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Alternative Fusion Concepta and The rrospects for lmproved Roactors”

R. A.

Lrakowski

Los Alamoa Mational Laburatory

Lor alawmos,

ASSTRACT

Paet trends, present status, =and future
directione 1in the search for &n improved fusion
reactor are Treviewed, and promising options
aveiiable tos both the principle tokamak and
other supporting concept sre summarir=d.

IN TRACING THE EVOLUTION of counceptual fusion
reector designs, the reduction of the dominance
of the fusion power core (FPC, 1i.e , plaema
rhamber, first wall, blenket, shieid, coil, and
reiated structure) and associated reactsr plant
equipment ewmergee as a centrel theme. Reduction
of the FPC eize s8snd inczesse 1in the power
generated per unit FPC maee are the most visible
but not eole elemente of an improved fuelon
reector, hovever. A summary of paet progreese,
preeent etatue, and fucure directione for
reactoer improvemente ie firet givan. An
overview of ®a jor optione for improved
confinement syetems 1ie then preeented, with
poloidail-field-dominated (FFD) ryetems appearing
particularly weli euited in meeting goale for
improved fuelon ruactore. The experimental
stetus and reactor prognoese for wmajor PFD
sy tems~~the revereed-fisid pinchk (RFP) snd the
spheromak compaci torold (CT)--ie then given.
Tre spherical torue (ST tokamak ie alex
inciuded ae a PFD-like variant of the tokamak.
Briefi concluelcne note the rich and 1inter-
releted ensemble of fueion options that promiee
a decreased FPC role 1n the overall coet
equaticn wnile simultaneocuely ellowving a more

flexihie ard rrar-afferriva davalopmenr parr.
Syetems that are amenabie to factory-conetructed
FFL: of wm:derate elrze ani capacity while

operating withls a reduced ..aclear envelcpe
emerge ee an atrractive go:: fosr fuelon power.

Tl-i-::riﬁp—;r—fi:-r‘cd under the auajpl: ee of us
Depaitment =f Fnergy. Office of Fuaslon Energy.

New Maxico 875&5

DIRECTIONS FOR IMPROVEMENT

The general perception <chat magnetically
confined fusion projects a central electric
powver atation that may be too large, complsx,
and costly, while requiring a development path
that 1is toc intensive of time and budget, has
led to a reexamination of goals and the charting
of new direction for both the principal
tokamak (1) as well as other fusion
concep.s.{2,3) Continued progress towards an
optimal end-product for fusion is most directly
illustrated in Fig. l., which for a range oi
conceptual fusion reactor deeigns gives the FPC
maes utilization (useful thermal power divided
by the FPC mase) and the FPC power density,
lines of aversge FPC dansity and ~he engineering
piver density for a range of fissile snd fossil
enargy sourcee ara also given. Progress tovarde
an optimal fusion energy source is reflected by
the relative positions cf conceptual design for
the esrly UWMAK-I tokamak,(s) the leter STARFIRE
tokamak,(5) snd the GENEROMAK, which 1is an
economic target recently suggested:20) for
fusion 1in general. Oungoing recxamination(i) of
the tokamak option generally projects optimal
deeigne that fall within rhe GENEROMAK range,
vhereee recent studies of othar proaieing
ap,roachee ba-ved or compact spheromak {(CSR)i19)
and reversed-field pinch (CRFPR)(9-12) reactore
project FPC parforuance, ae mesaeured on Fig. 1.,
aat unlike that for light—water fiseion reactore
(PWR).

Although the Fig. | deeign-point summary ile
ieeful for wonitering progrese snd projeting
joala, & @cis dstailsl amslyalas of phryaica and
technocloly constrainte and the aeesTlated
tradecffe related ro develiupmant coet and timr,
end-product oferational and ccet isesee, ard
jeners]l eafety and reeource concarne ie rejulrea
- define both the attrartiveneee aid
‘ompatitive.,eee of fuelon power. Henie, 1in

INumbere 1n parertheeee deeignate referencea &t
and of paper.
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efiiition t. iscrtessed PPC maes wtiligatiom, the
gouls for impiived fusisa rescters to varying
dagress are detaruimed by the fellowis, items:

o Petential feor reduced total pover ocutput
and associated capital imvestment, with
the prasibility of multiplexing a mmber
of smaller FPCs to drive a larger total
site capacity.

e Eaphasis and/or enhancemant
safety (eogainet a loas of
through inherent 4 4
character:stics.(30)

® Strass long-pulsad or steady-state plasma
oparstion while addressing related issues
of plasmz current drive, heatirg,
fueling, and impurity/ae: control.

of pessive
coolant)
design

® 8igplify tha FPC deei1gn in terms of
reduced filelds, streeses, and stored
\magnetic) energy while using advanced

materiala and/or [abrication technicues
only where cilear-cut advantages are
perceived.

® Maintain a high overall plant
by wutilizing direct energy
(wvhan possible), high coolant
teamperat:rss, and alnisus pover
recirculated 7o the FPC and associated
suppo.-t systens (i.e,, coila. current
drive, plaema heatere, coolent pumpe]}.

® Eaphasize physically small wmodular FPCIC

that asaure s flexible development path
and ultimately factory (off-site)
fatrication, full non-nuciear FPC pre-
testing, and single- or few-plece FPC
maintenance and repairv.

