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ABSTRACT

Compact, high-power-density approaches to
fusion power are proposed to improve ecunomic
viaoility though the use of less—advanced tech-
nology ir gystems of considerably reduced
scale. The raticnale for and the wmeans by
which these aystems can be achieved are dis-
cussed, as are unique technological problems.

I. INTRODUCTION

The engineering de.elopment needs for the
BAinline tokamak have been quantified by
detailed conceptual design atudies of both
first-generation engineering experimenta:" and
commercial power reactors,? while similar
studies of the Tandem Mirror Reactor (TMR)“™®
as well as nearer-term engineering devices? '8
are being conducted. The status of reactor
designs for tokamaks, tandem wmirrors, and
alternative fusion concepts (AFCs) has been
summarizaed quantitatively, »10 and a qualita-
tive assesgwent of the engineering and tech-
nology needs of tne wmajor AFCs has been
presented recently.!! The assessment of
economic viabil ty for magnetic fusion energy
(MFE) provided by these studies can become
somewhat conveluted and obscured by the inter-
dependence of complex physica, enginecriag, and
costing/econonlcs. In order to circumvent in
part the amdiguity that wusually acrompanies
attempts to combine and interpret results from
a  large oumber of vrelatively independant
studies, this paper proceeds ou the basis of
one sdimple ohgervation and one straightforward
vemedy proposed to reduce the d{uplication of
that obsevvation. Specificaily:

® Opsaervation: most fumion power raactor pro-
Joctiona, be they mainline ov AFC, {adicate
a4 water-heating fusion power core [FrC,
fees, firnt-wall/blonket/uhiecld/collu (FW/B/
8/C)] that {8 at least an ovder of megnitude
wore massive, voluminous, and complax than
alternatives.
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® Implication: these MFE asystems will be
appreciably more expensive than alternative,
long-terz energy sources in spite of a
negligible fuel charge.

® Solution: FPCs of considerably higher power
density that simultaneocusly operate with
acceptably low recirculating power fractions
(< 0.1-0.2) and reasonable extrapclations of
present technology will be required.

Concern over this Jominaunce in FPC mass
and cost for many MFE approaches"lo.
therefore, has led to consideration of more
compact options.!V713 This generic category
includes the Compact Reversed-Field Pinch
Reactor (CRFPR),!27!3 the reuctor ambodiment of
the Ohmically-Heatad Toroidal Experiment
(OHTE) , 1% high-field tokamaks (1.e.,
RiggatronT™)45719  and certain subelements of
the Compact Toroids (CT, i.a., spheromiaks and
field-revarsed configurations).? “27  The word
"comnact" deecribes approaches that  would
operate with high engineering or system power
dengity (i.e.,, total thermal nower per unit of
FPC volume) and does not necessarily imply
small plant capacity. Also, “compact" does not
necessarily refar to or limit a wspecific
confinement schama; just as the Reversed-Field
Pinch (RFP) has a viable "conventional" rveactcr
esbodiment¢®  compact reactor options for the
tokamak!S™17 the stellarator/torsatron/
helistron ($/T/H)29, and certain CT config-
urations can be envigcged, General
characteristics being sought by the compact
resctor options are: power densities within the
FPC approaching thnse of liglht-water (tission
veactors (l.e., 10-15 MWt/m3 or 10=30 times
greastaer than for other MFE systems); projected
totul costs that are ralatively insaneitive to
large changes {n unit costs (S5/kg) used to
eytimate FPC and aeesociated reactor plant
equipment (RPE) costs, thareby veducing the im-
pact of uncertainties {n the asmociatad physics
and tuchnolegy on total cost; considerably re=
duced FPC stlze and meass with pctential for
"block" (Lie., single or few=piece) dnstall-



ation and maintenance; and the potential for
rapid, minimum-cost development and deployment.

