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A REVIEW 0F ALTERNATIVE CoRCLPTS

FOR MAGNLTIC FUSION"

Robert A, Krakowskl!l, Ranald L, M{ller and Rawdy L, lugrnunn..
Los Alaous Srlentifir Laboratury, Unlveralty of Caliterula
Los Alamux, NM H7545

TTUABSTRAGT

of the wrld's quest for maguetlc fusion power,
with the tandem mirronr serving as a primary
backup concept 1in the US fuslon progris, a wide

rang» of alternative tusion coucepts (AFC's) have
baen and are belng pursueits  This review presents
a smunmary of past and present reactor prujectinas
of a malority of AFC s, Whenever posslble,
“quautltatlve results are given,
- L__ INTRODULTION
Althmgh the strength of the wurld-wide
“fusion effort rests with the rapid and succensinl
advances in Tukamak physicw, reactur stnlies have
flluninated certuin problems ansorlatey with
large alze, Liw power denslty, magnetlces amil beam
technolagles, materfals Ilaltatlons sml remate
malatenance, and the attendant uncertalnlties ot
ecwaomics anil  rellabtllt: These  results,
thercfore, have prompted a cav. ful re-examlantimm
of the physics requirements und genvera. appruach
taken by tukamak renctur designers 1 well aw
pruient evaluatlun of the potential ot lesa
understoml, alternntive confinement ap-
pruuchos"lo. Table 1 glves a representative
cruss-sertion of altermntive fuslun conrepts
(AFC"8) chat {n one way or anuther have been ur
are belng conslduresl fur the prudurtlon of
electrical power, clhemfcal procens heat amd/or
fignile miterinly Depending o the contluement
s cheme cumaldereil, systems stwlivs of AFC's range
from slmple physlen awnlysens, bascd on
lawson=I11ke erlterla, tu detallel wcoureptuni
desipnn, With few exveptluns must rewclor
atiiles of alternntive cimeopts  Lall inte the
lese furmalized part of this specerun,  Fur  this
reasnn a quantitative intervumiarison aml ranklng
Iy ont adviseble at this time, The intent  herws,
tastenn. lu to demvribe brietly the vanens lul
elements uf each AR, for thowe cunvepts where
reactur purameters are given, these values shimll
be viewwd ay typleal; the reactur emlunllinent  aml
the ananciated operating paremeters fur o given
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Work perlurmed] muler the anaplyes of  the LS,
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The summary of the AFG's glvew on Table [
has been wrganlzed into the fullowiug categarles:
toroidal, cumpuct toroidn, linear wystems and
very dense systems, A comprelensive trentment of

certalnly
exprriment,

each AFL, even tc an extent alluwed by past and
onguing Hystuems studiles, is beynnd the scope of
this review, Furthermore, the TUR 18 consldered

a primary btarknp lo the Tokamak and, therefore,
will not be revlewed here, With the exceptlun of
the Surmae cunerpt, all AFC's cunslidered operate
on the DT fucl cycle, althimgh advanred-fuel
operatlim of several of the wther AF's might
prove fensible and attrartlve. lastly, although
more comprohenslee papers un s ot the AFC’s
Riven in Table I (L.e., EBTR, FRM, TRACT, Linus,
CTOR) van be loml In these prucceanings, for the
snke  of  cnmpleteness  these AF's  are alsc
tncluded 1n this review,

Il _TORIIDAL SYSTEMS

The torattal AFU'H sumimarlzed fn Table 1 are

clansifivil as steandy wtate, long mlsed (1) s=100)

8) o: qulaml (~1 u), A sampllng lrom euch
catepory ia piven In this wccttim,

Ay Stemly=ttare Toreldal Systems

The Stellaratur,Tursatran 1l treated us a
generle cimeepe; the EUTR, Tormare anmil Surmae are
dencribemd weparately,

Lo Stellamatur/Tursatoom Rearturs. The
Stellara represeuts one I the enriiuvyt
ongnet {1 comf luement convepty ty receive

attent L3779 44 a4 vumnaretal puwer remutor,
Unllke tie  Tokamak, the nm=axisymmet ric
Stellaratur achivves equlllibrliam  {n a  toraidal
Reamerry by  extrrunlly  ladasing a  rotativual
trannfurm  {n the cfinlag magnetic fiuldn;
ldeally, nuw axtal cntrents need he suppurteil by
the turuldal plasma colhimn, as la required fn v
Tokamnk, although il very recuantly  all
Stellaratur expoerloents wtiliznd  such  currants
four nhmle heaving,  The fleat Stellaratur reactsr
dentguad?0 ruposes the  uke  of  separate
turnbdol and helical c¢uil wotn that were combined
to form "fipnre-8' aml racetrack  wmfigurations,



"TABLE I~ "7 oo
SUMMARY OF ALTERNATIVE CONCEPTS FOR ¥4

AGNETIC FUs 10N

iysTITUTion ()  REF,

— ey

I, TOROIDAL
A. STEADY-STATE
e Stellarator = - == - --- ~PPPL/CULHAM 11,12
® Torsatron : MIT/UWISC/PPI'L/JAPAN 13,14
® Bumpy Torus (EBTR) ST e — ORNL./NASA - -- 15-18
® Toroidal Bicusp (Torma:) : R (LBL/LASL) 19-21
® Su:iface Magnetlc Confliement (Surmdc) UCLA 22,23
B. LONG PULSED '
® Reversed-Field Pinch (RFPR) -~-+. .-.-..-.LASL/CULHAM/PADOVA 24,25
e Ohmically-tlcated Torus (ONTE) . CAC 26
. Ohmlcdlly—llunted 'Iok.nmd'c (Riggatron) INESCO 27
TTTTTTTTCLT PULSED ToT T mmm e - Tttt T
P s ¢ “Theta-Pinch (RTPR) "~~~ -————-—;— ~~= -=-(LASL) s 28 -
X e High-Beta Stellarator (I{BS) (IPP GARCHING) 29
HE ® Belt-Shaped Scruew Pinch (BSPR) JUTPHASS 30
[N II, COMPACT TOROID
o A, STATIONARY
o e Spheromak PPPIL 31,32
e e Field-Reversed Mirror (FRM) ’ LLL/UILL 33,34
. ® Triggered-Reconnected Adiabatically-
) Compressed Torus (TRACT) : MSNW 35
e e Electron-Layer Fleld-Reversed Mirror
; (Astron) | (LLL) 36
v e Slowly-Imploding Liner (Linus) NRL/U3SR 37-40
v B. TRANSLATIN: e e
T o Spheromak CUILL et 41,42
' e Ficeld-Reversed Theta Pinch ((.TOR) 1,ASL 43
: e Moving-Ring Field Reversed Mirror BEPCRR Tt hartingg
v (MRFRM) ' PG&E/LLL 44
: e lon-Riny Compressor . CORU = ~* ., tf 1tiicygs
T11,  LINEAR
A, STEAINY STATE ' R N LI
e Tandem Mirror (TMI) d LLL/USSR/UWISC 46
€ Multiple-Mirror Solenoid v (UCB/USSR/NSNW) LT, 48
B. PULSKD
® Linear Thetw Plaeh (LTPR) (LASL) 49
e lLaser-lleated Solenuid (LUS) (MSNW) . 50
® Electron-%cam lleated Sulenold (EBIS) (FI/USSR) 51
1V, VERY DENSE (FAST=-PDLSED, LINKAR) SYSTENS
o Fast-Impluding Liner (FLR) (LASL) 52
o Dbense I'lasmu Focuw (DPF) 53
e Wall-Confined filkuek-lleated Reactur (SUR) Pl 54
e Donse Z=I'inch (DZI'R) LASL/LLL 55
e Passive Lincrs X (MSNW/USSR) 56
(")pnr«'utlu!m-n failllente cumeepes for which nefther experimental nor
systoms-stwlien avtlivities presently exist,
Barly reartar calemlattions and cost this truly stemly-state device as a
entimieenl 101200 g5r  gtoullarator reactors  ceactur, 13002063 Alehough the magnetls surfaces
Linlivated the related potential proulilems of  low tn a Toruatron are tupnlugicully similar to those
powrr deaslty and high mignet costs,  These ecarly in the mure complex Stellarstor, the desired
Jurvey stulices were eventunlly overshmluwed by magnetic  geometry con Iu principle he crented by
diacauragting phywics results for Steltarnturs and  uslng only relnttvely  “‘foren=frue” lhellcnl
contempurary progress Lo Tukamak cunl lnement, cot!s, 13 Even more recently, elimination nf the
Cana bderat fam of the Turantrim concoptfl gy helfcal culls in favar ot toruildal colls that
A renvtur wlluwedd thr ellmlnwtiwn wof the have been anbjected toow diatoretim lws allowed
toroldul=tfield vall aet, aml, when coupled  with the Turaatron the promise of higher aml wmotre
new understmuling  uf Stellavato,/Tordateam  realistie  wystem  wdalartity, Specifically,
revent interent  in intw a

phyales, has genurated more tmgelementatdon of o defurmetion  (twist)



eiople toroidal-fleld coll set®

Torsatron magnetle genmetry to b produced while
eliminating the hellcal colil set in favor of a
highly molular device.!% In  additlon, nrmore