Although wmany of the technologiee that
determine the implemeatation of theea goaie,
and, hence, the achi.vement of the GENEROMAK
threshold terget, are generic to magnetic
fusion, details of the plasma confiaement
physics play an igportant role 1in determining
both the interaction and required advancesenrt of
these technologies. Cantral to thie coupling of
technology with physics is the plasma preeseurs
relative to the magnetic-field presaure
evaluated either at the piasma \physice beta, [}
or at the magnet co.l (engineering beta, Bgs.
slthough moet coeting modele used to eva)uate
fusion prospects predict a waak ~oet—of -
alactricity (COE) dependence on Hata for
4 > 0.05, the subtle but impcrtant 1impact of
this parameter on magnet technology (etreee,
e..perconducting vereus 1teeis-ive conductore),
siructural requiremante (etored energy, stiese,
forcee). and blanket choice, (high-power-density
liquid-metel breeder/coclants vereue other
eesparate-function combinatione) is eignificant.
Higher beta valuee, therefore, can open deeign
vindowvs and optione that 1increaee the end-
product credibilicy, while not neceeearlly
etrongly 1mpa.zing the CGE, ae preeently
compute !.

The

efficiency
conve:sion
fluid

meanrs by whiih P ana BE cen be
incruse«d and the aesocilated 1impac on FPL
geomatry and tac!-wology, therefcre, is ceatral
tce the goale for an 1improved fuelun reector.

For a tokamsk of minc: plawma rediue T, ®ajer

FPC POWER DENSITY, B /Vypc(MW/m?)

mcuau

of | (WRP)
5 -+ aon, sa
_ GENEROMAK
"~ HOT POOL) (1984)
MHTOR CREPR(S)
1.0 ionnrm’ -
n MSR (= 0.08) ]
i STANPIRE RFPR _
(1980) o :
MSR ([iz0.04)
- ERTR T
UWMAK-] (1974)
01-! i = a— Akl o P IIAAJ‘
10 10 10 10
FPC MASS UTILIZATION, Iy, /M., (MWt tonne)

Fig. 1. Summary of FPCU on engineering pover
densitise projected for recent fusion reactor
dvsigne: The early Un‘vereity cf Wiscowsin
UWMAK-1 tokar-“(«); STAKFIRE tokema:i5); “ulram
MkIIB cokamak:“ ; superconducting Reveraed-Field
Pinch Rea:tor, RFPR(?,8), Compsct Reve.-ped-Field

Pinch Reactor, CRFPR[22](9, 101 and
CRFPRiS5](11,12), Loe Alamoe Modular Steliaretor
Reactor, MSRitll); Univereicy of Wieconein
Modular 6tellarator Raactor, UWIOR-Milw«), ELM
Bumpy Torus Reactor, EBTR{i%): Mirror Advanced
ReactoT Study, MARS(16:; reactsc baeed on
OhIJClllyTﬂ.lr.d Toroidal Experiment, OHIFv17);
Kiggatron tokamak(18°%, compait sphieromak
roactor, CSER{19; gervaric fueion reactcr,
GENURCMAK(20). The eagineering power denelty
for a nusber of fusion Treartor eyeteme are
gh:awm, where the viiumee are defined by the
primary preesure veesesel: Preseurizea-werer
Reactor, PWRi2]1,22); steem qenerat-T for a PWR,
45(22); Superphenix Faet Bree.er Reactar,
FBR(SP)(23), Advanced Gae-Cooled React:zr,
1GR(24); Magnox Gas-Cooled Reactor, MAGNGXIZ%)

‘fodular Fast Brreder Reactoi, FBR(MRF)(.6),

dodular High-Temperature Gae Reactor, MHTGLRiII™)

Freesurized Heavy-Water Reactcr, CANDU{ZR:, Thc
cyclone furnace ueed in a wmodern coal-fir-d
plant ie aleoc showni29). Except far the mad:iar
fieeion plante, moat eyetems are 1a the
~ 1905~-12v) Hleinet) clase.

radiuu lT' toroide’ current and tor=lael!
field B, antxlitv—rnlnth bete limite
generally scale aa B~ tig = £riﬁ.. wip!
ini reaeed beta fzr a given li}lEy fart.r,
qQ = B fl impiying small ampe.ti-ratl.
l: e = and high-c.irrent p]l.-ll-llll

Increaeed Elﬂn.lrxnu of the -laems mlnar - r.as-



saction also incresses(32) I, amd B The
increased plasma curreat, hﬂ.n?. mey make more
difficult plssma startup, currest—drive, amsd/or
disruption comtrol,(l) amd beta-emhancemsct
scheass based on plasea-shape (inboard
indentation) snd current-profile control in
larger—aspect-ratio, lower-I, toksmaks aTe also
receiving attention(3l). By plassa 1indenting
scd profile control, bellconing instabilities
tha® now limit the tokamak beta (through plaass
disruptivn) can theoretically bes reroved, and a
second stability rsgion (88R) of high-bata
(> 0.15) cperation 1s predicted. The indenting
or "pusher' coil es wnll ae tke feasibility of
snd degree to which current profiles must be
conirol led, however, present concerns for the
5SR tokamaks.

While B8SR tokasaks may allov stability
egainst ideal ballooning and internal kink
podee, possibly requiring an electrically
conduct ing first—well ahell to stabilise
extarnal cr surfare kinks, the RFP admite a
large nusbrr of internal kirk wodes into the
plasma by decreeaing the safety factor q to
below unity on the plesma axis and allowing even
lower values mneer the plasma edge, wvhere q
reverees sign. The reeulting high edge-plasms-
sagnetic sheer poseibly coupled with soma fora
of short-term first—weijl stabliiisation of
external (surface) iink modes givee a high-beta
plasns configuration that reeide stebly 1in a
near-minimum-energy state.