The  compact option will require the
extension of existing technologies to accommo-
date higher heat and particle fluxes, higher
power densities, and, in some instances, higher
magnetic fields required to operate FPCg with
higher system power densities. Both the
advantages and liamitations of the compact
option, as well as related technological needs,
have recently been sur.arized.30

After summarizing in Sec., II. the status
of fusion reactor designs 1in relationship to
present and projected near-term experiments,
Sec. 1II1. gives a rationale for investigating
higher power denslty options. The pathway to
the high-power-density approach is described in
See. IV, After summarizing a aumher of recent
compact reactor design poincs in Sec. V., key
technology needs are summarized in Sec. VI.
Summary conclusions are given in Sec., VII,

1I. STATUS

Although the achievement of physics energy
breakeven and eventual deuterium-tritium
ignition represents ma jor near-term and
practically achievable goals, these conditions
will be demonstrated in devices <containing
total plasma kinetic energies that differ
significantly from the requirements projected
for commercial power reactors. This difference
is best illustrated on Fig. 1 by plotting the
confirement parvametei against the total kineti:
energy stored in the plasma. Given gateady
progress towards achieving {mproved confinement
at reactor~like plasma densities and temper-
atures, the gap existing betwaen cxperiments
and FED-like devices, as well as between FED-
like devices and commercial reactors, trans-
lates into a need for wsignificent technology
development.

Key plasna, FPC, and powar-plant
parameters emerging from recent raactor design
studies are sumiarized on Table I. Given
continued stead; progress, improved plavma
confinement leading to plasma i {tion appears
as 4 reusonahly attainable goal. Extenmion to
the additional 100=-1000 fold {ncreuse in stored
plasma aenergy require! for the commercial
reactors esummarized in Table I and listed on
Fig. 1, however, will require ma jor
technological development and attendant costs.
Significant reduction in FPC maun wutilization,
stored plasma and magnatic-field energies, and
projectud unit coets are possible for the
compact oystems. Thess smaller, more compact
approaches may lead to u less=-costly commercial

reactor, while considerably reducing develop-
ment requirements and costs.

III. RATIONALE

Although the compact approaches reduce the
stored plasma energy required for ccmmercial
fusiorn by an order of magnitade, while
simultaneously giving enhanced system power
dengity and FPC mass utilization, ultimately,
the decision on an optimal system power density
must be macde on the basis of economics. ‘The
direct costs of a fisslon ur fusion reactor is
divided into the Reactor-Plant-Equipment (RPE)
and the Balance-of~Plant (BOP) costs. The BOP
conaists of all subsystems outside the c(econd-
ary containment, The RPE cost for fission
reactors 1s approximately 252 of the plant
total direct cost (TDC). lHost of the studies
summarized on Table I, however, prolect RPE
costs that range from 50 to 75 percent of the
TDC. The BOP costs for a fission and fusion
plant of the same alectrical power output are
expected to be approximately the same, although
the reactor-building costs for the latter can
be greater. Hence, TDC estizates for fusion
reactors predict higher values than for fission
power plants because of high RPF costs related
primarily o expensive (i.e., massive, high-
technology) FPCa. This simplified view must be
tempered with certain caveats. Fusjou reactors
capable of significant direct conversion attain
higher overall enerygy convercion efficiencies
and, therofore, project smaller BOP costs; the
TDC, however, will be smaller only 1f the cos:t
of the direct energy convertors is sufficiently
low. Also, systems with high recirculating
power fracticns will require larger BOPs and
associated costs, even though the F?C mass
utilization may te low.

