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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 s8ystems of considerably reduced
scale. The raticnale for and the means by
which these s8ystems can be achieved are dis-
cussed, as are unique technological problems.

I. TINTRODUCTION

The engineering de.elopment needs for the
mRinline tokamak have been quantified by
detailed conceptual design studies of both
first-generation engineering experiments:" and
compercial power reactors,’ while similar
studies of the Tandem Mirror Reactor (TMR)“™®
asg well as nearver-term engineering devices’'8
are being conducted. The status of reactor
designs for tokamaks, tandem wmirrors, and
alternative fusion concepts (AFCs) has been
summarizad quantitatively, '10 and a qualita-
tive asgsgessment of the engineering and tech-
nology needs of tne major AFCs has baen
presented recently.!l  The assessmaent of
econmmic viabil ty for magnetic fusion energy
(MFE) provided by these studies can become
somewhat conveluted and obscured bty the inter-
dependence of complex physics, enginecrinag, and
costing/econonlcs. In order to circumvent in
part the amdiguity that wugually acrompanies
attempts to combine and interpret results from
a large nuaber of relativaly independent
studied, this paper proceede ou the basis of
one wimple ohgervation and one straightforward
remedy proposed to reduce the d{uplication of
that obsevvation. Specificaily:

® Opsaervation: most {umion power raactor pro-
jections, be they maivnline orv AFC, iadicute
n  water-heating funsion power core [FIC,
f.0., firnt-wall/blonket/whicld/colle (FW/B/
8/€C)] that {s at lenst an ordev of magnitude
more massive, voluminous, and complax than
alternutives.
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® Implication: these MFE systems will be
appreciably more expensive than alternative,
long-tercz energy sources in spite of a
negligible fuel charge.

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

Concern over this Jominance in FPC mass
and cost for many MFE approaahes"‘o.
therefore, has 1led to consideration of more
compact optionn.1°'13 This generic category
includes the Compact Reversed-Field Pinch
Reactor (CRFPR),!2713 tha reactor ambodiment of
the Ohmically~Heatend Toroidal Experiment
(OMTE),!“_ high-field tokamaks (1.e.,
Riggatron  )15719 ' and certain subelements of
the Compact Teoroids (CT, i.a., spheromaks and
field-reversed configurations).? “27  Thn word
"comnact" describes approaches that  would
operate with high engineering or system power
density (i.e., total thermal power per unit of
FPC volume) and does not necessarily i{mply
small plant capacity. Also, "compact” does not
neceanarily refar to or limit a specific
confinement schama; jus* as the Reversed-Field
Pinch (RFP) has a viable "conventional" reactcr
embodimentzg, compact reactor options for the
tokamak!5717, the stellarator/torsatron/
helistron (8/T/H)2Y, and certain CT config~
urations can be envigcged. General
characteristicsa being songht by the compact
reactor options are! powur densities within the
FI'C approaching thnse of light-water rtission
reactors (i.e., 10-15 MWt/m3 or 10-30 timen
greastaer than for other MFE wystems); projected
totul costs that are relatively insangitive to
large changes {n unit costs ($/kg) used to
eytimate FI'C  and aeesociated reactor ploant
equipmeut (RPE) costs, thareby veducing the im-
pact of uncertainties in the asnociatad physics
aud tuchnolegy on total cost; considerably re-
duced FI'C size and omase with petential for
"block" (i.0., single or few-piece) install-



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 FPCe with
higher system power densities. Both the
advantages and liamitatioms of the compact
option, as well as related technological needs,
have recently been sur.arized.3?

After summarizing in Sec. II. the status
of fusion reactor designs in relationship to
present and projected near-term experiments,
Sec. III. gives a rationale for investigating
higher power density options. The pathway to
the high-power~density approach is described in
Seue. IV, After summarizing a numher 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
confinement pavametei against the total kineti:
energy stored in the plasma. Given steady
progress towards achieving {mproved confinement
at reactor-like plasma densities and temper-
atures, the gap existing batwaeen experiments
and FED-like devices, as well as between FED-
like devices and commercial reactors, transg-
lates into a need for wignificent technology
developmant.

