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COtlPACTREVERSED-FIELD PINCH REACTORS(CRFPR)*

R. A. Krakowski4*R. L. Miller, C. C. Bathke,
R. L. Hagenson, C. Copenhaver, K. A. Werley

Los Alamos National Laboratory, Los Alarnos, NH 87545 USA

ABSTRACT
~ue confinement properties of the Reversed-Field Pi-ch (RFP) are
exploited to ●xamine physics and technical issues related to a compact,
high-power-density fusion reactor. This resistive-coil, steady-state,
toroidal device would use a dual-media power cycle driven by a fusion
pover core (FPC, i.e., plasma chamber, first wall, blanket, shield, and
coils) with ● power density and mass approaching values characteristic
of pressurized-water fission reactors. A 1000-HWe(net) base case is
select~d from a comprehensive trade-off study to ●xamine technological
issues related to operating a high-povev--density FPCI After describing
tti2 tsain physics ●nd technology issues
directions for future study are suggested.

for this base-case reactor,

1. ~NTROLW’TION

The reversed-field pinch (RFP)[l-3] is a tcroidal axisymmetric
magnetic configuration in which the plasma is confined by a combination
of a pcloidal field, B , generated by a current flowing in the plasma,
●nd ● toroidal fiel!, B , produced partly by currents flowing in the

tplasma ●nd partly by ●xtern 1 coils. The RFP, Along vith the tokamak
●nd the spheromak, belongs to the toroidal pinch family of confinement
systems. The distingui~hlng feature of the RFP, as is shovrr in Fig. 1,
is that a) BeU IB I vithin th~ plasma and b) the toroidal field is
reversed in the outef rerion vith respect to the value on the ●xis. The
safety factor, q ■ r B /RTB , vhare the minor ●nd major radii of the
plasma ● re r ●nd ~, ~e~pect?vely, can be made less than unity, giving
ltrge plasnl E currents, strong ohmic heating, 10V magnetic fields at
coils, and ● close coupling of poloidal ●nd toroidal circuits through
the plasma and l,adtng to nev options for current drive/sustainment.
The tundamentai property of the RFP (and spheromak) is that the field
configuration is a near-minimum-energy state[4,5] to vhich the plasma
relaxes; the generation of the reversed fiuld is ● natural consequence
of this relaxation process.

The PFP physics charactcristics[3] lead to ● poloiJal-
field-dominatad plasma end [he promise for imprnved commercial reactors.
Early RFP reactor studi~s vere based on superconducting ❑agnets. [6] This
●pproach led to the features ~f 10V pover density (- 0.5 tlVt/m~ or
- 50 kVe/tonne, based on the fusion pover core) similar to that proposed
for tokamaks,[7] st~llarators, [8-9] mirrors, [lO] ●nd other ●lternative
fusion concepts.[ii] These low-po-ler-density systems vould be costly
becaus~ of the in~fficicnt us? of the fusion pover core. [12,13] The
compact RFP resctor (CRFPR) vas suggested[ 14-16] as a means to increase
the fusion-pover-:ore pover density to vmlues which ● re comparable to

‘*This work purfcirm~d under the ●uspi~es of USDOE/Office of FusioII
Energy.
**Phillips Petroleum Company, BmrtlesviJle, OK 7~1004 USA
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Fig. 1. Comparison of tokamak(a) and RFF(b) field profiles across the
plasma minor cross section together with the radial varibtion
of the safety factor q for both systems(c). The profiles
shown are based on analytic models of tb,e field
distributions, which are a reasonabia ●pproximation to
experiment. [3]

fission power systems (15 HVt/ml OK 1000 kVe/tonne for a pressur?zed-
water fission reactor), and beyond threshold ●conomic targets
(> 100-200 kVe/tonne) sugg@sted[17j for fusion in gcharal.

The general design approach, tladeoffs, and features of the CRFPR
design ● re described in Sec. 2. Alter summtirlzing key physics and
te~hnolngy issues for that design in Sec. 3., future directions are
described in Sec. 4. A briqf conclusion is given in Sec. 54

2. COMPACTRFP REAL7’ORL)ESTGN.—

The main ●ffort to date has b-en appl{cd to a 1000-14Ve(n@t) d~sign
operated ● t high neutron vail loadink, (1 E ~.LItlU/m~) using pumperi-
limjter impurity control ●nd oscillal~ng-fiely current drive (,OFCD) to



-3-

achieve steady-state, high-pover-density operation. The design basis,
trhdeoffs, alternatives, and the basecase are described.