A correlation of the ratio RPE/TDC with
the Unit Direct Costs (UDC) for a range cf
conceptual fuwion power plants (Table 1) s
given in Fig. 2; the dominance nf the RPE costs
for both mainline and major alrernative fusion
concepts is Aindicated. The UDC and the ratio
RPE/TDC use nominal valuea of ~ 900 §/kWe and
0.25, rawpectively, in Fig. 2 to normalize the
fusion projectfons to LWRs. The TDC for fusion
relative tu £fiesion can then ba determined
under the agsumption that the BOP costs for
like  fuesdon and {ission power plants are
nominally equivalent; this curve of Rpe =
(unc) Us1 N/(UDC)FI SION in also given on
Fig. 5. Rsauming that the fusion systom can
expend more on capital investment hecause of a
negligible fuel cost, this .radeoff of fuel for
cepital cost becomes marginal for Rpe values {n
axceds of ~ 1.3 {f the fuel cost ?or fission
nominally comprises 1/4-1/3 of the energy cont.,
Generally, operation 4in the low=-economic-
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FIG. 1. Achieved, projected, and reactor values of the confinement parameter, nT-, plotted versus
total kinetic energy stored in the plasma, B Soiid points correspond to experimental achievements,
and open points are projections. Sources of information: Alcator-C (Ref. 31); Doublet-III (Ref. 32);
PLT (Ref. 33); Hellotron=-E (Ref. 34); Wendlotein-VIIA (Ref. 35); 7ZT-40M (Ref. 36); ETA-BETA II
(Ref. 37); TPE-1RM (Re{. 38); EST-S (Ref. 39); NBT (Ref. 40); FRX-C (Ref. 41); CTX (Ref. 42); TMX
(Ref. 43).

leverage regime, where RPE/TDC ¢ 0.3, will
require the FPC to be A less dominant component
of the TDC. For reasonable unit costs (§/kg)
of fabricated, high—-technology components, this

comp-nsated (e.g., mass of drained blauket).
The mass of an entire fission power plant,
exclugive of concrete but dincluding all
reinforcing bar, 18 10-15 tonne/MWt, which for

criterion can be met unly by decreased FPC mags some fusion reactors is approached by the FPC
utilization (tonne/MWt) or increased sydtem mass utilization alone. The FPC mass
power density; more compact systems will be utilications predicted fur a range ot

required. commercial fusion reactor designs is shown Iir
Fig. 3; an average FPC unit cost of ~ 30 $/kg

The rPC magy utilization for most fusion

plants {8 projectad to lie in the range 5-10
tonne/MWt, compared to 0.3 tonne/MWt for LWRs.
The masp utilization for the LWR 18 computed a8
the mass of the primary containment vessel
(less the fuel) divided by the tctal thermal
power. The mags utilization wmust be wused
carefully as 4 comparative measure of systam
pertormance; clearly, such comparisons imply a
monotonic relatfiondlilip between macs atnd codt.
Systems with a FPC comprised of larp: masses of
inexpanvive coolant (i.e., PbLL) should use
wass utilizations that are appropriately

is indicated. Importantly, the total cost of
systems with RPE/TDC ¢ 1/3 (Fig. 2} will be
less sgengitive to physics and technology
uncertainties atgociated with the assumed
plasma performance and FPC operatior; both
significantly affect plant pecformance and
cost, which {n turn can lead to appreciable
costing uncertainty and significrnt under-
eutimates.?

The' direct capital cost represents only
one component used in estimatiung the cost of
electricity (CCE). Figure 4 graphically



TAME I

COMVENTIONAL REACTORS

SWARY OF KEY PAAANMETERS FOR A RANGE OF 0™ FUSION REACTOR COWCEPTS

COMPACT REACTORS

Device NSRY staxrie’  eamRtd
Design date: 1902(1ow~8) 1980 1980
Plasms radius (=) 0.81(2.25) 2.18 1.0
Major radius (m) 23,0(27.9) 1.0 35.0
Plasma volume (a?) 298(2788) 181 891
Average denstty (103%/a%) 3.64(1,38) 0.8! 0.95
Tespersture (keV) 8.0(8.0) 22 29
Plasas enargy (GJ) 0.4(1.5) 0.67 0.9
Tiald enargy (GJ) 109(230) 6l. 131,
Lavsoo paramater (1029 o/o3) 3.43(3.74) 3.0 1.7
Aversge bdets 0.08(0.04) 0.067 0.17
Plasma power denaity (0;/n?) 12.400.7) 4.3 LY
faak magoatic fleld (T) 11.6(11.2) i 10.
Neutron currant (WW/m?) 2.0(..C) 3.6 1.4
Therwal power (MWt) 4000(5100) 40)) 4028
Nat power (Mue) 1302(1660) 1200 1214
System pover dessity (Mot/m?) 0.60(0.30) 0.30 0.24
Hase utilizatioo (tonne/Mwt) 6.3(8.4) 5.7 :0.85
Thermal converrion efficiency 0.3%(0.3%) 0.3% 0.3%
Recirculatiog pover fractioa 0.07(0.07) 0.167 0.19%
Net planc afficieocy 0.33(0.33) 0.30 0.30
Unit direct coet {§/kWa} 1265(1482) 1438 173
Construction time (years) 10(10) 6 5
“Then-cur.eat” date 1990(199C) 1988 1983
COt (wilie/kWah) J0(78) 67 12