Key plasnma, FPC, and powar-plant
parumeters emerging from recent raactor design
studies are sumiarized on Table 1I. Given
continued stead; progress, improved plasma
confinement leading to plasma i{{ ition appears
as 4 reusonably attainable goal. Extension to
the additional 100-1000 fold increvse in stored
plasms aenergy required for the commercial
reactorys osummarized in Table I and listed on
¥ig. 1|, however, will require ma jor
technological developmant and attendant costs.
Significant reduction {u FPC maun wutilization,
astoved plasma and magnatic-field energies, and
projected wnnit coets are possible for the
compact oystems. Thess smaller, more compact
approuaches may lead to a 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 magnitude, while
simultaneously giving enhanced system power
density 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 fission 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 cecond-
ary containment. The RPE cost for fission
reactors is approximately 252 of the plant
total direct cost (TDC). ldos% 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 electrical power output are
expected to be approximately the same, although
the reactor-building costs for the latter can
be greater. Hence, TDC estinates for fusion
reactors predict h{gher values thsn for fission
power plants because of high RPF costs related
primarily o expensive (i.e., massive, high-~
technology) FPCs. This simplified view must be
tempered with certain caveats. Fusion reactors
capable of significant direct conversion attain
higher overall energy convercion efficiencies
and, therofore, project smaller BOP costs; the
TDC, however, will be smaller only if the cos:
of the direct energy convertors is sufficiently
low. Also, systems with high recitvculating
power fracticns will require larger BOPs and
assocliated 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 fusion power plants (Table 1) s
given in Fig. 2; the dominance nf the RPE costs
for both mainline and major alrernative fusion
concepts 1s 4indicated. The UDC and the ratio
RPE/TDC use¢ nominal valuea of ~ 900 §/kWe and
0.25, rewpectively, (n Fig. 2 to normalize the
fusion projectfons to LWRs. The TDC for fusion
relative tu {fiesion can then ba deternined
under the agsumption that the BOP costs for
like  fusion and {imsson power plante are
nominally enquivalent; this curve of Rpe =
(un¢) US1 N/(UDC)FI sJoN ia also given on
Fig, 5. Rsuuming that the fusion eystem can
expend more on capital investment hecause of a
negligible fuel cost, this .radeoff of fuel for
cepital cout becomes marginal for R ¢ values in
axceds of ~ 1.3 {f the fuel cost ?or fission
nominally comprises 1/4~-1/3 of the energy cost.
Generally, operation ia 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 plasna, E,. 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); Heliotron-E (Ref. 34); Wendlotein-VIIA (Ref. 35); 7ZT-40M (Ref. 36); ETA-BETA II
(Ref. 37); TPE~1RM (Re{. 38); E3T~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 (&8/kg)

comp-nsated (e.g., mass of drained blsuket).
The mass of an entire fission power plant,
exclusive of concrete but {including all

of fabricated, high~technology components, this
criterion can be met unly by decreased FPC mass
utilization (tonne/MWt) or {increased system
power density; more compact systems wWlll be
required.

The FPC mags utilization for wmost fusion
plants 18 projected to lic in the range 5-10
tonne /MWt, compared to 0.3 tonne/MWt fur LWRs.
The mass utilization for the LWR is computed as
the mass of the primary containment vessel
(less the fuel) divided by the tctal thermal
power. The mass utilization wust be used
curefully asw a comparative measure of system
pertormance; cleurly, such comparisons imply a4
monotonic relationship between macs and codt.
Systems with a FPC comprised of larpes masses of
inexpansive coolant (i.e., PbLi) should use
wmass utilizations that are appropriately

reinforcing bar, is 10-15 tonne/MWt, which for
some fusion reactors is approached by the FPC
mass utilization alone. The FPC mass
utilications predicted fur a range ot
commercial fusion reactor designs is 8shown |{r
Fig. 3; an average FPC unit cost of ~ 30 $/kg
i8 indicated. Importantly, the total cost of
systems with RPE/TDC € 1/3 (Fig. 2) will be
less sensitive to physics and technology
uncertainties atgociated with the assumed
plasma performance and FPC operation; both
significantly affect plant pecformance and
cost, which {n turn can lead to appreciable
costing uncertuainty and significrnt under-
estimates.“?