The spherom:k tn terms of q-profile and
number of modee admitted intsc the torus reeidees
between the RFP and convrsitional tokamak, with
typizally the on-axie g being ~ 0.7 and
decreesing tz beiow ~ 5.5 at the geometric axte.
Thie q profiie 1e eteepened when current 1is
drivea o5n open poloidal fiux surfecee, but
neverthelass only ralatively iong wavelength
aDdee are admitted to the spheromak compared to
the RFP. Unilke the RFP or tokamak, the high-
beta spheromak has no exterual conductor or
sther structure linking the torus, and a
uniquely attractive p.asma geometry results.

The polzidal-fieid-dominated (PFD) plaemae
cffar unique routes to achieving the
ef cremantioned goale for significantly improved
fusian reactors. While thae RFP and spheromak
ere truly PFD systems, the Zokamak 1i: the form
f a low-wspect-ratis (¢ = 0.6-%.7) ephericil
tar:ar 3] alan has e etrong poinldel fraid ar
the gutboard egulitcrie]l piane, and to eome
degree may shere eome of the attributee =f thaea
hiph-bata PFL ayetems vhile operaring withir the
§ 2 2-3 tolamak constrainte.

STELIFIC APPROIACHES

OVERVIEw GF OFIIoNy - Filgure Z. dep'-ta
key ¢lassese of magretis confinement eyeteme
preeently urder etudy. Thie chart le orgarired
tz emphiasize approximate relatiinehlpe betveen
cancepta, with eyetame @ufirLing lerge plesma
furrente poeliioned an the iefr, while thoee
rontalni.g Iittle or s plsima rurrent being
N8 tlce.ad on the right. The letter asvyetema are

deminated by externslly 1imposed amial ¢
toroidal wmagaestic fiealds (iselsding the
“conveatieaul” tohamak awml tho ~avdea mirver)
and, therefore, gensrally require lacpe
supercoaducting coils. Confinsment Jystems
located on the left side of Pig. 2 eupport wore
of the pleoma pressure k¥ azieraal plasss
currents, hive reduced requirensuts for
externally imposed magnetic fields, and to
varying degress can operdte vwith afficient
resistive (copper or aluminum alleys) coils;
these PFD comcepts require miniscl blaaket/shell
Tequiraments compared to supercoanducting
systems, and a censiderable reductiom in the FPC
mags, sise, and complexiry is envieaged.(z,3)

T AOMBATID TORRB

T BAENCA. TORS

O8R BECOND BTABLITY REMON

DZ® DEAMNSL 2-PNCH

AFe MVEARED-FEILD PEe(n

CT COMPACT TOROID

FAC FELD-ARVERSED CONFIQUEA 'ON

8/T/m GTLL ARATOR  TOASATRON- HELIO TRON

F:g. 2. Options for wsagnetic fseton, The
higher-beta optisna [or the tokamix inc ude the
spherical torus, 8T(31; the elongated torus,
ET(32); and operation in the eecond e abiitty
region, S8R(313,. The ste'larator/cc.satron-”
heliotron is grouped as 8/T/H. 13,341, As (-r
the 35/T/H, tha bumpy torusil5) can be siewed iwn

tarme of nlasma -~anfinament ¢n Arifr s rfa;r=a

th.s usuelly large ey.tem projecting compactneae
vhen form«d 1rio a iquare or higr-osrder
Puashaldron(.'6). The reversed-fieid pincs,
R¥P 3,]2), 1\ tle firet significant step awvay
from the "corventional” tokamak ae a FFi* eyetenm.
The Danse Z-P nch, DZIP,1411) and compart torzid
(CT) sphecomik( 19! have no toraidal fileld
cutside the rlaema. The fleid-revereed
configaration, FRC(36), 18 & CT with no rorsidai
field, aither i3side or outeide the plaema. Tha
tendem mirror{(16,371 embondiee characterierire =f
bath FRCe, 5§/T/Hs, and bumpy toruese. ejuarse,
including the uee of high-field cuparcornd..cring
and reeietive cclle, drift eurfacee, energeti-
electron ringe, and lineer centrel gecmetrv.,



Te vwzrying degrees, the advanced tokamars
(1.e., SI, KT, S8R) attempt to enter this FFD
regien, wity the afficieat usa of resiative
soppar colls to confine highar-bera, higher-
powsr—dens ity plassas alao proaising dramatic
reductions in FPC eize, mass, complexiiy, and
cost. Althcugh the tokamak physics data bacsa
far outstrips many of the other approaches
listed or Pig. 2., the advanced tokamak
embodiments wust project significantly from
present understanding into regions where other
concepts have aqual if not stronger data bases.
This situzation coupled with: a) the ability to
transfar physics underetanding acroee concept
boundaries, b) strong axperimantal successes,
particularly for RFPs, spheromsk CTs, and FRC

CTs, and c) the possibility to exterd theee
latter concepts to viable ccmparcial end-
products without ever-increasing plasnma aizes

sll conbine to point to significant improvemente

in sya-ems located on the PFD (left) side of
Fig. 2. For these reasons the prognoese for
improved reactores is baesd on the RFP,
spheromek, and the ST tokamak,

Improvementa in the toroidal-field-
dominated systeas have also been
suggested, (35-37) although these systeme wouild
sxploit advantagee that ds not necessarily
include redu-ed PFPC coet and size (1.e.,
inherent safety accowpenying low-power-density
plasaa operation, intrinsicaily steady-etate
Plsemas, high-9 ignition, naturel divertor and

seperation of D’ neutron and
fluxes, and linesr geowetry).
It is noted that the FRC(38,39) end DZP\«(;
are fully contained by poloidal field (1.e.,
toroidel or arisl plassa currente) and present
reactor extrapola:ione that ara unique and
intereeting 1in thair own right., Conelderatione

charged-perticile

of etability, however, gensrally dictate pulsed
oparation for theee 4ystems, with moderately
comprehensive reactor etudiee baing availabie

only for stationary{39) or transletingia(i) FRie.