>ptimally orlented coil forces and lower stresses
are anticipated for this modular Torsatrom
approach. These new advances have renewed
interest in the reactor extrapolation of the

Stellarator/Torsatron concept, a runalssance that

coinc'des with experimental success in heating a
low ohmic-current device,65 the 'atter being a
prerequisite for eventual steady-state reactor
‘operat ion, : R
- Qualitative advantages that can be invoked
for the Torsatron reactor concept finclude:

VN i e e
:'® Steady-state magnetic
S thermonuclear burn,

T flelds

® Operation at f{gaitlon or
recirculating power.

high G for low

'~,® Plasma start-up on existing magwetic
2 surfaces with redictable particle/erergy
.»?  confinement at all times,

i

® Impurity and ash removal by means o, u
magnet ic limiter and helical poloidnl
divertor that occur as a natural consejuerce
of the magnetic confinement topology.

. ® No major plasma disruptiuns that could lead
°  to an intense, locwl energy duap on the
first wall or in the blanket;shield/cotll,

‘e No auxiliary positioniny or fleld-shaping
colls and moderate aspect ratin (> 10), both
of which ease malntenauce access,

These .dvantages remain to be quantified Lu the
context of a compreliensive reactur study; "
fncorporating crucial physics  Issurs (esg.,
sciling of beta with aspect ratio and  the
required or optimnl rotational traasfurm,
magnetic shenr, and magnetic-well deptn),

enpincering constraints (e.g,, coll deslgn it
atreasces) and economirs.
Paramrtric studies of an ignitet,

steady=state Torsstron have been summarlzed!™ fur
fixed values of rotatfional transfurm wal 14, 1=MeV
neutron first-wall current f1n an 5 = 2 syt
Alcutur transport scalling (TE « ar_“) han een
agsumcd, and for w Torsatron g equualy the mmber
of helfical conducturs (2¢ conmlncturs for an
equivalent Stellarator), Parametv:s for a
speciflc, interim reactor design point bhased on
the modular  Torsatron (L., , defurmed topntilal
cofls only) are displuyml in Table 1) along witl
those of the £ = 2 llelfotron=C%? ard tie ¢ » 3
T-1 Torsatron,!3 the latter twn reac.onr congepts
operating with only Ilmllenl colls, The high
value of bata and the larpe major rudiaus  rewnlt
in a large thermal output for the leliotrimeC
renctor.  The muderate valuv of beta adopted {in
the R-3 design point 18 uned to nbtain nearly the

allows the

“stabllize - the

“Tand

‘elactrun

hnme-bow;r-bntput as the T-1 denigxn in u  umaller
reactor with higher power density.

2. FElmo Bumpy Tornus Reactor (KBTR), The
EIMO Bumpy Torus (EBT) concept 18 a toroidal
array of simple magnetic mirrors, The promise of
a steady-state, high-betu reactor that operates
at or near DT ignitiun emerges from this
coumbination of “simple mirrors and  toroidal
geometry, The creation of an ~f-gewerated,
low-density and encrgetic electron riug at each
position brtweea mirror coils 1is needed to
bulk, turnldal plasma agairst
well-known {nstabilities associited with simple
airror confiwzent. e :
_The EBT was first examined as a reactur_over

four years ago, 16 Interim revisions  and
reassessments have been mad e during the
*intervening years, 17714 A bumpy-torns

configuration that 1s stabllized by energetic
rings comblnes & number of unique
features that describe a fusion reactor with the
folluwing attractions: steady-state operation in
an {guitrd or a high-Q mode; a potential for
high-beta operation with the attendent efificlent
utilization uf mwmagnetic fleld energy; large
aspect ratlo to give an open and acceusible
genm:try; an e—glreering assembly that is
comprised of —-relatively simple and compact
modules; %1 of maintenunce, wodular
construction and a relatively simple magnet
system Althuugh the carliest EBTR desiguslbot?
predicted relutively Jarge power plants, the
attalnment of high magnetle aspect ratins (n
systems with lower phvslcal aspect ratins through
the use of aspect=ratio~enhancement (ARE) colls
indicates that _ sualler reaccors may be possible
while simultuneously malntaining the above
mentioner reactur features,

The preneance uf the high=betw ovlectron rings
at each mipline positiun 18 cruclal to the MHD
stabillty of the bumpy torus; a simple bumpy
torus {s unstable tu drilt wnd HNUD  modes.
Dlamagnetle currents, however, flow in the
high=beta elevtron rings, euch playing the role
of a "cull”™ pusitioncd within the toroidul plasma
at  each midplane  lucattiim, The resulting
depres: Lan in the  maguetic field at the
eleviron=rlag locatiun erentes a loenl reglun  uf
averape=uinimm field, giving a MiiD-favorable
devrensy {n the quantity 4 di/B  with 1incregysing
plasmn  mivor radins, Altawongh this region of
average-mlalmum ficld does nou extend to the
centerlline of the torwidnl plusms, 4 stabilizing
effect upun  the bulk  plasma Lwumled by the
elevtron rings nevertheler,, resanlts, The
atublitty of the high-lien toroidal plasma  has

been inferred to be limited by a veolue of the
bulk plosma beta (at the misdplane location) that
appruximatuely equals  the clectrou-ring betn,
Thewe stalillity-relates? betw llmlts are based

upim the nswaaption of rigld rings, ave sensitive
tu the ansumed pressure profiles but nevertheicsn
served the prlmery stabillity congtraint
applicd to KBTR studies, Typicnlly. for a

smblplave  Letw  fn the renge 0.3-0,5, the average
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SUMMARY OF TYPICAL STELLARATOR/TORSATRON FUSION REACTOR CONCEPTS

KYOT0S2 © o MITI3 " LASLi4
HELIOTRON-C T-1 R-3
e ——- =l -- —fm3) - 2=2
Minor radius (@) ——————m——-———-2,8 ——— —nr -2,3 —-———2.0
. Major radius (m) 28,0 29,2 16.2
' Flasma volume (m3) . 4330 3049 1240
W Density (1020/md) 0.75 1.33 2.0
e Temperature (keV) S 20 7.3 10
o Lawson parameter (1020 g/m3) =1.0 Tinng 3.0 4.5
E Averaged beta “0,15 0.035 0.06
1. T Plasma power density (MW/m3) " 2,0 ° 174 3.2
ity lIgnited/driven-burn - IGN IGN IGN -~ ha—
i Magnetic field (T) 2,9 5.0 5.3
E{". Pulsed energy (MJ) 0 0 0
Bl Burn time (s) - - -
[T Off time (8) 0 0 0
s Neutron current (MW/m?) 2 1. 25 2
23 Thermal power (MWt) 8500 4300 4000
:ft Net power (MWe) 2530 1280 1190
325 System power density (MWt/m3) 0.5 0.35 0,55
I2: Recirculating power fraction 0.15 0.15 0,15
T Net plant efficlency (nqy = 0.35) 0.30 0.30 0.30
3

S

itoroidal beta (defined here with respect to the
‘average magnetic fleld) 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 mdgnetic
technology.