()cqntrsl call.
()peak f1eld et witrct throsc.

(“l-ud o0 2800 MW o' neuttooc power, which (s sultiplied in the bleaket by 1.37 and a0 slpha-particia power of 700

which s direct c.overted with ao elficleancy of 0.5.
(d)includln‘ sterg generator volume.
(')Hu temp~ . ature profilo, Jnl(w) deas .ty profilae.

Uprotiles given by f1-0e/e) 112, wnare @ = 2 tor T(a) on 0.25 for n(r).

(')Puk energy ia OH coil before plsema startup, reduced to ~ t GJ (CAFPR) and ~
(h)rou field on OH coll during ecartup, ceduced dy & factor of 2-) thereaftsr.

($pgak frald ac TP coll, fields et OH cotl will epproach )0 T.

summarizes all
indicates the

ma jor cost components and
combination of these components
to determine the COE. Issues that 1{mpact on
the COE are also shown. The annual fixed
charges for conventional and compact fusion
reactors will be approximately prcportional to
the TDC because the indirect capital cost 1is
nominally the same percantage of the TDC for
both compact and conventional fusion reactors.
Furthermore, the fixed charge rate will be the
same uniess, for example, the compact reactors
require less time to construct and are mose
amenable to wmass production methods. Fuel
expenses will be equal for the same fusion
power, and ope:ation and maintenance (O&M)
costs are expected to be approximately equal
for the same plant electrical capacity. The
0&M costs will vary if the costs of replacing
the FPC differ. Both conventicnal and compact
reectors, however, require replacement of
approximately equel masses of materia) per unit
time (~ 200-400 tonne/yr) for the same FW/B
1ifetime (MWyr/m2). ‘The annual generating cost
for a4 compact fuvsion reactor, therefore, is
axpacted to be lower than for other approaches

RFPRTE MARS ™ [TSL CRFPR*}  OWTE!S RIGCATRON ! $

1979 1982 1980 1983 1983 1982

1.2 0.42 - 0.71 .66 .32

12,7 150.(0) — 3.8 6.32 0.80

361 83. - 38. s4. 2.

2.00 3.0 - 3.4e) 1.0(1) 2-%

15 ) -- 20(e? 18-23¢1) 12-20

0.8l 1.6 - 0.12 0.16 0.03

14,7 - - 1.5(8) 30(8? 0.6

1.0 6.6 - 1.6 1.5 2.0

0.30 0.40 - 0.20 0.43 ¢.20

7.0 42,5 90 2.4 $3.0 500.

3.0 25.0(%) - 8.0(h) 13.7(0) 16.0(1)

2.7 5.0 - 19.5 14.0 68.4

3000 4536 - 3400, 3200. 1325,

750 1558¢¢) 1000 1000. 075 385

0.3%0 - 19.8(7.5,¢¢) 12.0 2.7 5.2

3. 5.7(8) 0.33 0.36 -1.0 0.28

0.3 0.40 0.1 0.35 0.3% 0.41

Q.7 0.26 -_— 0.17 Q.40 0,33

0.3 0.43 — 0.30 0.21 0.27

1104 ~180% 900 875 bl -

10 - 8-10 H - -

1988 - 1983 1987 - -

66 - 0 42,5 - -

Mds (3300 MV fusion power),

3 GJ (OHTE) theteafter.
to fueion, prizar.ly because of the lower RPR
cost. The annual eunergy output (kWeh/yr) for
compact and other fusior reactors of equal
capacity may not be equal because the