POLOIDAL-FIELD-DOMINATEL {(PFD; SYSTEMS -
The phyeics aid reactor statue of bot: the
RFP141,12) and the ststionary (gun-producad and
suetainad) epheromaw(4:,19) have been re.ently
revieved and are summarized here ae being
prototypical PFD eyetese. The 5T tokamar,(31)
while not a PFD svetem, ie neverthsleee
Ssummerired here ae ¢ tokemak option thet wmay
ale: shere eome reactor besafite of operatirg in
thia regims.

Revereed-Field Pinch (FFP); - The
emerging ae an attractiva reactor
becsues of encouraging physica resulte
nunter of exparisente and Lecesee of
P-opertiee that promiae concact, high-power-
deraity rea.r re.t¥%-1Z) Ae for the tokamak, tr-+
puicidal freld, bg, 16 the kFP te geverateu 1y
torzidel rplasme currente, but the toroided
fi1eid, B_ within the plaoma 1: caparabie to B
and darr -aeea through eeru to a swall negative

RFP 1le
concept
from a
inherant

value (hence, the name RFP) outeiie the plaema.
Tha RFP englneering features, therefsre, are
dominared bty the peloldul field, wilsk decreasse
from the [laema 1nveresely wiLl, dielence L= the

ION TEMPERATURE T, (keV)
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Fig- 3. Comparieon of past and projected physice
performance of the pPrinciple and other
confinement concepts given on Fig. 2.

p=lcidal coile. The reeulting high-beta
is particuleriy amenabie to confinement by law-
field (low-current) copper-alloy coile that :an
be eeparated from the plaemsa by the mainlnum
thicknese (U.5-U.7 m) required for a blanker to
breed tritium and tc recover the fueion energy,
the absence o thick shielde reguirad of
euperconductore coneiderably reducee the mass Sf
both co1l and blanket:shield systems, projecting
1000-2000 tonne FPCe rather than 20,00U-30 s
torie unito envisaged for superconducting
reactore of comparable power output. In
addition to opereting with plasma current
denairiee that are sufficient for ohmic heating
the plasma tc ignition, consideratly etlmpiifyiag
an othervise major complexity for fueizn, the
close coupling of toroidai and polcidal currents
(fielde) in the near-minioun-energy RFF plaama
promisee a unique ability tc rectify cxternelly

plesma

applied voltage oscillatione and t- drive the
plasma current withk nc net change 1= Lhe
peloidal flux linking the torus, tre vary
mechenisn that auetalne the g %<1 RFF
conf.guration rizmieee a @meane for  1low-
frequency, low-power current drive.

Thee« 1idaas form the baeis cf the sonfpacr

RFP reactur(9-12) and have received ronelderatile
subetintiarion by wmxzxdern RFP experimente and
theory.(41) Thle sprogrees 1e ocouring 1n f[1ve
RFP ar+ae, plasma ee.up/formation, plaems
suetalnsentdycam:, conf inewent, Flasms-well
intcrartion, and stead -atat" current drive.
Tne RFF fleld configuratircn (i.e., stromg
axle torolda! fiei_ s or magnituce comparacle t..
the p3lojdal field and decreasing t- ewmairl,
reveree: value outeide the plaema) would i the
baeia of claesical reeietive thesry be expe-te:l
to de-ay to m uniform filelc profile of magiiiude
ejue] € thet 1lmposed on the external Tour.ldael-—-
fiefl olim. The RFI' coenfilgurati-w caun ke



shown, (43) however, to rapresent a asar-ainisue-
enerTgy state, and plassa relaxazisn through sn
internal plassa dyaswmo action meintsins a wmwet
poloidal plsems current acd associated toroidal
fiald, using the poloidal-field circiut as an
energy sy 2ly. Bence, once slowly formed, the
RFP configuration can be maintained as long aa
toroidal voltage is applied. Furthetwre,
sustaioment through the dynamo effect can be
used to ramp slowly the toroidal current and
create internal toroidal flux; the dynamo action
to date has more thun tripled the toroidal flux
during such alow current ramps.(4l)