: gdiven an  acceptably small level of
1nstab111ty-dr1ven energy/particle losses, the
dominant loss from the toroidal plasma can be
attributed efther to diffusive processes or to
unconfined purticle orbits (i,e,, particle orbits
thut intersect structural walls), The diffusive
loss of particles and energy from the
non-axisymmetric bumpy torus 's determined by
neoclassical processes 1in which the diffusive
step size 18 {nfluenced significantly by the
magni tuwte and direction of gulding-center
partlcle orbits 1in a toroldal geometry. The
polutdal drift orbits, that effectlvely cancel
toroidal drifts normally responsible for rapid
classical losses 1in auy toroidal gevmetry, are
driven by £ x B and 9B forces, where the
ambipolar electric fleld is primarily radial and
gradient-B drifts result from the local bumpiness
associated with the simple mlrrors, Using this
neoclassical transport theory, the expression
relating the  ntp  product to the plasma
temperature, T, the toroldal mnjor radius, '
and the mngnutii 2rnd1un 2 curvatnre, R,
proportlonal to T / RT/R ) This scaling, whcn
coupled with the fact thnt most dimensionless
parimmeters meayured for EBT experiments, with the
exception of the toroidal-plasma beta, are close
to the projected renctor value, fndeed promises a
techinnlogically attractive and ecowomic reactor,
typlcal parameters for which are shown on
Table I11,

4

1 2 % 7 T8~ =31 TABLE III

 TYPICAL REACTOR PARAMETERS FOR TIE ELMO BUMPY
| TORUS (EBT) FUSION REACTOR LOthPrls 18

Minor radius (m)

Ma jor radius (m) i et
Plasma volur )
Dengity (lgTS 9

Temperature (keV)
Averaged beta
Plasma power density (th/m )
Ignited/driven byrn

Magnuttc field'®) (7)

Pulsed energy (MJ)

Burn time (s)

Off tiwe (s)

Neutron current (Mw/mz)

Thermal power (MWt)

Net power (MWc)

System power density (th/m )
Recirculating power fraction

Net plant efficfency {nry = 0.36)

1.0
35

5.0
1oN/nkrvn(a)
3.5
0
0
1.2
3100
1100
5,0
< 0,10
0,32

(“)EHTR .ransport scallng shows a propens’ty for

thermal runavay and hence, a pntential need for
?g-ration in a sllghtly subignited

Averige value hared v a mirror ratio M =~ 2,

3, Turuidul Biscusp (Tarmace).

Like the

Tokamak aml the Scellaratur/Toruatron, as well ay
the Reversed-Field I'inch, the Eprmncl9 11 R

mode.
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‘toroidal 'device that confines plasma on combined
poloidal an¢ toroidal magnetic fields, By
opening the outer poloidal fleld reglons,
however, the Tormac creates an absolute minimum-B
configuration that s MHD-stable for large aspect
ratio and plasma beta, The resulting toroidal
- line cusps support plasma on both c¢losed field
"1lines ( {.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
fleld lines. The bulk toroidal plasma would be
-8urrounded completely by a sheath "~ of
. mirror-confined plasma, and the composite
, particle/energy _loss time,_t,, should equal that
..of an fon-fon collisfon time, 14y, Increased by
. the number of sheath inventorie- contained in the
'bulk plasma, This factor i{s ~ r /As, where r_ is
{@j measure of the plasma minor gadius. and &P 1s
the sheath thickness; A, should be no greater
ythan a few {on gyroradii, p;. Given that
ity * T4;(r /o), relatively small, high-teta and
-possibly gteady-state reactor embodiments have
“been projected, 972!
'<> Under the assumptlon of a steady-state that
18 sustained by neutral-beam injection, with an
‘efficltency of ~ 0,7, reactor design curves have
-been computed as a function of key system
,variables?0, For example, 1f the engineering
. Q-value, 1# selected to be ~ 4 (recirculating
pgwcr fraction of 0.25) for T = 65 keV, then
rpr = 4MWmand r B = 3,1 Tm, Furthermore, if
I, = 4 MW/m“, then = 1,0m, B= 3,1 T, and the
"net power equals J30A, where A = R/r_1is the
plasma aspect ratio, Hence, for A = 4, ' systems
with  net powers of 520 MWe are predicted,
Table IV gives Tormac reactor parameters for this
case.2t The optimistic parametery listed for
Tormac resnlt in part from the assumed beta of

TABLE 1V

TYPICAL REACTOR PARAMETERS FOR THE TORGIDAL
BICUSP (TORMAC) FUSION REACTOR COHCEDPTSV

Minor radius (m) 1.0
Ma jur radius (m) 4.0
Pl.asma v°1"35 (gJ) 80
Denuti*y (10°7/m”) 1.3
Temperature (keV) 65
Averaged beta 0,7
Plagma power denafty (MW/w?) 22
Ignited/driven burn DRVN
Magnetic field (T) 3.1
Pulsed energy (MJ) 0
Burn time (8) -
Off time (s) 0
Neutron current (MW/m?) 4.0
Thernal power (Mwe) 1733

Net power (MWe) 21
System power dewsity (Mwe/m3) ~ lob
Recirculating pwwer fraction 0.25
Net plant effivfuenny (npy = 0.40) 0,30

0,7, which clearly remains to be demonstrated for
this assumed steady-state device.

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

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

‘-understanding of the wmirror-confined sheath
physics as well as the startup, achievement and
maintenance  of the Tormac field/plasma
configuration represent topics of future atudy,

"0n the “basis  of the “assumed ~parametsers and
present knowledge, however, the range of point
designs appears promising from the viewpoint of
acceptable recirculating prwer, modest total
power and steady-state (driven) operation for
reacto-s of small physical size, low fields and
acceptable neutron wall loading. !

b Surface Magnetically Confined Systems
(Surma )» The Surmac conceptH represents one
example of a general class of multipole
configurations2'® {n which electrical conductors
are arrayed in either a linear or toroidal
geometry to ' create a surface magnetic
configuration with low magnetic field (i.e., high
beta) 1in the bulk plasma volume, The Surmac may
operate with consgiderably reduced synchrotron
.radiation emanating from the bulk plasma, and,
thurefore, this concept may be particularly
sufcable for 'conflning the higher-temperature
advanced-fuel plasm 4 (e.g,, p-Bl1),88

' In essence, thr Surmac forms a ‘"maguetic

bottle” by passing a. et in alternating
directions through appropriately arrayed pairs of
conductors, In this way a surface layer of

rippled magnetic field 1llnes 1s formed that
provides the confinement of a bulk, high-beta
(0,2-0.4) plasma, The curvature of field lines
in sSurmac L. such aw to provide playma stability
at t'e 1inner reglon of the magnetic surface
(L.e., an average wagnetic wel) is formed:, but
planas {9 expected to be rapidly lost from the
"bad-curvarure” reglons outside the array of
paired condiuctors that Create the surf.ace
magnetiv flelds. Stable, high-beta plasma has
been confinel experimentally at temperiutures in
the range 0,03-0,25 kueV2Z using a deflagration
gun as a plawma source, Stuged lheating of a
Surmic  reactor utilizing the p-Bl! fuel cvele
would be accomplished by nentral-beam  f{njection
up to ~ |0 keV followerd by boron fon-beam
fnject on (10 MeV, 10 A) through pulued magnetic
windows® to the operating temperatnre of
~ 300 kev, The clune proximity of
mapnetlcally-levitated superconductlingy magnets to
the plasma may prechaie the use of DT or other
neutron-rich fuel cycles, a limitatlon cthat
conplen with the abuve wmenrioned advantages to
point Surmsc townrdy  the burning of advancel
fuels, Runvtur stndies have not been extensive,



but’ "Table V 2ives a :ange of typical parameters
projected23196 for a toroidal dodecapole (g = 6)

configuration using the p=Bll fuel cycle, If the

6-MeV fusion-product alpha particles can be
efficiently contained 1in this design, ignition
may be possible, The technology required _to
protect the superconducting colls, which
inherently must be located near.the plasma, .from .
severe tharmal loading s anticipated to be
difficule.

B. Long-Pulsed Toroidal Systens o

. In terms of power density, relative
simplicity and symblosis with the basic

confinement schene,—ohrlc dissipation of toroidal
plasma. —currents .represents ..a ._highly desirable
heating scheme, Two long-pulsed toroidal
concepts are described tl.at propose ohmic heating
as the sole wmeans to obtain an ignited
thermonuclear plasma for reactour application: the
Riggatron (high-field Tokamak) and the
Reversed-Field Pinch (RFP), A variation of the
RFPR has recently been proposed that would use an
‘external helical winding to achieve a more
ycontrollable rotational transform in a
reversed-field state; this cuncept?6 ig called
OHTE (Ohmically-Heated Toroidal Experiment), and,
depending upon the selection of key plasma
‘paraneters and technological constraints for the
reactor, OHTE would operate 1n a technology
regime somewhere between the Riggatron and the
RFPR.