2.1. Design Basis. The RF? phvsics described in Refs. 1-3 have
been comb~ned into a comprehensive systems analysis[l~ -16] to provide a
range of reactor designs optimized fcr minimum cost of electricity (COE)
through a comprehensive search of key piasfna and redctor
characteristics. For a given net-electric-pover output, a range of
plasma dimensions vere matched with a cost-optimized FPC for a range of
plasma parameters (beta, profiles, ignition n~ , temperature, etc.) and
●ngineering variables (efficiencies, FPC l?fetimes, coil parameters,
replacement schedules, unit costs, etc.). This procedure yields a
global energy confinement time, TE(OPT). required to assu:e a minlmum-
cost raactor. The ●xperimental ●nergy confinement time, T-(PHYS), can
be derived from the ohmic-scaling ●xtrapolations[ 3,1&-16~ of the form
z (PHYS) _ C I~raf(Be), vher~ ~~13an~s :V cr~~~calfi~~~~g constants,
fF$ ) =

9 (d&yBe)p.andBF
above which

~E( HYS) Is assumed to dim nish according tu f(t3e). The difference
betveen I (OPT) ●nd TE(PtlYS) gives a

1?
margin that ❑easures the difference

betvoen t ● reactor goal, the physics extrapolation, and the ability to
●chieve * minimum-COE system.

Typical optimized COES are plotted on Fig. 2, which shovs t+e
minimum-COEs are decign point as VC1l as sens~ti’:ites to confinement
scaling (constant-v curves), net electric pover (constant-pE curves~,
●nd neutron first-wall loading (constant-Iw curves]. lhe PE, v, and Iv
grid given on Fig. 2 illustrate t$e trade-off betveen physics (v, r ),
●conomic (COE, P ), and technology (Iw. r ) requirements.

R
TWO 1000-lUe

design points ●ve been selected fro~ the ensemble of minimum-CQE
designs ●nd are summariz~d on Table 1: the fully minimum-COE design at
Iv ● 20 ~/m~ IS ttrued CRFPR(20), and a somevhat more costly
Iv = 5-HM/mz design ~s t*rmed CRFPR(5). Host of the conceptual
●nginmring design ●ffort to date has been performed for the CRFPR(2Q]
design.!14,15; Although the depend~n~e of COE on FPC size and neutron
vail loading 1s weak, the 20-tlUYm~, minimum-COE design vas selected in
order to .xamin@ technological limits required to assure a single-piece
FPC maintenance scheme [-800-tonne poloidal-field coils (PFC),
- 300-tonne reactor torus]. Upon computing the ●quilibrium from the
coil set suggested by the systems code, ●djusting the blanket and shield
thickness to ●ccommodate the neucronics snalysis of ● thin Pb Li17-
coolod blanket ●nd ● water-cooled first-wall, limiter, and shie fi , and
performing & d~taiied plasmalcircuit simulation, the reactor cross
section ●nd FPC d~sign ahovn in Fig. 3 ●merged. [16] This design vas
subject to ●ngineering analysis to determine more precise reactor
parameters. Ge.le-&l ●ngineering fea!urcs O: the CRFFR(2LI) design are
mummarizod in Table II, ●nd Fig. 4 gives a comparison of FPC size for
I m 5, 10,

Y
●nd 20-Mt./m2 designs selected from the 1000-WJe(net)

m nlmum-COE curve 01] Fig. 2.

2.2. Descrl tlon of FPC.
~r~ p~;~!~;n’;;~~;;;;d ‘~;dvT;;; I!er;;;~e;[14,15] to

conceptual ●ngineering desigr,. The followlng set of ●nglneerln&
c~nstrsints was ●ppliad:
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COE (“then-current” 1980 dollars) on plasma
a rknge of net-electric powers, P=, for

vail ‘ lgadings, Iv (llU/rnJ), The condition vhere
~E(OpT) ■ ~E(pHyS) is also shcwn fot TE(PHYS) = CJVr~f(13@)
scaling for a range of w values. tThe minimum-COE des g~ for
a given PE is indicated by the circles, and the required Iv
and v values ●re indjcated.

i)

ii)

iii)

iv)

v)

vi)

Primary ●nd secondary stresses less in the water-cooled first vail
and limiters less than a fifth of the yield stress.

PbLi blanket pressure below - 0.7 1+Pa (S 100 psi).

F’rescurized-vater coolant velocity below - 10 m/s.

tlaximum capper-alloy high-heat-flux temperature below - 400”c,

Maximum structural (HT-9 ferrit~c alloy) temperature in contact
with PbLi b~low - 500 C.

Critical-heat-flux limits for pressurized-vater coolant specify a
~ IO-K s~lbcooJing at typical PVR coolant conditions (15.6 HPa or
2,200 psi, 330 C toili~g poinf).
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TABLE I

COMPACTRFP REACTORDESIGN POINTS
HINIMJIII-COE1000-MUe(net) CASE AND

A CASE OF LOWER FUSION NEWRON FIRST-WALL LOADING

DEVICE cRFPR(20)@) CRFPR(~

Neutron first-wall loading, Iv(tN/m2) 19.5 5.0
Net ●lectrical pover, pE(HVe) 1,000. 1,000.
Total thermal pover, pTH(!’!wt) 3,365. 3,609.
Recirculating pover fraction, l/QE 0.185 0.208
Plasma miner radius, rp(m) 0.71 1.42
Plasma major radius, ~(m)(b) ?.6
Plasma volume, V (m’) 3;:: J02 , ;
Plasma pover den~ity, pF/VP(HV/m’) 72.4 9.6
Plasma temperature, T(keV) 10.0 10.0
Plasma density,