recirculating power frartions and the capacity
factors may be different.
Compact fusion reactors clearly must be
higher performance devices relative to other
fusion approaches because of higher power
densities, thermal 1lcads, neutron fluxes, and
in gome case, higher magnetic fields at the
coll. These more  "gtressed' oparating
conditions, however, are similar tu operating
conditiona encountered in fissicn sgystems,
albeit in a more favorable coolant geometry.
Furthermore, operating 1in the compact-reactot
regime should not necegsarily reduce the plant
capacity factor {f equal engineering design
ariteria are used; a higher unit cost for the
compact approaches, howaever, may result.
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FIG. 2. Plot of UDC versus RPE/TDC for a range
of fusion reactor designs. Necrmalizing these
costs to the LWR (UDC = 900 S/kWe, PRPE/TDC =
0.25), the curve of Rpe = (UDC)FUSION/
(UDC)prgs1on 18 also shown as a function of
RPE/TDC under the assumption of neariy equal
BOP cost for comparable fusion and figsion
power plants.

Because of the significantly reduced mass
utilization, the compact systems can allow
"block" maintenance of the FPC, with the
attendant potential for relatively rapid FPC
change out, replacement, and  restart.
Nevertheless, a potential exists for a lower
plant factor, perhaps diminishing the promise
of reduced COF related to reduced TDC and
construction time (Fig. 4). Finally, the
compact fusion options may offer cost and
schedule advantages for the overall deve:.opment
of a usable product for fusion, these ud-
vantages 8lso being related tu the lesser role
played by the FPC and associated support
evetems in devices lerding to the reactor; a
hoider resaarch and development progras may
ensuc.

IV. PATHWAY

By focusing on the system power density,
Pry/Vey wheve Ppy 18 *he total wusetui thernal
power aund VL 18 the FPC volume, the generva;
characteristics for a cowpsct fusjon reactor

|
3000 1
- r ]
3 |
4
= ? gy 1000 MWe |
2 TR
- 2000 ){ %
g ¢B1+0.0¢ B‘/ - )
Q IYAI'lIl - U'YO -M ‘ _}I
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w | A o~ Ttun (Brs0.08
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CArPA o 1 I
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2 (]
2 4
\
| a 1 1 1 H - ]
] H 4 [ [] 1w Ak

PUSION POWER CORE
MASS UTILIZATION, U/PYN {tonne/ MWt )

FIG. 3. Correlation of the UDC projected for a
number of fusion reactor designs on the FPC
mass utilization. The small variations
resulting from differences in total power out-
put have been reduced by norwmalizing all
designs to 1000-MWe(net) plant capacity.

can ve eatimated. The s8ystem power density,
expressed in terms of the neutron first-wall
loading, Iv(Mw/mz), blanket energy multipli-
cation, My firgt-wall radius, Ty»
blank»t/ahield thickness, dab, and nominal coil
tnickness, 6, is given by

Py 2L0ty + L/x, 0
Ve (r, + ab +6)2

Based scvlely on Euclidian arguments for a
toroid that can be gpproximated by a
cylindrical geometry, the maximum system power
density occurs for r, = Ab + § and equals

(f\-,?-}i) -———-——I“'Z(M“;f 16/1‘) : (2)
¢ MAX,I,,My (eb = &)

In arriving at this expresslon, I,, 4b, and §
are held constant, ignoring the relatively weak
interdependencze between &b, I,, r,, My, and the
desire to achieve a given radiation/heating
level at the coil position. Within these
limitationa, Eq. (2) indicates three approaches
to {ncreused systes power density and decreased
FPC maws uti{lization.
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FIG. 4. Logic diagram illustrating the means by which the levelized generating cost of electricity

(COE) {8 computed. Also ohown at the top are key influences that mway impact the COE when
considerations of compactness are taken into azcount.

