlly-drlvun metallic
llners for the adlabatle compresslon of DT
plasmas  to ‘thermonuclear conditficns has  been
studled by a number of fnavidtigators.®27°% The
FLR5Z apprcach followa that  of IRL Kuyc 'atuv
proup?’ an emphaslzes  fast (107 - 107 m/s),
destructive { losfons of ti*'y wmeralllic ahells
ontn DT plasaa. This sic pt corbines the
character{stics of {nertial vonf{nenent and

heating with the more ef{ffcient encrgy transfer
assoclated with magnetic appruaches. A small
(0.1-0.2 m radius) cylindrical liner ts tmplodrd
radially to velocitiey of ~ 16" /s by
zelf-nagnetlic flelds resulting froa Jirge axtal
currents driven through the llgzr._; The

onto a ~ 0.5 kev, ~ 10°*" a7 D-T plasaa
that is intttally formed in sftu or alternatively

"could be Injected {nto Tthe llner. As the liner
implodes {n  20-40 ys, adliabatic compression
raises the plasma to thermonuclear temperaturces,

‘ the

and a vigorous burn ensues for 2-3 ps. During
fmplosion the plasma presscre (4 confinud
fnertlally by the metal liner and endplug walls.
An  irbedded azimuthal magnetic fleld providas
raglal and axial rthermal {nsulacion. The FLR
studies have focused primarlly on the development

of reallstiz plasma/liner models and the burn
optimfzation based thereon.3? On the Sasis of
physics  desizu curves derived from these

optimizations, the (nterim FLR operating potnt
summirized on Table XII hay evolved.

The ma jor ergincering and
problems {n order of perceived
plasma preparation; the econonlcs  of

technology
lmpnr14nrv are:
Justroyved

CTABLE vII

TYPICAL. PARAMETERS FOR THE FAST LINER

REACTOR (FLR) CONCERTS?

Inttlal liner radfius (m) 0.2
Inttial liner thickuesy (mm) 3.0
Liner lenpth (m) 0.2
Infclal azimuthal (letd (T) 13.0
Inftlal llner energy (GJ) 0.34
Liner Q=value 10.7
Pure fusion yleld (G.1) 3.50
Enhanced fusfon yield (GJ) 3.92
Temperiture, kuX)- ~ 15
Denstey (10%9/m?) B(10)°

" lgonited/driven burn IGN
Bura time () 2(lU)-b
Off time (s) 10.0
Thermal power (MWt) 430
Not power (MWae) 129

- Sysatem power dunulty(") (MWt/m?d) 5.8
Reclrculating power fractfon 0.25
Net plant efffctlency (”TH = 0,40) 0.0

(“)Thu ayat.m power denalty tw baned on the total
votune encloved by a 2.6m  vadluw  contalnment
vesne] ot 003=m wall thicknesy,

liner



leads and liner; blust contatnment; the switching
and transfer of energy (0.5 GJ, 20-30 us); and
frequent (10-20 s) liner and leads replacement.
Each of these {ssues 18 briefly addressed. Four
possible plasna preparation schemes are
considered: co-axfal (Marshall) gun {njection,
shock-tube {njection, exploding D-T threads, and
in situ plusma formitfon by electron or laser
beaxs. The destroved leads structure would
represent the major but tenahle fless than 30X of
electricity cost) recycle cost. An {nterleaved
leads structure has been optim{zed®? on the basts
of realfstic vrecycle cost for the conductor and
for insulator refabrication. Detaile’ structural
analyses of the blast vewsel and blast miti{gation
by i{untervening coolant spray have been made.
These studiex i{ndicate that nearly spherical
vessels of 2.5=3.0m radius and 0.,2-0.5 m wall
thickness would perform adequately under a
ten-vear fatigue constraipe. The rapld energy
transfer susgests the use of slow (~ 0.1 =)
horopolar motor/generators switched fnto a
atorape {nductor; the atorage inductor would be
rapidly switched through ¢ transfer capacity
i{nto the time-varying liner {nductance.
Reversible recovery of this enerygy is not
required for the design given {n Ref. 52,

B._The Hal Confined Shock-lleated Reactor (SHR)

Simt la. to the FLR approach, the SHR
concept®™  would confine plasma pressure by
material walls with heat transfer from the hot

plisma to the confining walls befng reducnd by

{mbedded  magnetic field.  1he SHR proposes shock
heating of a dense DT plasma to temperatures (=~
10 keV) where sipnificant net yleld (Q_ > 20)

would occur; alpha-particle heating per se {8 not

expected and (like the DZPR) “{anitfon” {n a
technical sense {8 not required. A =~ 2=m
diameter annular cylinder of lengit® ~ 1 m and

annular gap ~ 0.6-m would be used to confine an
axial shocks This fontzing shock would be driven
axlally at a velocity of ~ 0.7010)% /s by a
2.7V voltage applied across  the annulus.
Typical SHR paramcters are given in Table XIIL,
anv _3DT R in the annular region
(~ 19" m™?) alonyg with the thermally ‘fnsulating
hias fleld (3.2 T) would be sawept down the
annul tube by the magnetic piston. The shock
reflects off the tube endwall and s allowed to
re=-cxpand and f{ll the annular chamber. After a
period of free-expansion, shock refllection and
disafpation of a portion of the i{nternal bias
field, a 10-keV plasma would resalt {f thermal
conductlinn to the tube walls {4 no more than 100
timen classical predictions. The dynamics of the
fgnited plasma and the lenpth of the useful burn
cycle are strongly dependent upon both micro- and
macro=-{nstabil{tey, mechaniumy of cooling=wave
propagation, partfcle losses and alpha-particle

dynamics, Without refueltng, a burn perlod of
~ 1 a {s predicted, leading to a reclirculattng
pover fractfon of ~ 0,3 and a grows therml

output of 780 MJ/pulsn, Under thess condittonn a
2.6~y cyele t ime with 1.6 » allowed for
re~fueling would give 4 fuslon=neutron current of