TABLE V

TYPICAL REACTOR PARAHETERS(E) FOR THE SURFACE
MAGHETICALLY CONFINED (SURMAL) FUSION REACTOR

CONCEPTE6
Minor radius (m) Ixb
Major radius (m) 9
Plasna voluqs (?3) 2700
Density (10°7/m”) 1
Tenperature (keV) 200-300
Averaged beta 0,2 - 0,4
Plasma power density (MH/mJ) 0.7

Ignited/driven burn

Magnetlc field (T) 5
Pulsed energy (M)) 0
Burn time (s8) -
Of f time (&) 4]
Neutron carrent ’Mw/mz) 0
Thermal power (MWL) 2000

Net power (MWe) 600

System power density (th/ma) NA
Recirculating power l'raction 0.15
Net plant efficiescy (np; = 0.35) 0.30

{a),nltke the other coneeptn sunarized hrerein,
the Surmac paramceters are bused ch an  advanved
p-B!l fuel cycle,

__corsideration here as an AFC. The

(may ignite)

RS B m o m  mmiil ml Y e mmey rm T = ——————

| The High-Field Ohmically-lleated 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

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-bera ohmically-heated system. The severe
t hetma l-mechanical environment {n which the

relatively 1inexpensive Fusion Power Core (FPC)

must operate necessarily dictates an engineered
--short —1life. ——The —_plasma —chamber . .and - the

__D,0-cooled copper magnets would be small _BTcagaev
O? m )

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 1lithium blanket
located outside the magnet system. Recovery of
joule and neutron heating in the copper colls is
also an essential element of the overall power
balance, The short-lived, disposable FPC would
operate 1n clurters of 4-6 fusion modules, with
two additional stand-by modules and a rapid
"plug-in"  capabiiity promising high plant
reliability/availability without in situ remote
maintenance. 377075
The optimum design window for the Riggatroa
reactor was 1inves_igated .. by means 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 economics constraints to specity
ney engineering requirements, Limiting the
smallest FPC size on the basis of space required
by the ohmic-hecating transfurmer and specifying
the largest sizc from censideracions of tritium
breeding, magnet thickness and practical limits
on totil power (i.e,, 1-2 GWt) leads to major
radii 1in the range 0.57-0,95 m and aspect ratios
of 2.0-2.5, Practica' consideratlons of material
strengths, first-wall heat fluxes (20-40 MW/m2,
no divertors) and plasma volume access versus
ripple constraints (180 toroidal field cotils,
0.1X ripple, 30% vacuum purping area) reiules ir
a well defined parameter spacr for reactor
operation,? Table VI  summirizes a  specitic
Riggatron design point., A cost-constrained
- operating mode emerges as follows: magnet power
in applied for a luw-density ohmically-heated
tgnition; gas puffing or pellet injection
increanes and sustoaing the plasma density and
cusion power; simultuneously, the toroidal and

'

pnloidul flelds are redinced to increase beta and
to redu.ce the tokpsmak safety factor, gq, to
. operationnl levels; hurn  control requires

10-100 Uz response frejuencies; the bure would be
terminated by impnrity buildup after ~ 30 a,
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“TABLE VI "7 T

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

Minor radius (m)

0,34
Major radius (m) 0,85 -
'Plasma volume (m3) 2,0 .
Density (1020 /m3) St 20-30
Temperature (keV) 12-20
Averaged beta 0.2
Plasma power density (MW/m?) 460 :
:Ignited/driven burn IGN -
Magnetic field (T) 16,0
Pulsed energy M) 200 7
Burn time (s) =TT T T TTTTTTT36 0 T
Cfftime (s) -3
‘Neutron current (Mw/m?) 68
‘Thermal power (MWt) 1325
‘Net puwer (MWe) 355
System power density (MWt/m3) 14
.Recirculating power fraction 0.33
‘Net plant efficiency (npy = 0.40) 0.27

(B

2 2. Reversed-Field Pinch Reactor (RFPR), The
'Reversed-Field Pinch (RFP) 1s similar to a
. Tokamak in that a toroidal axisymmetric
*configuration is used to confine a plasma with
toroidal :turrent by a combination of poloidal and
toroidal magnetic flelds. Using a  passive
condncting 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 reglon enclosed

by a firgst-wall conducting shell. By removing
the q constraint, the RFP can operate with a
current density that is sufficient for ignition
by ohmic heating, wunrestricted aspect ratio,

higher beta and appreciably lower magnetic fields
at the superconducting windings.,
R Reacztor prognoses based on these degrees of
design freedom have been made by two Lndepeadent
studies?5. The aforementioned RFPR advantages of
lower magnet coste and the possibility of ohmic
heating to ignition are compensated to some
extent by the need fot a passive
electrically-conducting shell located near the
plaszra edge; the [lmpact of this stell on the
overall system modularity and thermwl efficiency
remains to be fully resolved.2?% As for many of
the less developed AFC's, an uncertninty for the
RFP 1is the ponrly understosr:l scaling of energy
loss during and after sturtup and the related
impact both may have on achieving ignition by
ohmic heating alnne,

The point-plasma model nsced to generate the
basis for the reactor design given in Table V11
has been superceded by a one-dlmensional (radial)
IHD burn stmulation®™, Agrevment hetween the twn
models 1is good, with the one-dimenylonal
simulatinne predicting womewhat higher Q-values
because of lower fields and toruidal cnrrents
requlired for ignition. Althuugh the long-pnlsed
unrcefueled design given in  Table VIt i1s

LY
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T TABLE VIL

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

Minor radius (m) 1.5

Ma jor radius (m) — 12.7
Plasma volume (m3) 564
‘Density (1020/m3) - —or- 2.0
Temperature (keV) 15-20
Averaged beta 0.3
Plasma powar density (MW/m3) 4,5
Ignited/driven burn iGN
Magnetic fleld (T) 3.0
Pulsed energy (MJ) 14700

" Burn time (s) =~ T e 21.6 ——
‘Of f time (s)- - 5.0 ——
Neutron current (MW/m%) 2.7

. Thermal power (MWL) 3v40

" Net power (MWe) 7450

System power density (MWt/m?) 0.50
Recircnlating power fraction 0.17

. Net plant cfficiency (ngy = 0.30) 0.25

characterized by a high Q-value and acceptable
power costs, technoiogical implications of
first-wa'l thermal cycle and pulsed fields gives
a strong lmpetus to. examine the potential Ior
truly steady-state operation, Recent
suggestions68 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 stendl-state toroidal current in a RFP
configuration, *. . =3 ot oweltid

&3. Pulsed Toroidal Systems. The early quest
on the part of fusion reactor designers to attaln
the economic advantages of very ligh beta
simultaneously with the physics advantages of
toroidal confinement led to concepts llke the
toroidal theta-pinch reactor (RTPR)28 and the
High-Beta Stellarator (HBS),3'29 It was generally
found that the fast-putsed nature of the RTPR
(L.eyv, ~ 1-2 ys shock heating, 30-ms adiabatic
compression, ~ 0.5 8 burn time) resulted in
technological problems that may outweigh the
high=betn (> 0.8) advantages for that particular
system. Addltionally, the ahsence of MHD
stability without fast feedback for the
particular field configurations then  under
experimental investlgation indicated other
reactur-related problems for both the RTPR and
the IIBS, although the latter was proposed for
steady-stute operation, The most recent reactor
embudIment of the hlgh-beta adiabatlcally-
compressed toroid is the Belt~Shaped Screw Pinch
(BSPR). 70 Like the carller RTPR design, the BSPR
{s heated by a fast radial {mplosion, but a
toroidal bias magnetic fleld is applied tu reluce

the final values of beta and thereby to enhance
stahility, After the ~ 2-ys implosion phase, the
plasna 1s adinbatically corpressed {n 0.1 s, an

tgnition/burn phase would be sustained for ~ 17
and the implosiun/compresslim/ipnition/burn
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T TTABLE VIII 0 -