The' direct capital cost reprusents only
one component used in estimating the cost of
electricity (CCE). Figure 4  grsphically



TAME I

COMVENTIONAL REACTORS

SUOWURY OF KEY PARAHETERS FOR A RANGE OF 0° FUSI0K REACTOR COWCEPTS

COMPACT REACTORS

Device NSRM sTasriae’  eaTRYS
Dealgo date: 1982(1 ov~8) 1980 1980
Plesms rediua (=) 0.81(2.25) 2.38 1.0
Major radiue (m) 23.0(27.9) 1.0 35.0
Plasma voluse (o)) 298(2788) 781 691
Average denstity (10%%ed) 3.64(1,38) 0.81 0.95
Tesperature (kaV) 8.0(8.0) 2 29
Plesas smargy (GJ) 0.4(1,5) 0.67 0.9
Tield energy (GJ) 109(230) 61. 131,
Laveco peramater (1029 o/o%) 3.43(3.74) 3.0 1.7
Average bete 0.,08(0.04) 0.067 0.17
Plasma pover denaity (1i/e?) 12.401.7) 4.5 Al
faak magoetic fleld (T) 11.6(11.2) 11, 10.
Neutroo curreot (WW/el) 2.0(..¢) 3.6 1.4
Therwa! power (MWt) 4000(5100) 4033 4028
Nat power (Mue) 1302(1660) 1200 1214
System pover density (Wet/e?) 0.60(0.30) 0.30 0.26
Hase utlllsetlioo (tonne/Mwt) 6.5(8.4) $.7 ;0,85
Therma! coaverrioc efficlency 0.35(0.3%) 0,35 0.3%
Recirculetiog power frection 0.07(0.07) 0.167 0.1%
Not pleat afficlency 0.33(0.3)) 0.30 0.30
Unit direct coat (5/kWe) 1265(1482) 1438 17y
Construction time (yeers) 10(10) 6 S
"Thea-cur.eat” dete 19$90(199C) 1986 1983
COt (wllie/kWeh) 10(78) 67 12

(0)caatral call.
(D)paak flald ot wirres throat.

(c)lund on 2800 MW o° neutroo power, which 1y sultiplled in tha bleaket by 1.3 end en alpha-particle powar of 700

which Le direct canvarted with eo el{ficleacy of 0.5,
(d):ncludln‘ atacg goverator volume.
(8)p1at temprinture profito, Joitaz) dens:ty profile.

(Oprotiten slven by :l-lr/rp)‘]". vhere a = 2 for T(a) on 0.25 for n(r).

RFPRNS MARS? pup 8 CRFPR*? ONTE'™ RIGGATRON 'S
1979 1982 1980 1983 1983 1982
1.2 0.42 — 0.1 C.66 6.32
12,7 150, (®) - 3.8 6.32 0.80
361 8. - 18. A, 2.
2.00 3.0 - 3.ale) 7.0(t) 2-30
15 s - 20te) 18-23(0) 12-20
0.81 ).64 —_ 0.12 0.16 0.03
14,7 - - 1.5(8) 30(8) 0.6
2.0 6.6 - 1.6 1.3 2.0
0.30 0.40 - 0.20 0.43 0,20
7.0 42.3 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. 1323,
750 1558(¢) 1000 1000. o75 385
0.50 - 19.8(7.5,(¢) 12,0 2.7 5.2
3.7 s 20a) 0.33 0.36 -1.0 0.28
0.30 0.40 0.1 0.35 0.3 0.41
0.57 0.26 - 0.17 0.40 0,33
0.5 0.43 - 0.30 0.21 0.27
1104 -180% 900 85 - --
10 - 8-10 H - -
1988 - 1983 1987 - -
66 - 40 42,3 - —_