Using Eq. (2) and requiring (Pmm,/V.) >
8 q q 8 TH c MAX =~

[ }11:‘.:““9 blanket energy wmultiplication, (PTH/VC);AX’ the latter being & reference or
- real increasc: in situ fission design value,
- virtual {ncrease: in situ fissile-fuel P
hreeding ™ > (Ppy/Ve)t (3
® Incr2ase fusion neutron first-wall 2(2m)%(ob + G)ZRT HAX

. . 2y o 2q4
current: I,(MW/m®) 0.57r,8°8". where r, & Ab + 6 and a coustraint on total

powsr 18 {mplied. For instance, {if Py < 4000
¢ Decrease minor sysiem radius, vy = Ty * ab MWt, requiring that the major radius Ry >r, +

+ 6, which {8 achieved through a reduced -~ ¥
blanket/shield thicknees b+ &% 2(sb + &), and specifying that
) (Pey/Ve) > 10 M4/m? together lead tu the

following constraint
P
(ab + §)3 ¢ 'I;“ v 2,56 w? ,(4)
(Pry/Ve) (4n)?

MAX



or that Ab + & < 1.36 m. Clearly, only thin
tritium-breeding blankets (&b > 0.6 m) and
resistive magnets (& < 1.36 - 4b = 0.8 m) can
meet these constraints.

‘The compact reactor option with
PTH/Vc > 10 MWt/m”, therefore, is available to
MFE approaches that: a) can operate with long-
pulsed or steady-state resistive coils while
consuming only a small portion (< 5-10%) of the
fusion power, and b) can onerate with steady-
state first-wall neutron currents given by

(Pm‘ 2(4b + &)
v, MAX M+ 174

IV(MW/mZ) =

2Py M3 (P /Y ) pn 1277
(™ T K 4 15-20 Mw/a? , (5)
(My + 1/4)(4m)2/3

where, again, (PTH/VC);AX = 10 MWt/m3, Py =
4000 MwWer, and My = 1.l have been used. Hence,
fusion neutron first-wall 1loadings that are
5-10 greater than those being projected for
other systems will be required. Furthermore,
recalling that I, = 0.5782B“r_ and assuming r

* r,, the compact reactors must be based on
plasmas that are capable of 8B? 2 3.1 T2, where
B 1is evaluated at the plasma surface and
typically is less by a factor of ~ 2 than the
magnetic field at the «coil. Generally,
improvements in beta and/or coil technoiogies
will be required for omany of the approaches
listed on Table I 1in order to significantly
enhance the system nower ensity, decrease the
mass utilization, and lower the TDC and COE.
Simultaneously, these conditions must be
achieved in copper-coil systezs that do not
vequire a large fraction of the fusion power to
recirculated for makeup of Ohmic losses, there-
by assuring the cost advantages of less massive
FPCs are not seriously eroded by abnormally
large BOP costs.

V. OPTIONS

The wsurvey of compact fusion concepts
given by Gross in the Ref. 30 workshop
encompasses toroidal devices supporting large
plasma current density (RFPs, OHTEs, high-field
tokamaks), a variety of field-reversed conlig-
urations and gpheromaks, and other very dense
and highly opulsed :configurations (i.e., dense
Z-pinch, imploding liners, wall-confined
systems). Only the first grouping (RFPs,
OHTEs, high-field tokamaks) 1s considered here,
these devices sharing common features of Ohmic
hegting to ignition in a resistive copper=-coil
system, while focusing specifically on the need
for high system power densities, Typical

parameters for the CRFPR, OHTE, .ad Riggatron
reactors are also given in Table I.