Given the ability to form alowly and then
tc sustain the RFP configuration, the transport
properties iun these high-beta, ohmically heated
dischargee and the scaling to the reactor regiss
become of paramount 1interest. Modern RFP
sxperimante show a scaling of plassa pressure
with the square of the plasma current,
indicating i1hat the plasss bets 1e constant
{1.e., 2ok pT = BgB/2uy = Epl rﬁ). This
conscant-bete ecaling Kas (] predicted
theoretically(4s) and suggoets an  enargy
confinemant time, 1} - t(Be)r)ir, where
v » 1-1.5. The higher value of v g.:;l[l from
classical scaling of gllnna Tesistivity with
temperature n = Z . ,/T 2. ea 18 obaerved
experimenzally), tgc assumption of conmstant BE'

and the constrarnt thast Igu'zn {(an electron
streaming veiccity) 1is onlgnnt. Figure 3.
shows the extunsion of thile experimentally

verified ecaling towerde the next step in the
RFP program, ZT-H,i&1) DT 1gnition, and reactor

conditione. Specificelly, the obeerved ecaling
predicts for the Lawecn parasater,
oty = Bol 2 2T ¢y, and is  spproximately

inuependent of size. Apprsachae to ignition and
burn emerge that strese pleema current and
select plama size Goly to wmeet engineering
heat-transier and plasma—wall-interaction
constrainta (1.e., n “ 1:Z2.¢¢), these
epprcaches  generally favor laee—expeneive, low-
technclogy, saaller, and mcre flexiblie eyetems
aloug the divelcopment path to commercial fusion.

Plasma performance ard the technology of
the plasma-wall interucticn «woon ba~oma lioked
for the RFP. Control of local field errore -
these smallur exparisante bacome crucial to
attaining "igh current and good confinement a:
“igh temperatura in smill eystems. The role of
2¢2 recycle from the vacuum wall ie important.
Low-Z limitere ar« only beginning to be wueed,
and the nability ts maintain the diecharge
density (1.e., countrcel plasma “pump out’) by
proper pre-diectarge wall conditioning le bwing
developed euccaeefully. (&1} Progreee along the
T trajectory dieplayed 1in Fig. 3. and the
atze and roet of the requirec devices wiil he
determined in large part by an evolving
nderetanding ard contrel of thie plassa wall
interaction, firat by the implementaticn of
passive limitere (for ehcrt-piilee operetion) and
thern by uee of weltner (pclolidel) arraye ol
pumped ilimiterei%r or tar:ida.-field wmagnetic
divertore.14fbs

The stresg, noa-limsar eeuplisg of the
toroidsl and poloidal cireuits through ths maar-
alnises—-energy, contimsally relaxing RP?
promises & mon-izvasive msdns to drive steady-
state current by low-freqeeacy (few Ba at
reactor comsditions) necillation of the D_and B
circuits.(46) By proper phasing of the !orolu
and poloidal wvoltages applied to tha RIFP,
poloidal and toroidal flumes ecan be oeci l}:“
with lirons inkags (i.e., helicity, K K = f} |
vhere § = ) into the plassa oo upe half qclx
and removad with lees flux liokage (or helicity)
on the fnllowing balf cycls. Given that
snomolous flux absorption through the plassa
dynsso occurs, a means to injact net magnetic
helicity into tha plasma as it is resistively
consumed provides for a low-technology method to
sustain the plassa current indefinitely.
Partial testa of this oscillating field or "F-6
pmping” current drive have been siccessiul,(4l)
but full tests must await ho-ter, lese-resistive
plasma. Current drive by electromtatic (i.e.,
dc) 4ipjection of magnetic helicity, rather than
th2 low-frequency electromagnatic pumping
dercribed above, may also be posuible by proper
arrangemsnt of electrodes in the plasma
scrapeoff, this method being euggestel for the
gun-sustainaed spheromak,(19,42)

Spheromsk Compact Torug (CT) - ACT 1is an
axisywmetric torus that has 0o magnet coils,
conducting walls, or vacuum surfaces linking the
torus. With only polcidal field and 1in an
elongated (prolate) form required for stability,
the high-bata (0.8-1.0) FRC results. Tnc
spheromak ie a CT with both Ie and B fielde,
and, lixe ths RFP, both are co-p:rnblc in
rmagnitude and generelly configured ae described
by the Tay'or near-minimwa—energy state.(43)
Spheromai s have besen generated using wmagnetized
co-axial plaama guns [CTX,(42,47) BETA-11({48;,
combined faet-puleed Z- and 6-pinch techniques
{P5-1),749) and electrodeless flux-core
formatior techniquea {8-1),(50,]. Raactor
prcojections have beaen made for spherosaks formed
by flut-core(51) and sagnitized-gun(i9)
techniques .

In addition to the attributee of strong
oheic hea:ing, high plassa and even higher
enginesring beta, snd the effici nt use cf
resistive {(squilibrium) colle tc give a high-
mase-utilization FPC, the sirply connected T
magnar!. sa marry sivea addad simnl:ficae:lion an2
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reduces even further the impact of the FPC arnd
thhe overall .ost equaticn for fueion. Tormaclon
techniques baeed on a wmagnetized co-axisl
elactrode aled givee the added promiee for an
exc-reactor Jdivertor .+ 1mpuricy caontrol ae
vell as the proper arrangement of electrodee t=a
itije.t wagnet!cr helicity with an externally
sprliea dc voltage, dc current drive through
eleczrocee immereed only in the plasma surapesff
becor:a poeeible. Hence, toroidal flux emarging
from the magneticed gur electrodes linke a emall
frarzfon of polo dal flux at the outer flux
eurfacea and heltcity 1s 1injected at a rate
reguired to eustsin the pFlaema againet ree’etive
decay me well aa wupplying power lcesee 'ncurred




4a the divertor aad the eodge-plasmsa Cegions.

evideoce has been reported for such
oudtaimment over times that ars tsn times the
NAgRet-aVeI LY decay time.(42) Generally,
presest~day electrode-sustained spheromseks have
a higher impurity content and poorer
confinemenrt, operation in the detached or
separated wode givi the better results
(~100 eV, i =4(10)'%s/m¥) for  these
relatively small (BI + 1. = 0.40-0.70 m)
Plasmas. The dévilopment o clrnnar and wmore
efficient (with respect to helicity inje:ticn)
@lectrode systems repraaent key areae of
research. (47) venerally, the spharomsai
represente & logical anéd highly attractive
extension from the elresdy prouising reactor
improvement project { : the RFP.