Mde (1500 MV fuelon power),

(')Puk snergy ia OH coll before pleema stertup, reduced to — 1 GJ (CAFPR) end ~
(b)hd\ flald on QW coll dur*ng staertup, reducad by e fector of 2-) thereefter,

Wpaek fled ot TP coll, flalde et OH coil will epproech 3O T,

summarizes all
indicates the

ma jur cost components and
combination of these components
to determine the COE. Issues that impact 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, tlie fixed charge rate will be the
same uniess, for example, the coupact reactors
require less time to construct and are mo.e
amenable to mass production wmethods. Fuel
expenses will be equal for the same fusion
power, and ope-ation and maintenance (0&M)
costs are expected to be approximstely equal
for the same plant electrical capacity. The
0&M costd 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
lifetime (MWyr/m?). ‘fhe annual generating cost
for a compact fvsion vreactor, thaerefore, is
expacted to ba lower than for other approaches

S GJ (OHTE) thareefter.

to fusion, prizar.ly because of the lower RPR
cost. The annual euergy output (kWeh/yr) for
compact and other fusior reactors of equal
capacity may not be equal because the
recirculating power frantions and the capacity
factors may be different.
Compact fusion reactors clearly wmust be
higher performance devices relative to other
fusion approaches because of higher power
densities, thermal 1lcads, neutron fluxes, and
in some case, higher magnetic filelds at the
coil, These more  "gtressed”"  oparating
conditions, however, are similar to operating
conditions encountered in fissirn sgystems,
albeit in a more favorable coolant geometry.
Furthermore, operating in the compact-reactor
regime should not necessarily reduce the plant
capacity factor 1f equal engineering design
ariteria are used; a higher unit cost for the
compact approaches, however, mady result.
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FIG. 2. Plot of UDC versus RPE/TDC for a range
of fusion reactor designs. Ncrmalizing these
costs to the LWR (UDC = 900 §/kWe, PRPE/TDC =«
0.25), the curve of Rpe = (UDC)FUSION/
(UDC)p1ggron 18 also shown as a function of
RPE/TDC under the assumption of neariy egual
BOP cost for comparable fusion and fission
powet plants.

Because of the significantly reduced mass
utilization, the compact systems can allow
"block” wmaintenance 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 4also being related tu the lester role
played by the FPC and associated support
svstems 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 the total wusetuli thernal
power and Vc 18 the FPC volume, the genevail
charucturistics for a cowmpsct fugion rceactor
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s (~20.0 8/2g) |
z )
2 4
| H 1 1 1 : __;
0 ' Q) ] ] () V2

PFUBION POWER CORE
MAGS UTILIZATION, ""m (lonne/MW1 }

FIG. 3. Corvelation of the UDC projected for a
number of fusion reactor des.gns on the FPC
mass utilization. The small variations
resulting from differences in total power out-
put have been reduced by normalizing all
degigns to 1000-MWe(net) plant capacit'w.

can ve eatimated. The system power density,
expressed in terms of the neutron first-wall
loading, IV(MW/mz), blanket energy wmultipli-
cation, LT firgt-wall radius, T
blanket/shield thickness, db, and nominal coil
thickness, 6, is given by

PTH . 2IW(MN + 1/4)rw (l)
Ve o (r, + ab+8)2

Based sulely on Euclidisn arguments for a
torold that can be s&pproximated by a
cylindrical geometry, the maximum system power
density occurs for r, = &b + § and equals

A= LGty * 1) o
Ve MAX, T,,,My 2(8b + 6)

In arriving at this expresslon, I,, 4b, and &
are held congtant, ignoring the relatively weak
interdependance between &b, I, ry,, My, and the
desire to achieve a given radiation/heating
level at the coil position. Within these
limications, Eq. (2) i{ndicates three approaches
to increused aystesn powar density and decreased
FPC mags utilization.
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FIG. 4. Logic diagram {llustrating the means by which the levelized generating cost of electricity