A. Compact RFP Reactor (CRFPR)!3

The CRFPR 1is a toroidal axisymmetric
device 1in which the primary confinement field
is poloidal being generated by a toroidal
current flowing in the plaesma. Although large
within the plasma, the toroidal field passes
through zero at the plasma edge, reversin.
direction to a very low value at the magr
coils. The resulting large magnetic shear
allows high-8 operat lon and 18 ma.ntained hy
intrinsic plasma processes that convert
poloidal to toroidal flux, thereby maintaining
the reversal, All coils are positioned
ext - mally to the blanket, enhaucing the
abllity to breed tritium, providing radiation
protecticn of the exo-blanket coil, and
decreasing the recirculating power fraction.
The high power density {s attained with
moderate betas (0.1-0.2) without requiring high
fields at the coils, which alsc substantially
reduces the recirculating power fraction.
Significantly smaller plant—-capacity systems
than the 1000-MWe reported in Table I are also
poss.ble for the CRFPR. although at a higher
unit cost. Central to the achievement of high
system power density 1is the reduction in
blanket/shield thickness accompanying the use
of normal copper coils. For efficient heat
recovery and for adequate tritii.n breeding,
minimum blanket thicknesses of ~ 0.6 m will be
required. Although designed for long-pulsed
operation, the potential exists {for a unique
and efficient steady-state current drive®0 for
the RFP.

B. Ohmically Heated Toroldal Experiment

(OHTE) Reactor ("

More conservative assumptions with respect
to the external control plasma encrgy losses
that accompany the maintenance of toroidal-
field reversal near the RFP plasma edge 1leads
to the OHTE. The field reversal and associated
magnetic eshear at the plasma edge is controlled
by actively-driven helical coils positioned
near the plasma edge. The high-power-density
operation i3 attained at moderate to high beta,
but with higher coll fields than for the RFP
without thelical windings. To ensure proper
field structure these helical colls force
larger aspect ratio plasmas, increasing the
stored magnetic energy. In addition, this
winding produces magnetic flux in opposition to
the ohmic heating (OH) winding requiring
increased current sewings of ~ 25% in the OH
set. Since the resistive copper coils are
operated near room temperature and are
pusitioned near the first wall, the overall
system performance may be reduced in terms of




increased recirculating power, reduced plant
thermal efficiency, and increased stored
energy.

C. Riggatron High-Field Tokamak !5

The Riggatron is based on a high-field,
Ohmically-heated tokamak that wuses a high
toroidal current density and high toroidal-
field copper coils positioned near the first
wall, Net r -rgy; production is possible in a

relatively short burn period from a
moderate-heta, Ohmically-heated plasma. The
severe thermal-mechanical and radiation

environment in which the relatively inexpeasive
plasma chamber and coil set must operate
dictates an approximately one-month life. The
overall system performance 1in terms of plant
thermal efficlency and the ability to breed
tritium is reduced, since the coils are
positioned near the first wall. Unlike the
compact RFP and OHTE reactors, the fusion
neutron power Is recovered in a fixed 1lithium
blanket located outside of the plasma chauber
and magnet sys.em. Recovery of Ohmic and
neutron heating in the copper colis is also an
essential element of the overall Riggatron
power balance, which Iike the OHTE reactor
requires a large recirculating power fraction.

D. Other Potential Approaches to Compact

A number of reactor coufigurations based
on field-reversed*! or spheromak'? plasmoids
may qualify for the compact, high-power-density
option, as previously defined. These Compact
Tnroids (CT) are generally pulsed systems based
e.ther on a translating burning plasmoid or a
stationary plasmoid that 1s subjected to in
situ magnetic and/or 1lirer compression. The
latter approaches, as embodied in the 1RACTZ0
or LINUS2! reactors, offer the potential for
system power densities approaching the 5-10
MWt/m? range; other CT reactor embodiments also
promise significant increases in system power
density. The advantages and 1limitation of a
number of CT reactors have been reviewed in
Refs. 9 and 25; no attempt 18 wmade here to
include unique engineering and technology needs
of the CT reactors until reactor designs that
emphagsize the aspecific goal of high system
pot.~: density and reduced cost become avail-
able. Similar comments apply to the other
AFCs.,

VI. TECHNOLOGY

The technology requirements for the
compact approaches have beeu gummarized3?
relative to the STARFIRE tokamak.3 This tech-
nology assessment has been pregented according
to ma jor systems that directly impact the FPC

(Plasma Engineering Systems, Nuclear Systems,
and Magnet Systems); some indications on Remote
Maintenance and Safety gystems are also