TABLE XIII

TYPICAL REACTOR PARAMETERS FOR THE
SHOCK=HEATED, WALL=CONFINED FUSION
REACTUR CONCEPISS

Minor radius (m) 1.2
Major radfus (m) 0.3
Plasma vuluqﬁ (TJ) 5.3
Density (10 /m”) 20
Teaperature (keY) 10
Averaged beta R S.0
Plasma jower denalty (HH/m3) 62
Ignited/driven burn IGN
Magnetiy fleld (T) 3.2
Pulsed energy (MJ) NA
" Burn time (3) T 0.5 o

Oft time (3) N 2.57
Neutron curru?t (MW/m*) 7.5
Thermal ppuer 2 (Mwt ) 324
Net power (Mwe) 85
System power densfty (Mw(/mj) NA
Rectrculating power fraction 0.32
Net plant efficlency (npy = 0.38) 0.26

(g)ﬁxruodu 1.0 because of wall-conffincement.
( )Pourr per modules A plant may fnclude twelve
Buch modules, -

7.5 MW/m2 at the shock=tube wall and a net power
out put of ~ BO MWe. As  for mout of the
fast-pulsed approaches, high=voltage and thermal

loads present the major tradeotfs associated with

this relatively ~ompact and high powur density
system.
Co Fast-Pulaed Systems (DZPR)

number of wurprising deviationa from conventional
fuston reactor wisdom; alpha~-particle heating may
be detrimental to the overall system performance,
and the optimun high=Q operating point may yleld
amounts of funfon power that are undesi{rably
small, The DZPR concept {8 eloquently simple,
representing one of the wearltest confincment
schomes  condidered. 86 A large electrical current

(~ 1.3 MA) {8 toftiated aiong a  sub-mlllimeter,
lasor=formed current channel within

high=pressure (21 atm) DT FLLD The
ohufcally-heated conatant-radius  filament would
produce 20=40  times the  eneryy inftially
delivered an mignet ¢ field and ohmic

disuipation, Both  analytic and naumerlcal
studten®® {ndleate a wall=defined optimra that
telien  on  current programming to achieve a

conntant radiun (~ 0,1 mm) burn.

plasma Q=value tn excens of 30 would require an

enceyy  of 240 KJ tu be delivered within ~ 300 na
and a ntable burn pertod of 2 um In the absonce
or alpha=-particle heat (ny and coronal
diffunive/gun={ngestlon procannoes, Ohmic

dissipation provides the sole heating; shock and
comprannfonal heating along conventlonal L1now
appear  to  be undesirables  Recent MHD stablility

n .

A wyntom with 4



ana.vers have  judioate] grestor owt i, fog
diftuyse  ploshies” vt ter Yliames g, Al targes
Lefotated tn denar  gasea®™; Plrdee=las rerail.a
efteits™!  ur plaasa Tlee’ 2ar alae teat o,
erhan. e ntabllity., Ty patential for fapr veld
atanhiilty Lan  encoqtaged prell-aiary  react o
atudien, bttt

Analstile, gerimdisers! gl and one- flacn-
slonal  plamy wlalatio.s have Leen sade over o

white rarge ol operatlog jaraeters®', the  lat'er

tw, wl=ulatdon mcdel. fa0 rjotatty a teallnt by
alevtrical efrecatt (Marx bats, water tra: szlsston
Ilne) attd belng caltlbrate! with a s=all but
encLuraging cx erlient, ' MNe resuylon of
patanettlc busrn simplstions usnip the
cumprehenslve gero=diuenstonal madei whitoh have
heen  wverttied with the radtal HAUL hurn code, aze

depleted an Tadle X1V, An experinentally
schtevalle astartig radiun of V.l =t wan
salected, The resaltn of paracetric Aystezs

In Table XIV are
fntependent  of

wtudies,* ot whi .l thase glven
typleal, appear to be  virtually

all varlahles other than the applied valtage,
seucrrgy and  line denafty, These  resultys also
appear to be relat’'vely finnensitive tao the
annuned  curtent  riset{ne  and crowbar tine,
prisarlly  bLecause of the aswsuned batch burn and
high fuel burnup. letatled enplneering  designs
have not yot bevn made, although the
Marx-bhanit/water-1{ne will lead ta a nmesher  of
nbvious denign, operational and econonfoen

congt rainta,

TABLL IV

TIrICAL REACTOR PAPANRIURE FOR

DENAE Z=P 1N REAGT R (USER) FUST N
REALTUR Qo pihs

Minor radlua (m) Legrm™®
laength (i) 7 e .
Flanna v‘|l|||'1::‘ (o) ].l(ll))-I’
Peaulty (10 /) Loty
Termperaturs (keV) 10~ u
Averaged bota 1.0
Plasma power density (HH/m‘) l.:('N)|”
Igntted/driven furn DRV N
Mapuetie tield (T) ~ Jaun
Pulued enevyy (M) 0. 34
Burn tiue (ul Z(I”)-h
Otf time (w)') 0.1
Neutton coerent (M) (Men?) 2.9
Theranl power (MWe) 44

Net power (Hun) ; 1t
Systen power ch-n-llly(") (NU!/II!) I
Revircenlating power Traction 0l
Net pl. = eftledency (ngy = Ue3%) .30

(a)

evaluated at the [Lest wtructural surtaee,
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