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

Using Eq. (2) and requiring (Pmy/V.) >
8 Eq 4 8 (Pry/Ved 2

(] ;ncrense blanket energy wmultiplication, (PTH/Vc);Ax- the latter being a reference  or
N°* 2y
- real increase! in situ fission design value,
- virtual incrsase: in situ fissile~fuel P
breeding TH *
> (Ppy/V,) ) (3)
= VT ey

2 + 832
® Incr2asie fusion neutron {irst~wall 2(2m)%(8b 6) RT

. ' 2 2l
currant: 1,(MW/m®) = 0.57¢,B<B". where r, ® Ab + ¢ and a conetraint on total
® Decrease minor sysiem radius, r, = ry + &b power i8 {mplied. For instance, if Pry < 4000

+ 4, which {8 achieved through a reduced MWe, requiring that the major radius Rp 2 1y +
blanket/ghield thicknees &b + ¢ . 2(b + 6), and specifying that
: (Pry/V,) > 10 MW/m? together lead tu the

\ following constraint

Pry
*
MAX

(ab + 6)3 ¢

< v 2.54 m3 ,(4)
(Pry/Ve)

(4w)?



or that &b + 6 < 1.36 m. Clearly, only thin
tritium-breeding blankets (ab > 0.6 =m) and
resistive magnets (& < 1.36 - 4b = 0.8 wm) can
meet these constraints.

The compact reactor option with
Pry/Ve 2 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-
gtate firgt~-wall neutron currents given by

P
TH 2(ab + &)
1 (W/mz) = (—)MAX ———————
w Ve My + 1/4

2p 173 f(P /v )* 2/3
PLL A LI w0 a2 . (5)
(My + 1/4)(4m)2/3

where, again, (PT“/VC);AX = 10 MWt/md, Prp =
4000 MWt, and My = i.l have been used. Hence,
fusion neutron first-wall loadings 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

* ry,, the compact reactors must be based on
plasmas that are capable of gB2 2 5.1 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 oany of the approaches
listed on Table I in order to significantly
enhance the system nower -lensity, decrease the
mass utilization, and lower the TDC and COE.
Simultaneously, these conditions wmust 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 (n the Ref. 30 workshop
encompasses toroidal devices supporting large
plasma current density (RFPs, OHTEs, high~field
tokamaks), a variety of field-reversed conlig-
urstions and spheromaks, and other very dense
and highly pulsed configurations (i.e., dense
Z-pinch, {wploding liners, wall-confined
systems). Only the first grouping (RFPs,
OHTEs, high~field tokamaks) 1s considered here,
these devices sharing common fmatures of Ohmic
hegting to ignition in a resistive coppar-colil
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 Resctor (CRFPR)!3

The CRFPR 1is a toroidal axisymmetric
device in which the primary confinement field
is poloidal being generated by a toroidal
current flowing in the plaema. 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 operatlon 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, enhaicing the
ability to breed tritium, providing radiation
protecticn of the exo~blanket coil, and
decreasing the recirculating power fraction.
The high power density 1is attained with
moderate betas (0.1-0.2) without requiring high
fields at the coils, which also 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 18 the reduction in
blanket/shield thickness accompanying the use
of normal copper coils. For efficient heat
recovery and for adequate triti.a breeding,
oinimum blanket thicknesses of ~ 0.6 m will be
required. Although designed for long-pulsed
operation, the potential exists {or a wunique
and efficient steady-state current drive°? for
the RFP.

B. Ohmically Heated Toroidal Experiment

(OHTE) Resctor (7

More conservative assumptions with respect
to the external control plasma energy losses
that accompany the maintenance of toroidal-
field reversal near the RFP plasma edge leads
to the OHTE. The field reversal and associatecd
magnetic shear at the plasma edge {8 controlled
by actively~driven helical «coils positioned
near the plasma edge. The high-power-density
vperation i3 attained at moderate to high beta,
but with higher coil fields than for the RFP
without *helical 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 swings of ~ 25% in the OH
set. Since the resistive copper coils are
operated near room temperature and are
positioned 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!®

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 -rgs production is possible in a

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

environment in which the relatively inexpensive
plasma chamber and coil set must operate
dictates an approximately one-month life. The
overall system performance in terms of plant
thermal effic!ency 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 lithium
blanket located outside of the plasma chauber
and magnet sys.em. Recovery of Ohmic and
neutron heating in the copper coiis 1is also an
esgsential element of the overall Riggatron
power balance, which iike the OHTE reactor
requires a large recirculating power fraction.