- given.30

Compact reactors would operate at higher
plasma densities and, therefore, refueling,
impurity control, and ash removal requiraments
differ, The higher plasma density may also
lead tc more difficult rf current-drive
requirements for steady-state operation. The
potential for low-frequency (few kHz) "F-6
pumping"3? available to the RF? and OHTE,
however, represents an attractive means to
drive steady-state plasma currents. The first-
wal! power loads for compact reactors are
higher than for other fusion systems, which
also leads to higher blanket power densities.
Although the FW/B for the compact systems wou.id
operate under more highly stressed conditions,
these conditiona are considered standard for
fission energy sources. The magnetic field
requirements for the RFPs can be lower than for
most fusion reactor systems, but the fields are
congiderably higher for the Riggactron.
However, the primary difference in magnet tech-
nology is reflected by the use of
resistive-copper rather than supercoaducting
coils for compact €usfion reactors, giving the
latter an enormous advantage in terms of ae-
velopment and reliability requirements.

‘The requirements for the Plasma
Engineering Systems should not significantly
differ from other fusion systems. Because of
the higher first-wall thermal loadings, a heat-
flux-concentrating limiter does not appear
feasible, and a larger traction of the first
wall will have to serve the limiter function if
a diverter is not used. Therefore, the compact
option poses  more difficule technology
requirements related to the first-wall
thermal/particle load and blanket (or magnet
f Riggatron) power density. A potentially
wore difficult safety requirement for the
compact systems is related primarily to the
need for increased emergency-core~cooling
capability because of the higher afterheat
power density in the FW/B or in the coils in
the case of the Riggatron, this enhanced
afterheat power density resulting from the
higher overall operating blanket power density.
The magnet technology requirements are
significantly less difficult for the CRFPR and
OHTE concepts because of che absence of super-
conducting magnets and, in the case of the
CRFPR, the steady-state magnetic fields are
low. Lastly, becauge of the physical size and
mass, block maintenance is possible for compact
reactors, wherein the complete FPC s removed
external to the reactor cavity, for maintenance



and repair operations, with a more rapid
replacement by a fresh, pre-tested unit,
promising shorter downtimes and more reliable
restarts.

VII. SUMMARY AND CONCLUSIONS

In summary, the following characteristics
emerge for compact fusion systems.

® The FPC is comparable in mass or volume to
comparable heat s8sources of alcernative
fission energy sourres.
- system power density: 10-i5 MWt/m?
- mags utilizacion: 0.4-0.5 tenne/MWt

© UDC (5/kWe) and COE (zmills/kWeh) are less
sensitive to 1large changes {n FPC uait
costs (S$/kg) and related physics and tech-
nology.

® Rapid development at reasonable cost may
be possible.

- small system 8ize, flexible (alterable)
development path, possible to ex-
periment with technology paths while
avoiding large cost and time penalties.

- no need for long-lead development items
that are sufficiently uncertain in
thamselves as to impact the overall
approach (i{.e., large superconducting
magnets, high-frequency/large~power rf,
large-power/ steady-state neutial-beam
injectors, remote maintenance of
massive structures).

® "Block" installation and (maintenance
becomes 3 possibility.
- off-gite mass production of complete

FPC.

- shortened construction times.

=-coaplate pre-inetallation thermo-
mechnical/electromechanical/vacuum test
of FPC.

- phoriened echeduled/unscheduled down-
time and higher plant availability.

Generally, the compact options require
extended rather than new technologies and
project competitive COEs by demanding higher
FPC performance while attempting to maintain
high plant factors and low recirculating power.
Extension of existing technologies are required
to accommodate the higher heat fluxes and power
densities needed to operate the FPC with
enhanced eystem pover density and masi
utilization. The major technological chal-~
lenge, therefore, rests with achieving reliable
reactor vperation of a more highly 'stregsed"
FPC. [n return, a8 powver system emerges in
which basic phyaics and technological unknowns
related te r%e FPC exert conaiderably reduced

economic leverages on the total plant and
energy cosets. Equally if not more important
are the benefits related ro more rapid develop-
ment, instsllation, and maintenance of FPCs
that are at least an order of magnitude less
massive and complex than those presently being
projected for other MFE approaches.
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