""" THE BELT-SH
PBSFR) REACTOR COIE

SCREY PLIngn

reactsr.*% aftar sawmmarizing ~ the reaccsrs  that
= 5ed for the Astron-like Uisa-riaz)

CT fawlly, thrze specific FhiT

resictsrs are described: Linus (stitlosary);, THALT

(statilenary); and <Tok fetranslaning),

Mlnor radius i{m) 1.5=7.3

Majoer radigss im) T 19 T T7"A. TAstrin-Lixe Devices

Plasma volume (ai: 11758 Tne first <ccnsliceratlsns for using a
Pensiey (19379 @i, T =Tt Tt 2,5 T Tfleld-raversca plammsid to  praoduce  pswer were
_emperature (keV) 9 ) the Astroh &' 3 cohzept. Electrons
Av.raged beta 2,5 t- relativi:ztic energies (29J-59 Mel)
Plasma power jenzity (MW mi: 5.1 arz {ajected at the end of a crlinarical vacuun
Igniteds/driven burn IZN —chanbzr, —The elactrsns gyrate absut the central
Magnetic fileld (T aals while traveliwg ba:k angd f-reh between Che

Puised energy (!,
Burn time (s:

s impla

magnetic wmirrsrs; an electrosn layer s
therety 2enerated, The current carried by this

Cof i time (s)
Neutron curreat (Mv @)

Tnermal power (wr)

Net -:zwer (Mual

System poucr density (MWt o) NA
Recirculating power fractios V57
Net plant efficiency (npy = 2,5 9.19
phase would be repeisted. Typlcal reactor

parameters for the BSPR are glven on “~ble VIII-

R III. ZoqPACT ToRSIDS
The gener = ndme "compact terold™ i<T) has
recently bees applied to tne _lass of taroldal

coll
This
New,

un

plasma confilzuratisns In whilh ng magnetls
or material walls evxtand trrsugh the tsrus.

clesed-€iald plazzata cortiganratlsn Is nat
ha-1ng bect xeneraized b, 3 coavwial pliasma
Gver tws decizxs  ag:. ? Interest 1e this
conflpuratisn, as appilad tz a csnceptual fusion
reastsr, however, rekingled wien the Sphersocak !
was proposed 4s 31 melns to retaln he develsping

phvsics base for Toksmaks, while a1multaresusly
sreddinrg certalr techr~lagicai ditcizylcles,
Sinse  the Sphurzmik reactar wis flrst prapescd,

ths fuslsn “ummBIts lwa 1denti1fiea’) the geaersl
area ang potenti1sl of <compart torsiiz, tne
Cprersnak being sne elemeat of tre TT cisss of
pla-na ceaflguratiz-s,

In aZdit1an t5 A great diversity of poismolrd
foruitlsn, heatlng 153 csnflnement schumes, the
furismesti1l prysics of part ci- eneryr trasaport
and starilit, aqulilbrium are n-t well known far
moit Suksets of the CT cla=s. Because of a
desire for reactsr plasmad wlth maxlmua  power
desitty, the MHL~like brunch sf CT 5 has rece:ved
greater attentlsn from tre reictsr viewpolrt.
The B, - O Mni=l1ke clearnts of the <T fumiiy are
ClJ:i?fled as Flela-Rever-ed Conflguritisoe
(FKiH,

Both the st1ti1snar, ang
Fleld-Reversed Mlrror (Frn1idric  concuptas  are
alsn clas~nifieq as FRC'6. Reactor stugles ot the
spreromak conflguration, 32 any gne varlation of a
FRM~1lke tranalatling Splercmik have bewn recently
repsreed,*! This partizulir Sprersmik  embodimewt
is slmilar to a hlah-beta FrRM witn torotaal
field, and 1ts performsnc:= parameter- are n-.t
unllc<e tuose raported for the moviag=riag Fior

transiiting

layer” “reverscs  the externally "applizd field and
produces clszed magsetic fileld Iinez that are
potentially capable of zonfining a thermsnuclear
plisaa, Particle interacticns betwean the
clectraon-layer and deuterf{u~’critium atoms
produces the thermsnuzlear plasa immediately
after field 1line closure occurs, More detalled
analysis of tnis particular apprsach revealsd,
howaver, that the slswing-dswn time of fast
electrans, because of synchrstran radiatisn,
would be sncrter than that requlied fsr an energr

breakeven, unless the elesztrsn energles are less
ttan  20-59 MeV. _Thi1s <onstraint limits the
plasma dessity and fusilsh pover Sulpul to a valgye
that  would be tss 1lsw €sr economlc power
praduction, R -

To avo1d tne :zsachrstrsa radiatisn  prsplen,
tre injecz1:n 3f Kich-enérgy 1sns was ar:pased.3*

losa-ring encrilées near 1ud NeV wers £24nd t5 glac
optlmil confinement Ppropertles. Prsdaucing and
sustalning trese Ilsn riags sclely by particie
a-celerators was deemed unfeaslble*® peciuse of
tne dlfficultles 1n mak1ng 0  acceptdble energs
balance, In order t> compendate for the posr
ererysy balince a much nure efficlent ring heating
sJur-e would be required.

Thc 1&n-r1ag CuTpresio” was tnea gropascds
By pr-duzin; the 15n-ring at ssmewhit  lower
energles i~ 2w leVy uslng  parficle beams, the
inefricien:ies beczuc less slgnificdant, sioce tre
bul< of tre [linm1 energy would be a1dded to the
rlag by adliakatiz compression, A sumBary  of
expvzicd reat,r parameters for this  latter
approack ls liated 10 Tacl. IX,

The azimutral carrent 19 boath the Agf %
fgu-riwg devices 1s —arried preiawcanantly bs the
nlgn-encryy particles. As the predsurs of the
backgr.und particles Tocreimed, a span,fioant
fra-tizn of thi- ficld-reseratng current 15
provided by plasma Jlimagnetic currents=. The FR:t
1n fuct relies a~lel, on thuse plisma Currents ts
proviar ficld res-real wlt'-,it the of
high-erergy, clesuliting layer of particies. The
dtffrrence betwern the Aitron and FRM geimetries

z
S

ang

LTS

can be desacritrd 1n terms of the pdr.arcter
$ e 1 Sy whi-n muAas s the nunb.r ot
fov=g,r500d11 enclused by the plawma  ridtas, s,

A clamm  of
Astisn device,
vperate with

particles  wttn § €1 exists In an
while tha- PRM confilgnritton  wnulyg
S - 5-15 _In the ab-cnce _of a
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TTT I TTTUfABLE IX T T

TYPICAL PARAMETERS FOR ION-RING COMPRESSOR
REACTOR CONCEPT“S

COMPRESSION/
) * BURN CHAMBER
Deuteron energy (MeV) 307300
Total fast-ion charge (€) ~~—-—"1,5/1.5

Major ring radius (a) 10/3

Radlzl ring thickneus (m) 10/3

Axial ring length (m) 15/4.5
‘Temperature (keV) < 1/20
‘Density (1020/m3) 0.1/0,63
‘Fusion power per ring (MW) . _0/300 _ -
.Total energy per ring (MJ) ~ "~ 7750/540 )
Ring lifecime (s)™ ~ ~°~ o1/ T
‘External magnetic field (T) 0.14/1.,4
~Magnetic fleld at ring (T) 0,20/0.67
‘Axial current (MA) 10/10

" First-wall radius (m) 15/4.,5
First-wall load.ng (MW/m2) 0.1/2,3
"‘Compression time (s) 0.2-0,5
.Duty cycle 0,8-0.9

~Ring energy gain 3
“conducting shell, finite-Larmor-radfius
-stabilization may be (Important to the FRM
"'stability, and an upper limit on S s gencrally

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

"By __Slowlv-Imploding Liner Reactor (Llnus)
The use of a "dynamic coll™ to heat a FRC by
"strong adiabatic compression has been under study
as a reactor at NRL37+39, at LASL3% and at the
Kurchatov Institute4l, Table X summarlzes
typiral reactor parameters along witli parameters
for CTOR and TRACT, The 1liquid-metal liner {is
imploded by a mechanficul or gas-dynamic drive
onto a FRC plasmoid, transferring the liner
kinetic energy to the plasmofd through magnetic
flux compression of the high-beta plasma. The
Linns reactnr 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 (Li or LiPb) liner
that is rotationally stabilized against
Ravleigh-Taylor modes at peiak 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
relativistic electron beam techniques?  or formed

externally by a Field-Reversed Theta Pinch
(FROP),75 Depending on the specific
approach,38139 the {nittal state of the plasmoid

reqnlres 0,4-0,5-keV temperiture, 0.5-T magnetic
field, average beta of ~ 0,6-0,8 und 2 length nf
8-10 m, The plasmold is compressed on o ~ 20-ms
timescale to a final state (15-20 kev, 50 T ani
8 » 0,6) at which potnt a vigorous thernonuclear
burn occurs during the short (~ 0.5-1,0 ms) dwell
-time at peak compression. Provided that the