D. Gther Potential Approaches to Comrpact

Reactors

A number of reactor configurations bdased
on field-reversed“! or spheromak“? plasmoids
way qualify for the compact, high-power-density
optlon, as previously defined. These Compact
Toroids (CT) are generally pulsed systems based
e.ther on a translating burning plasmoid or a
stationary plasmoid that {8 subjected to in
situ magnetic and/or lirer compression. The
latter approaches, as embodied in the 1RACTZ20
or LINUS?! reactors, offer the potential for
system power densities approaching the 5-10
MWt /m 3 range; other CT reactor embodiments also
promise significant 1increases in system power
density. The advantages and limitation of a
number of CT reactors have been reviewed in
Refs. 9 and 25; no attempt 1is wmade here to
include unique engineering and technology needs
of the CT reactors until reactor designs that
emphasize the sgpecific goal of high system
por.»: density and reduced cost become avail-
able. Similar comments apply to the other
AFCs.

VI. TECHNOLOGY

The technology requirements for the
compact approaches have been summarized3?
relative to the STARFIRE tokamak.? This tech-
nology assessment has been pragented 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 systems 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 nay also
lead tc more difficult rf current~drive
requirements for steady-state operation. The
potential for low-frequency (few kHz) "F-6
pumping”°? available to the RF? and OHTY,
however, represents an attractive means to
drive steady-state plasma currents. The first~
wal! power 1loads 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.d
operate under more highly stressed conditions,
these condiitidons are considered standard for
figssion energy sources. The magnetic field
requirements for the RFPs can be lower than for
most fusion reactor systems, but the fields are
considerably higher for the Riggavron.
However, the primary difference in magnet tech-
nology is reflected by the use of
resistive~copper rather than supercoiducting
coils for compact €usion reactors, giving the
latter an enormous advantage in terms of ae-
velopment and reliability requirements.

‘The requirements for the Plasma
Engineering Systems shouls 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 divertcr is not used. Therefore, the compact
option poses more difficult technology
requirements related to the first-wall
thermal/particle 1load and blanket (or magnet
f Riggatron) power density. A potentially
wore difficult safety requirement for the
compact systems 18 related primarily to the
need for increased emergency~-core~-cooling
capability bdecause 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, because of the physical size and
mass, block maintenance is possible for compact
reactors, whereiun the complete FPC 18 removed
external to the reactor cavity, for maintenance



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

VII. SUMMARY AND CONCLUSTONS

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

® The FPC is comparable in mass or volume to
comparable heat sources of alcernative
fission energy sourres.
- system power density: 10-15 MWt/m3
- mass utilization: 0.4-0.5 tenne/MWt

© UDC (S5/kWe) and COE (mills/kWeh) are less
sensitive to large changes in FPC uait
costs (S$/kg) and related physics and tech-
nology.

® Rapid development at reasonable cost may
be possible.

- small system size, 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 m@maintenance
becomes a3 possibility.
- off-gite mass production of complete

FPC.

- shortened construction times.

=coapleate pre-installation thermo-
mechnical/electromechanical/vacuum test
of FPC.

- phortened 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
TPC 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 system power density and mass
utilization. The major technological chal~
lenge, therefore, rests with achieving reliable
reactor operation of a more highly '"stressed”
FPC. [n return, a power system emerges in
which basic phyaics and technological unknowns
related tr r%e FPC exert considerably reduced

economic leverages on the total plant and
energy costs. Equally 1{if not more important
are the benefits related to more vrapid develop-
ment, instsllation, and maintenance of FPCs
that are at least an order of magnitude less
magsive and complex than those presently being
projected for other MFE approaches.
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