Spherical Torus (S51) Tokamak - The plasma
performance for the tokamak s3 msacured by .
f, and current drive, depends strongly on plasma
shape [aspact ratic (lic), elongstion {«xj,
triangularily (d), and indentation ({(ej] and
curreat profile. For a givan value of q » 2-3,
critical MAD beta limits incresee with € or L
e | tends aleo to 1incresse vwithk I, but high-
frequency current drive expectedly b:ko-cc more
power intensive st high valuee of I_,. Coupled
with the goal to reduce FFC size, mass. and cost
by reducing the plaswa major radius, the ST
concept has emergedi3i) with lie = 1.5-2.0,
I = 15-20 MA, q = 2.5, and g > 0.Z. The ST
t:lctor embodipent requiree all structure except
the toroidal-field-coil return conduction toc be
Temovsd from the region inboard o* the piaema.
Conventionsl t okstask equilibrium cavees a
naturel plssma elongetion of « =~ 1.5-2.i for
these lov-aspect-ratio eystems, and, altnough
q = 2.5 an average, the poloidal field can be
comparable to the toroidal field at tne plasma
outboard side, hish-Leta rlaemss with reduced
toroidal fields result.

8ignificant par-magnetiser is aisc predicred
for the ST configuration , wherein the on-axie
toroidal fileld can excaed tie vscuum field by a
fector of 2-3. A curioua tokamak configuration
Tesulte that in gshape outwardly rasembles that
of a spheromak with a hard-core conducter,
exhil .te a paramagnetism like that more wtrangly
operLati’e in dIPe and spheromska., bt ie
eteblized according tc traditionsl tokamak lore
(a > 2-3:. Tre deg.a ro which the S8T. RFP, and
epheromak have acceas to minimum-ener,y statat
and the character of the MHD proceee~r that
C.8te channele for plassa relaxaticr ara
Crterained by the q(3) and . T-i B
profilee, beth c¢f  apich differ conciﬁnrablj
amonget theee concepta.

Since ro™a 1a not available at the 1nboara
ragicn of the BT for poloida) field solesold, a
non--inducrive masie ile needed both t= Iinitiate
and to drive the large toroidal current. While
high-frequenry wavie ray drive curranr 1in low-
denaity rlassa, rha stirong paramagretiem maka
tempting the poetulata that oecillating-field =r
"“F-6 pumping” currsnt drive may be appliceble tr:
the 8T toxamax se vell. For thle current-drive
machanism TS Ww.rk, however, two bseli pPremiase

sust te fulfilled: a) L= ,3*B/BZ 1s nearly
constant & measure of the ninimus-energy
state), and b) a relatively quiecent relaxation
procass is available to provida the plesma a
channel(s) for relsxing to the pear-minisum-
ensrgy state after externally imposed
perturbations withou: disrupting. Although the
constancy of . can be readily tested with sn
appropriate equilibrium code, the availebilicy
of non-disruptive relaxation channels for a
q > 2-) toksmak that ’n richness epprocachee the
qQ <C1 RFP and the q < 1 spheromak reasin 1is
open questions. A partial indication 1is given
by the aspheromak, whichk 1e capable of non-
disruptive relaxation tnrough a small cumbtber of
low-n (toroidal) wodes. Ancwers to these
questions are actively being developed for the
ST as one of a number of significent tokamak
improveseant (Fig. 2.) that may leed to smaller
reacrore not unlike thoee suggested for PFD
systems.

CONCLUSIONS

A oumber of options and opportunitiee exiet
for significant improvement in the proepects for
cosmercial fusion powar baeed on the principal
tokamak as wvell as other concepte. The inter-
relationship amongst the options are becomi:ig
clearer as physics underetending deveiope. Tne
directions of significant improvement lead to
systems that aesume wore of the taek of plaema
confinemeant, hesting, and evetainmest Cthrough
seif-genarated fields rather than ty 1ms0neing
theee furctions excilueively on compliex and
costly anginearing syetems that surraind e law-
pover-density plasma. Central to the needed
reduction in FPC size, cost, and complexity 1s
the use of efficient and cloeely coupled copper
col.s that 1ideally provide only an ejullibriim
function. Plaena systems that are pclcidal-
fi_.1ld dominated offer unijue [romiee 1a thkls
Tegerd and aeay include tokanak variante.
Although the tokamsk phyelcs data base le better
dev=]oped than that for PFC eyeteme¢ like the EFP
or spheromik, the degrec to which theee advan-ed
tchamake muet exirapolate from that data beae 16

ngc: +nlike that for the other epprsaches.
Advencee 1n theme oLher concejpts nLve beel:
astounding, and the promiae 1w grear for
devalovmunt pathe that aiter conelderat’v the
previouely aseumad trend of ever-escalaticng
device sizs and voet. A lese coerly bit halder
and mo.e-flexikle deve.spmest paLn L.

commarcializatisn e amticripated for bari. tirae

PFl: eyeteme ae wcil 4@ apriopriately taliored
veriante of the prinrifle tokemak.

REFFREN-E=
i. Co C. Bavey, 'New Diracticne i Towamas
Rea-tore,” 5th ANS  Tap. Meg. & Lhe

Tachn:l. :=f Fue. En
iMarin 3-7, 198%:,

. San Fras-ia-., A



10.