"~ liquid-metal liner s sufficiently thick

--——-—wall that -is

" Linus concept,
“"tangential

" would
+ high-temperature,

. . pressure at peik compresslon)

"radial dimensions are appropriately 'chosen,” the”
alpha-particle energy added to the plasm>id from
the DT burn {s sufficient to compensate for the
mechanical losses dncurred during the liner
implosion, driving the liner outward and
repressurizing the helium reservolr. The
(21 m)
at peak compression to sh'eld neutronically the
permanent “—structure "and liner implosion
mechanism, In addition, the liner mate:-fal (Li
or LiPb) functiuns as a tritism=-bdbrecding blanket,
primary heat-transfer medium and "“recycled” first
capable of accommodating severe
thermal loadings.

The NRL grouf proposes two approaches to the
The more recent NRL proposal uses’
“injection "to “create  the  rotating
l1iquid liner. This approach would operate with
two oppositely-directed annular free-pistons and
avoid the problems anticipated with
high-strength rctary seals and
bearings associated with earlier designs that
used radial pistons to drive the {mplosion.
Axial pistons would also develop an axial
convergence of the liner malerfal, which would
allow the liner energy to follow the axial
contraction of a FRC plasmoid that occurs durirg
radial compression, A compression that is drives
by a tangential 1injection also eliminates the
need to rotate a large fraction of the reactor
structure, while simultaneously leading to a more
spherically-symmetric implosion (reduced expisure
of reactor structure to ‘water-hammer" pulsed
and allowing the
more closely an
"~ ‘plasmoid during

liner to follow
axially-contracting ' FRC
compression with reduced end-streaming of the
fusion neutrons, The LASL parameter 1list given
tn Table X is based on independent 1odeling3b of
an alternative Linus configuration {n which a
radially-collapsing shell with tangential
injection provides the liner drive,

C. Trigpered-Reconnection Adiibatically
Compressed Torold (1RACT) Reactor

Like the Linus courept, the  TRACT
approach?®'76 to the utilization of a CT for net
power produrtion envisages the stationary
(nontranslating) adiabatic compression of a
preformed FRC to ignition, Table X also gives
typical reactor parameters for this ~ l-lz
batcli-burn system, Utilizing a longer burn
period (~ 0.9 s) and lower magnetic flelds (5.3
T) than Linus, a hybrid supercon-
ducting(dc)/normal(ac) coll system would provide
the required flux compression to achieve ignitiun

in a plasmoid of inftial 0.72-m radius. A
first-wall copper coil cancels and subscquently
reverses for a few mifiliseconds the fleld

generated by an exo-blanket superconducting coil,
during whicl time a low-trmperature plasma {s
created, The supcercounducting flux is
re-established 1in the plasma chamber 1in two
etages: a fast (shock) stuge and a slower
(adlabatic compression) stage. During the shuck
phasce  the plasma  column and trapped (reversed)
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TYPICAL PARAMETERS FOR A NUMB
USE OF FIELD-RE

-TABLE X

ER OF REACTOR CONCEPTS BASED ON THE
VERSED CONFIGURATTONS? :

Linus(a) wﬂ]Sn?G CTORY43
Minor radius (m) 0,08/0.037 0.14 0,31
Mu jor radius (m) ~ " 777 0,19/0.,11 7T T TTTTO, 36 - 0.52
Length (m) 3,1/10.0 1. 88 6,0
Plasma volume (m?) 0.35/0.50 1,52 12,0
Jensity (1020 /md) . 2400/1900 28 10
Temperature (keV) o T—15/20 T ————————8=40 12-14
Averaged beta 0,55/0.60 i 0.77 0,8
—___Plasma power_density (MW/m3) _ ___ 4000/6500_ _ 560 _ 230
Ignited/driven burn DRVV/IGN IGN IGN
Magnetic fiel? g 56/60 7 4,2
Pulsed energy (MJ) 1400/1700 570 240
Burn time (s) 0.0004/0,0010 0.5 2.0
Off time (s) 1.0/0.,5 0.5 6.2
Neutron current (MW/m?) 305/259 10,0 2.0
Thermal power (MWt) 1790/3350 520 1050
Net power (MWe) 507/9§0 130 310
System power deruity (MWt/m?) 4,18¢) 741 1,70 0.70
Recirculating power fraction 0.15/0.22 0.19 0.15
Net plant efficiency (nTH) 0.28/0,27(0,33/0.35) 0,25(0,30) 0.30(0,135)
(a) NRL/LASL parameters CeLTn Tavntieg
(b) Initial liner kinetic energy (mechanical), ’ )

(e) valculated using reactor volume includi
the liner. If the smaller volume enclos

the basis, this parameter would be increased by a factor ~ 5.

et

vlux are radially compressed; significant

shock heating results, During the shock heating
and subsequent adiabatic compression, cusp colls
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 fleld 1liues. At the time

when

the external field 1induced by the fast

shock-heating power supply reaches a puc'c value,
trigger colls are activated, and fileld-line
reconnection occurs. An elongated FRC results,

which

rapidly compresses 2xlally to achieve an

equilibrlium configuration, this axial compression
providing significant heating, As the firsi-wall

bias
the

coil continues to discharge to zero current,
full superconducting field is retrieved, and

a2 moderate amount of radial compressional heating
follows, The resulting ~ l.5-m-long plasmoid
would attain ignition and burn for 0.5 s, this
cycle being repeated every second, '

tb a

The TRACT parameters given in Table X apply
prototype reactor that would generate net

electric power 1in 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

is 570 MJ, Joule losses incurred in the

first-wall copper coil would be small beciuse of

the hybrid magnet approach and transient nature
of the current nulling, Economic recirnulating
-fractions - are -calculated for a 90%

power -

ng the gas reservolr used to drive
ed by the unimploded liner is used as

felicw

pulsed—energy‘trahsfer'efficiency. 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
ralat'vely small pilat plant of moderate cost
thit may operate on the basis of near-tern
technology.’® A large commercial plant that
distributes the pulsed power supply costs over
severial 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 shuck) and the use of
the hybrid magnet approach (reduced magnetic
energy transfer and joule losses), fnnovations
which indeed may be significant, are
countetbalanced by problems that have been
tdentified for other similar systems?3 (in-core
voltage, pulsed enerpgy storage/transfer, thermal
cycle, etc,).,

D. The Compact Toroid Reactor (CTUR)

The CTOR system“’ would use a Fleld-Reversed
Theta Pinch (FROP) to produce external te the
reactor a FRC plasmoid that 1s subsequently
translated through a lincar burn chamber, This
approach differs from both the Linus and TRACT
systems; the high-voltage plasmold sour.c¢ aud
compressional huutur are rewoved -from . the _burn




chamber 77 to 7 'd "less " hostile ‘envirvnment. ~To
minimize the technological requirements 1imposed
by the plasmoild source and the associated pulsed
power, a flared axial compressor would maintain
the first-wall magnet coll close to the plasma
fo- stability while the translating plasmoid (s
adiabatically compressed to
entering the linear burn chamber. Translation of
the ignited plasmoid in the high-temperature burn
chamber allows portions of the conducting shell

that have not experienced flux diffusion to be thermonuclear temperatures against free-streaming
continually "exposed", A nearly steady-state endloss for times sufficient to achieve a net
i(thermal) operation of the first wall and blanket ---energy--breakeven led to early abundonment of
is possible by adjsting plasmold speed and Linear Magnetic Fusion (LMF) in favor of
injection rate. Locating the stabilizing <closed-field geometries, The attracti@ons of LMF,
"conducting shell outside the blanket permits “however,  ‘remain:  provén "~ “heating ~ methods|~
‘robﬁ:téhpérétﬁre opéfation ~and “minimizes “the  neutrally-stable “plasmaTequtlibriumi high-plasma™
.translational power, which appears as joule density and beta, accessible and convenient
-losses 1in the exo-blanket shell, losses that can geometry. Two LMF workshops77'7e have addressed
.be supplied directly by alpha-particle heating tne primary obstacles to LMF: axial
‘through modest radial expansion of the plasmoid particle/energy conf !nement and total systenm
iinstide a slightly flared conducting shell, length. Although free-streaming endloss has been
‘blanket and first wall, Superconducting coils the subject of expurimental and theoretical
'Bre placed outside the blanket, conducting shell study, methods of particle/energy  endloss
and shield to provide a coatinuous blas field reduction relative to the free-streaming case
;jhat 1s compressed between the conducting shell until recently have received little in-depth
.of radius r, and the plasmoid with separatrix consideration, If fact, the developmen” of the
radius r,. gross MHD stability would thereby be previously-described FRC represents one solution
?provided throughout the btir-n 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 fn an end reglon where present activities In the area of compact
*expansion directly converts 1internal plasma torolds. Tt teantreg

energy to electrical energy. Conceptual LMF reactor designs reflect

o Parameter studies of the CTOR concept were rich " 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,?’5 combination ~of. .’ beams ~ (neutral atoms,"’
Table X also summarizes typlcal CTOR parameters. relativistic electrons,>! lasers50), tast

A FROP plasmoid (T = 1.6 keV, r, = 2.5 m, 2 = 9.7
m), 1s adlabatically compressed to 8 keV (r
0.85 m, g 5,0 m) in 0.1 s using a rotating
machine for a power supply. This ignited
plasmoid enters the burn chamber with an initfal
velocity equal to 2-5 times &/tg, where the
electrical skin time, T4 describes t..: decay or
flux within the area between the rirst wall and
plasma separatrix, The plasmoid velocity 1s
subsequently reduced by tailoring the flare of
the shell to maintain a constant first-wall
neutron loading along the 1length of the burn
chamber. Plasmold motion proceeds wuntil the
velocity falls below ¢/tr,, at which point the
reactor length 1s deflucd. Energy confi.ement
time scalings_STrreipond;ng to classical, Alcator
(rg = 3(10) nr_ ) and 200 Bohm times (TE ¥
3.2r B/Te) were parametrically investigated,
Both Alcater and 200 Bohm confinecment scalings
result in plasma and reactor performances that
are relatively insensitive to reactor length;
these burns are thermally stable and eventually
quench because of thermal loss. As the energy
confinement time 1s reduced from 1t = 1 s
(classical) to tg* 0,2 3 (Alcator) and 0.0 «
(200 Bolm), respectively, the increased plasma
losses are supplied by increasing the FRC power
density. This capability results {in a reactor

ool e _— e . — ——- —_—— - - -

pliusma transport as  ‘the ‘plasmold °‘density “and
injection rate are adjustable to give a desired
(axially-uniform) wall loading and total power,

IV, LINEAR MAGNETIC FUSION
the inception ot

Since ontrolled

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

of plasma confinement in linear geoiletries has
‘~been ‘—apparent, --The -excessive plasma length
required to sustain the plasma density at

o

tmplosions 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 flelds,
reversed fields, high-{requency stoppering,
plasma-gun injecticn, Only the firs: five of
these end-stoppering methods have received
consideration 1in a4 reactor embodiment, and
experimenta' studies have yet to be conducted
under reactor-like plasma o. ‘ditions,

As a quantitative exampie of - "typical™ LMF
reactur system, the Linear Theto-Pinch Reactor
(LTPR) with axial (electron) thermal condection8!

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

for the LTPR would be similar to those envisaged
for the toroidal Reference Theta Pinch Reactor?28
and more recently for the TRACT reactor,35'76 A
preionized DT gas is heated by a fast (~ 1=-2 ys)
fmplosion to ~ | keV; the preheated plasma 1s
subsequently compressed adiabatically vo ignftion
a burn cycle occurs along a plasma
radius/temperature trajectory determined by the
dynamics of an e¢nergetic, high-beta plasma, The
LTPR  study invilies the re-centrant endplug,

And

a "

.that . is _remarkably {invariant _to_ .the assumed  wherein the endloss _particles _and__energy are



TARLE X

TYPIZAL PARAMETERS FOR THE LINEAR TRLTA-
PINCH REACTUR (LTPR)YY (:u.-:%‘:-;;'r WlTh
RE-ENTRALT ENDPLUGS'?

Firat-wall radius (m) 0.5
Length (n) 150

REP radlus (m) - 5.0
Plasma volume (m]) 260.
Imploslon field (kV/mm) 0.1
Temperature Fkux) 10-20
benaley (12%7a)) 89 ~-=-
Averaged beta 0.9 '
lgnited/driven bura . _ e ___.IGN _ T
Maguetle fleld (T) .. _ 80
Compresslon tlme (s) ) ©0.03
Burn time (8) 0,4
Of v ttime (4) 12.4
Neutrnn current (MW/m) 2.5
Thermal puwer (Mwt) Jons

Net jover (MWe) 1080
System power denslty (MW/m?) 1.1
Recirculatlng pwwer fraction 0.25
Net plant efliclency (nqy = 0.40) 0,30
(8)pysed  wn ten  times cross-fleld thermal

conductinon 1n REP reglons,

directed by a small radius-of-zurvature coadult
to a wecond, parallel plasma cnlumn, The plasaa
withln the REP replun mist  necensarily be in
"turoldal” equtllbrium  but {n all llkelihaod
wonld be dubjected to anorulous crosn=[leld
transport losses, whlch for the proposed aeslgn
reprirted In Table X1 14  assumed to equal ten
times class)eal values,

The LTPK reactor parametery shown {n Tahle
X1 have been dotermined by a tlme-depenident axial
burn cinle, Both the implosfun and adiabatic
compresslon cnlls operate at - om temperatare wiul
sre  located outslde t.o ! a radinsg flrst wall
and U,4-n thick bluanket, operute ncar ) K, and
require 0,9 GJ and 44 GJ of pulsid encryy,
respectivel-; reversible reevnvery of the
adfabat{vc compression energy at 952 efficiency is

specified.  The 004-3 burn rednces but  Joes not
elimlante the problems  wsswclated with pulsed
thermal londing of the first-wall, energy-

transfer/stourage and mgnet stress, 29 The prumsent
uncertnintles of the REP wpproach, the cluse
conplling of the {imploslon jpreheating to  the
reactur cure (hilgh=voltage tnsulated blanket) and
the need for an efflclent energy-transfer/storape
system represeut important issues for the LTPR,

U VERY DENSE (PULSKD, LINEAR) SYSTENS

Of the flve fast-puise (~ l=pys burn time)
concepty  listed on Table I only the Fast-Liner
Reactnr (FLR),5? the Wall-Confined Shueck-lleated
Reactor5% (SHR) and the Denae Z-I'inch Peartor
(D7ZPR)5% have bueen snbjected to  prellminary
reactor scnllng studiew. Conaequently, wonly
_these three coneeptn are described. s

T cnuld

" the

Ao _FartzLiner Resctar (FLK)

The use ot maguc'TEJlly-drlvvn mwtalllc
llners for 1he adiabatlec compresstinn of DT
plasmas  to thermunnclear comldttlans has  been
studled by a wumber of Iave dtigatars.®27°5 The
FLR32 apprcav's follows  that  of [RL Kuycatov
proup®l  an  emplaslzes fast (107 - 107 n/s),
degtructlve { dosions of tu'y wmeralllc shells
onto DT plasau. This e pt corblnes  the
characterlstlics of lIneriianl vonfinenent and
heating with the more efflclent encrgy transfer

assoclated with magnetlc appruarhes. A small
(0.1-0.2 m radwus) cylindrleul llner ts laplodnd
ratially to velocitlen of ~ 16" n/s by
self-nagneiic flelds resultlng fron Jarge axlal
currents drlven throwgli  the ngr. The  liner
Tlmplwles ontw a ~ 0,5 keV, ~ 10%% @73 D-T plusas

that Is Inlilally formed In sltn or alternatlvely
be 1injected Into the liner, As the llner
foplodes In 20-30 s, adlabatlc compresslon
ratses the plasma to thermonuclear temperatures,
and a vigoruus burn ensucs for 2-3 us. During
implusion the plasma pressvre la conflnxd
fnertially by the metal llner and endplug walls.
An  irbedded  azimithal magnetle fileld provides
ragfal and axial rhermsl  insulatlon. The FLR
studies have focused primarily on the develupoent
of realistl- plasma/liner models and the barn
optim)zation based thereon.3? On the Sasis of
physics  desizn  curves derived fron these
optimizactlons, the finterim FLR wperatlog potin
summirized on Table X1I has evolved.