11.

12.

R. A. Krakowski and R. L. Nagenson,
"Compact Fusion Reactorso,” Mucl.
Techncl./Fusion 4(3), 12653 (September
1983).

R. A. Krakowslki, R. L. Hagenson, and

R. L. Miller, "Small Pusion Reactors:
Problems, Promise, and Pathways,” Proc.
13th Symp. on Fusion Technology (to be
published 1985).

B. Badger, M. A. Abdou, R. W. Boom,
R. G. Brown, T. E. Chang, R. W. Cona, et
al., "UWMAK-1, A Wisconsin Toroidal Fuwion
Reactor Design,"” University of Wisconsin
report UWFDM-68 (March 1974).

t. C. Baker, M. A. Abdou, R. M. Arons.
A. E. Bolon, C. D. Boley, J. N. Brooks, et
al., "STARFIRE - A Commercial Tokaaak
Fusion Power Plant Study,” Argonne National
Laboratory report ANL/FPP-30-1 (September
1980).

A. A. Hollis, "Ar Analysis of the Estimated
Capital Cost of a Fusion Rasactor,’” UKAEA
Harvell report AFRE-R9933 (June 1981).

R. L. Hagenson, R. A. Krakowski, and
G. E. Cort, "The Reversed-Field Pinch
Reactor (RFPP) Concent,” Los Alamos
Scientific Laboratory reprrt LA-7973-MS
(August 1979).

R. Hancoux. R. A. Krakowski, and
W. R. Spears, "The Reversed-Field Pinch
Reactor,” Nucl. Eng. and Design 63(2),

251 (1981).

R. L. Hagenson, et gl., "Compact Reversed-

Flield Pinch Reactors: Preliminary
Engineering Contiderations,” Los Alawmos
National Laberatory report LA-10200-M5

(August 198<).

R. L. Hagenson, R. A. Krakowski, C. G.
Bathke, and R. L. Miller, "The
Reveraed-Field Pinch: A Compact Approach to

Fusion Power,” lroc. 10th International
Conf, non Plassa Phyeics and Cont. Nuci.
Fus. Res., papar CN-44/HITS, London

(September 12-19, 1984).

C. Copenhaver, et al., "Fusion-Power-Core
Design of a Compact Reversed-Field Pinch
Reactor (CRFPR)™ 6th AN, Top. Mtg. on the
Technol. of Fue. En., 5an Francfac,, CA
(March 3-7, 1985).

©. Copanhaver, et al., "Fus.ion-Power-Core
lategration Study for the Comract Reversed-

Flield Pinch Reactor (CRFPR): A Follow-On
Study,” Lcs A'amos National Laboratory
report LAMS (to he publishea, 19851.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

z3.

24,

2. L- Miller, C. G. Bathke, R. A.
Krakowski, F. M. Neck, L. Greea,
Jo. 8. Karbowski, et al., "Tha Modular

Stellarator Reactor: A Fusion Power Plasat,”
Los Alamcs National Laboratory repart
LA-9737-M8 (July 1983).

B. Badger, I. K. Sviatoslavsky,
Sciver, %. L. Kuleinski, G. A. Emmert,
D. T. Anderson, et al., "UNTOR-M: A
Conceptual Modular Stellarator Powur
Reactor,” University of Wisconsin report
UWFDM~550 (OGctober 1982).

8. W. Van

C. G. Bathke, st al., "ELMO Bumpy Torus
Reactor and Power Plant Conceptuai Design
Study,” Los Alsmos National Laboratory

report LA-8882-MS (August 1981).

B. G. Logan (Principal Inveatigator), et
al., "MARS: Mirror Advanced Reactor Study,”
Lavwrance Liversore National Laboratory
report UZRL 53480 (July 1984).

R. F. Bourque, "GUTE Reactor Concepts,"”
P-oc. 9th Sywp. omn Eng. Prob. of Fusion
Research II, 185], Chicagc, IL (October
26-29, 1981).

R. A. Jacobgen, C. E. W. gner, R. E. Covert,
“Systems Studies of High-Field Tokamak
Ignition Experiment,” J. Nucl. Fus.
3(4), 217 (1983).

and

R. L. Hegenson R. L. Krakowski,

"Steady-Stste Spheromak Reactor Studies,”
6th ANS Top. Mtg on the Technol. of Fus.
En., San Francisco, CA (March 3-7, '985).

J. Sheffield, et al., "Cost Assessuent of a
Generic Magnetic Fugsion Reactor,” Oak Ridge
Nctional Laboratory report (to be
publiahad, 1985)-

United Engineers and Constructore, Inc.,
"1900~MWe Cantral Statiorn Power Plants
Investmeant Cost Study,” U.S. A.E.C. report
WASH-1230 (June 1972).

A Walker, "Design of the PWR for Sizewell
‘B°," The Nuclear Engineer 24, 6, 176
(1984) [almo. UK Central Electricity

Generating Board Brochure, "A Technical
Outline of Sizevell'B : The British
Preasurized Water Reactor.” (1983)].

A. E. Waltar and A. B. Reynolds. Fas®
Braeder Reactore, Pergamon Press, NY
(1982).-

G. C. Dale (ed.) and J. M. Bowerman, 'The

Safety of the AGR,” UK Central Electricity
Generating Board and BSouth of Scotland
Electricity Boa~d (198.).



23.

26l

27.