The m for erglucering  and techanlagy
problem:  {n  order of percelved Imporianese are:
ptasmn preparatlion; the econnaics o1 Jestroved

" TABLE vII

TYPICA). PARAMETERS FOR THR FAST LINER
REACTIR (FLR) CONCELTS?

Inlelal liner radins (m) 0.2
Inlivlal 1taerr tlockaess (mm) kY]
Lincr length (m) V2
Inftial azimuthal 1teld (T) 13.9
Inttlal liner enerygy (GJ) 0,34
Liner Q=-value 10.7
Pure fusiun yield (GJ) 3. 50
Enliinceil fusion yleld (GJ) 3.9¢
Temperature, kuX)- ~ 15
Density (102"/m’) (10"

" lgntited/ilriven bura 1GN
Bura time (s) 20078
Off time (s) 10,0
Thermnl power (MWt) 430
et power (MWe) 129

- System power dcnsity(") (MWt/md) 5.8
Recircnlnting power fracting 0,25
Net plant efficicucy (”TH = 0,40) 9,30

@)y wyat.m puwer density fs ban-d un the total
vourae enlused by a 2,6'm  wmline  contuinment
vesael ot 0,3-m wall thickness.



leads and llner; blast cimtainmrut; the switching
and transtfer of energy (0,5 GJ,  2v4=-30 ps);  and
frequent (110-20 ) liner and leads replacement,
Each of these fssues 13 brielly addressail, Four
possitle plasna preparatiom schenes are
consldered: ro=axial (Marshall) gun injectlon,
skork-tube 1injectlon, exploding D-T threats, aml

in situ plasma formition by electron or laser
beuns, The destroved leads sgtrurture wouldl

represent the majer but tenable fless than UL of
electrlcity cust) recycle cost, An interleavert
leads structure has been nptlmized®? on the basis
of realtstic recycle rost fur the conductor and
for insulator refabrlcatinn, Det.llev structural
analyses of the blast vessel and blast mitigation

by intervening covolant spruy have been mute,
These studlex indlcate thwlr  newrly spherical
vessels of 2,5-3,0 n radius wndi 0,2-U.5m wall
thickness  wonld perfurm adequately under a
ten-yvear fatiguv conslrafipe:, The rapid cnergy
transfer Buggests the use of slow (~ 0.1 8)
hormopular motnr/generaturs  switched into a

atorapge inductur;
rapidly switched

the aturage Inductur wiuuld be
throngh ¢  transfer capacit.an
into the time=varying Iiner indue tanre,
Reversible recovery of this energy is not
requlred for the desipgn given in Ref, 52,

B, The Wal -Confined ShnckeHeated Reactor (SUR)

Simtla, to vhe FLR -dplll‘ll-‘ll'll.n “the SUR
courrpt®™  wauld conflne plusma  pressure by
materinl  walls with heat 1ransfer from 1he hot

plasas to the cunfinlg walls belug redneed by

fmbirdded  magnetic field,  The SUR propuses slock
heatlag nf a dense DT plasma to temperatures (-~
10 keV) where sipgnlficant net yleld (3 » 20)

would nceur; alphasparticle heating per sv {8 nut

expected and  (like the DZAPR) “tunltLun®” in n
technival sense s not required, A~ 2-m
diameter anmilar cylinder of lengih ~ 1 m and

anunlar gap ~ 0v6=m wunld be nsed tu confine an
axlal shuck, This fanizlag shocek would be driven
axlally at a velncity of ~ 0, 701" a/s by a
2,7-V  voltage  applied acrusn  the  annolus,
Typical SUR paramcters are glveu {n Table XIII,
anu 3DT R in the anmwlar reglm
(~ 19" @~ ?) alumg with the thermally -fnsul.ting
bias fleld (3.2 T) wouvld le sawept down the
Anaul tube by the magnetic piaton, The shock
reflects of f the tube vmdwall and s ewlluwe] to
re-cxpand  and f1ll the annmlar chumber, Aftuer a
periml uf frec-expansivnn, shock reflection anl
disslpetion of & portion of the fnternwl bias
ficld, a l0-keV plasma wauld result 1f thermal
comlacting  to the tube walls {4 no more than 100
times classical predictiimn,  The dynamivs of the
tgnited plawma and the leapth of the nseful bnrn
cycle arce strongly depemlent uppm lbnth mlero- aml
macru-ingtabllites, mevhunlams of cunling-wave
propagatiun, particle luswses and alplha-particle
dynamlcs, Without refueling, & burn perlml of
~ 1 s iw predlcesil, lending tu n recleenlating
pver fruvtiun of ~ 0,3 and a Rruss thermal
outimt uf 780 MJ/pulse, Under these comlitfunn a
2,0~y cyvle t ime with I,6 8 alluwed fur
re-furling wauld give 4 fasbim=neutrim entrent of

TABLE XI1I

TYPICAL REACTUR PARAMETERS FOR TUF
SHUCK-UEATLED, WAL)L-CONFINED FUSIUN
REACTUR CONCEPISH

Mlanr radinsg (=) 1.2
Ma jur rudius (m) 0,3
Plusma volnqﬁ (TJ) 5.3
Density (19" /m”) 20
Temperature (P'\') 10
Averaged beta'!’ 5.0
Plasma jower deunlty (HH/m3) 62
fgnited/driven bura 1GN
Maguetlo flelsd (T) 3,8
Pulsed ennrgy (NJ) NA
" Burn time (s) T 0.5 o
0ft time (s) N 2,57
Neutron Cul‘ru?é)(ﬁw/m‘) 7.5
Thermal p%sr (MWt) 324
Net power (M) 85
System puwer densfity (Mwl/mJ) NA
Recirculating power frunctlim 0.32
Net plant efflctenry (n.rll = 0,¥W) 0.26

?‘;)}Ix-‘--mlu 1.0 becausd of wall-counfinument,
)Pow-'r per mutale,
such moules,

7.5 HW/m2 nt the shuvk=tube wall aml o net power
vut pnt nf ~ B1) !We, As fur mout uf the
fast-pulsed approaches, high=voltage and thermal

Inads preseat the major treadeotfs wasociated with

this relatively ~ompavt and high powar denslty
system,
L. Fast-Pulwwil Systems (DZI'R)

Thu Dense Z-l'tnel, Reavtor (DZPR) 5 revinls o
nmimlimr of wurprising devintious from conventiunnl
fustun renctur wisitom wilpha-particle henting way
be ddetrhnental tn the wyerall systen performance,
anml thee uptiomm high= operatlug puint may yleld
amats of  tunion power that are undesfralily
small, The DZI'R cuncept {8 elwuently simple,
representing ouwe of  the eurliest  conf Lnewment
schemes  considered, 36 A lyrge electrical enrrent

(~ 1.5 MA) I8 Inttlated wrng a  suli-millimeter,
Lasvr-farned cenrrent chamnel within

high-pressure (2 1 atm) DT KA, The
olmtrally-heated commtant-radius  f1lament woaulil
pruduve  210=41)  tlmens the  eneryy inltially
deliverel an mignetie field aml ohmle

ditanipattim, Bath  annlytic  and  numerleal
stolton®"  Indiewte a well-ideflomt uptimea that
relien . current  prugfomming to  achivve a

comntunt rallus (~ 0,1 mm) burn,

plasma Q=-value {n exeeny of 30 would regulre an

enrrgy of 2410 KJ to be dellvered within ~ 300 aa
aml o stalile lmrn periond of 2 pw {u the absence
or alphn-partivle heating aml curnnal
difftunlve/gus=tugestium prucanson, Ohmin

dissipation  provides the sole hoating] shock aml
cumprenntunnl heating  alung  conventbunal  lons
apperat  to be nmlesirable,  Recent MHD stabilley

A plunt may include twelve |

n .

A syswtom with a
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