28.

29.

30.

31.

3a2.

33.

34,

35.

36.

37.

3e.

J. Rall, The Story of the Construction of

Sarkele7 Muclesr Power Btationm, Leonavd
 TH B ﬁ;, London (1963).

R. Myers, "For Gensral Electric Tiny
Breeders Are In," Tne Energy Daily (May 15,
1984).

C. ¥. McDonald and D. L. Sonn, "A New Small
HIGR Power Plant Concept with Inherently
Safe Features—An Engineering and Economic
Challenge,” Proc. of American Power Conf.,
45, 318 (1983).

L. R. Haywood, “The Candu
Atomic Energy of Canada,
AECL-5321 (January 1976).

Pover
Ltd.

Plant,”™
report

Steamw, Its Generation and 'Jse, Babcock and
Wilcox, 39th Ed., NY (1978).

B. G. Logan, "“A Rationale for ~Fusion
Economics Based on Inherent Safety,"” J.
Fuaion Enerxgy (to be published, 1985).

Y.-K.M. Peng, ‘“Spherical Torus (ompact
Fugion at Low Field,"” Oak Ridge National
Leboratory report ORNL/FEPL-84/7 (February
1985).

M. Okabayashi, et al., Proc. 10th
Internat. Conf. on Plasmu: Phys. and
Controlled Nuclear Fusion Research, paper

IAEA-CN-44/A-1V-3, London (1984).

R. C. Grimm, et al.,

et "MHD Stability of
Bean-Shaped Tokamaks,"

Priaceton Plasma

Physics Laboratory report PP”L-2090 (March
1984).

J. L. Johnson, "Recent l'evelopment in
Stellarator Physics,’  Nacl. Technol./
Pusion 4(2), 1275 (1983).

R. L. Miller, "Recenr Progress in

Stellarator Reactsi Conceptual Design,” 6th
ANS Top. Mtg- on the Technol. of Fus.
En., San Francisco, CA (March 3-7, 198%).
N. A. Uckan, et al., “"ELMO Bumpy Iquare,”
Oak Ridge Nstional Laboratory report
OBRNL/TM-%110 (October 1984).

B. G. Logen, et al., “New Directions for
Tandem Mirror Reacrors: MINIMARS,™ 6th ANS

Top. Mtg. on the Technol. of Fus. En.,
San Francisco. CA (March 3-/, 1985).

R. L. Hegenson and R. A. Krakowekli, "A
Compact-loroid PFusion Reactor Based on the
Fiald-Reveraed Theta Pinch "™ & Alamos
National [Lsboratory raport LA-B758-MS

(March 1981).

39.

40.

al.

42.

43.

[ T

45.

46.

47.

48.

49.

51.

R. J Willenbuvrg, L. C. Steinhaver, A. L.
Buffsan, T. L. Churchill, P. H. Rose,
"Tract Fusion Reactor Studies," Proc. 4th
ANS Top. Mtg.. on the Technol. of
Controlled Mucl. Fusion III, 894 (October
14-17, 1980).

R. L. Hagenson, A. S. Tai, R. A. Krakowexi,
and R. W. Moses, "The Dense 2Z-Finch (DzZP)
as a Fusion Power Reactor: Preliminary
Scaling Calculations and System  Energy
8alance," Nucl Fusion 21(i1), 1351 (1981).

R. S. Magsey, et al., "Status of the ZT-4OM
RFP Experimental Program,” 6th ANS Top.
Mtg.. on the Technol. of Fus. En., San
Francisco, CA (March 3-7, 1985).

T. R. Jarboe, et al., "Spheromak Studies on

CTX,” Proc. 10tt Inter. Conf. on Plas.
Phys. and Coat. Nucl. Fus. Res., paper
CN-44/D111-1, London (September 12-19,
1984).

J. B. Taylor, "Relaxation of Toroidal

Plasma and Generation of Reversed Magnetic
Field,” Plys. Letts. 33, 1139 (197<).

J. B, Conner and J. B. Taylor, "Resistive
Fluid Turbulence and Pnergy Confinement,”
Phys. Flulds 27(11), 2076 (1984).

C. G. Bathke, R. A. Krakowski, and
R. L. Miller, “"A Comparison Study of
Toroidal Field and Bundle Divertors for a
Compact Reversed-Field Pinch Reacrtor,” 6th

ANS Top. Mtg. on the Technol. of Fus.
En., San PFrancisco, CA (March 3-7, 1985).

K. F. Schoenberg, R. F. Gribble, and
D. A. Baker, "Oscillating Field Current

Drive for Reversed-Field Pinch Discharges,”

J. Appl. Plys. 56(9,, 2519 (1984).
T. R. Jarboe, “The Los Alamos Spheromak
Program,” IAE* Symp. on Compact Tcroids,

Sydney, Auitral‘a (Marc' 1985).

W. C. Turner, et &l., ™Production of a
Yield-Raversed Plaama Wirh a Magnetired Co-
Axial Gun,” 52(1), 175 (1981).

G. C. Goldenbaun, et al., "Formatior of a
Spheromak Plaema Configvration,” Phys.
Rev. Lett. 44(1), 393 (1980).

M. Yamada, "Quaeistatic Formation of a
Spheromak Plaama Configuration,” Phys.
Rev. Lett. iﬁ(l), 188 (1981)-

M.Katsurai aad M. Yamada. "Studies of
Conceptual Spheromsk Fusion Reactors,”
Nuci. Fus. 22(11), 1407 (1982).