?$!
o~o/!n3) 2.3

Average beta, ~e ::;3 0.23
Plasma ●nergy confinei(lent t

t!~’~;f:;;.l
0.23 0.70

Plasma thermal difiusivity, 0.41 0,54
Field at plasma,Be(T’) 5.2 3.0
Peak field at coil, B C(T)

?
4.5

Plasma current, I (HA 18.4 2;:2

;;:’::;::;=;; ‘?!7;:!; j$(w’m’ )
11.2 5.41

!~onne)
285. !,042.

FPC mass, HFPC 1,1G5. ?,000.
FPC pover density, PTHiVFP (Wt/m’)

7
11.8 3.5

FPC mass utilization, IIF P (tonne/flWt) 0.55
FPC mass pover density,

~600TB5~:::f(i:::lf!ne) ‘W5
500.0

FPC cost ●s fraction of total -0.05
Unit Direct Cost, UDC ($/kVe)(g 1,007. 1,169.
Cost of Electricity, COE(mills/kkeh)(g) 48.4 55.5

=S reported are derived from a systems cotie and differ somewhat
from final design values derived from conceptual subsystem design and
plasma simulations, as reported in Ref. 14 and subsequel.tly modified
by the Ref. 15 study.

(b)Plasma ●spect ratio pr~served at A = RT/r = 5.3S, vhich js a
minimum-COE value, but this minimum is %ery sh~llov. Blanket design
adjustments driven by Ref. 15 follow-on study increased A to 5.5.

(c)Includes - 0.03 for stettdy-state alpha-particle pressure, total
(volume-avarage) beta is - 0.12.

‘d)Tak@n as - (3/16)r~/rE for a parabolic temperature and flat density
profile.

(c)Fusion pover core? includes plasma chamber, first-wall/limiters,
blanket, shield, and coils; excludes coolants.

(f)ComParad to0,25> for STARFIRE[7] and ~.305 fcr ~ARS,[l~l

(g)198L dollars, vith COE given as a “rhen-curr~r,t” value (i e,,
includas bsth inteiest ●nd c~~ala[jcn incarred during the
construction period) and Ref. 14 cost database used. Reduction by a
factor of - 1.79 converts thf.se costs to 1980 consta),t dollars, and
●n incr-ase by ● fac!or of 1 348 converts these [osts to a 1986
baa~s.
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reported in Ref. i4 and 15. The reactor torus, defined as the plasma chamber, first
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TABLE II

ENGINEERING PARAMETERS AND CHAM E ISTICS
77THE CRFPR(20) DESIGN FROMREF. 15 a

~W~/gross electrical power, p~(~ue)/pET(Hwe) 1000./1256.
Total thermal power, pTfl(flWt) 3473.
Gross power-conversion ●fficiency, ~H 0.369
Recirculation power fraction, c 0.204
Overall plant availability, p

5
0.76 (15 HWyr/m2 lifu)

Major/minor plasma radius, ~ rp(m) 3.9/0.71
Plasma volume, Vp(m3) 38.8
First-wall area, A (m2)

?
115.

Neutron first-wall oading, Iv(HW/mz) 19.
Number of toroidal sectors, N ?24. a)
Haximum field at magnet, b 4.5(b)
Field at plasma axis/edge, 9.5/5.2~$~~;/Be(rp)(T)
Average poloidal/total beta, @ /~

?
0.23/0.12

Average density/temperature, n 1020/mq)/T(keV) 6.6/10.0
Plasma burn mode Continuous/ignited(c)
Plasma heating method (startup) Ohmic (246 V-s total, 26 V-s, ohmic)
Plasma current/ohmic power (HA/tlW) 18.4/25.3
Plasma impurity control Poloidal pumped limiter (24, 38% first vail)
First-wall/limiter HZC copper alloy (vater-cooled)
Blanket/shield structure IIT-9 steel (vater-cooled second vail)
“f:itium-breeding medium PbLi(35 llW/m3 average), TBR = 1.06(2-D)
Primary coolant PbLi (poloidal flov, 0.6-m-thick)
Shield Stainless steel (0.1-m-thick, vater-cooled)
Thermal-conversion method Dual-media (46.3% H O, 5.37% PbLi) steam
FPC Masses (tonne; 1 m3, 3.58 tonne/m~,

19
11.2 li~t/m~, 0.32 tonne/MWt)

@ Limiters e 8.4
t First vail 1.8
0 Second

w
~(e) 9.9

t Illanket 48,7
0 Shield 159.6.6
0 TFC (Subtotal) 76.2(304. )
@ OHC 400.
0 EFC 413.

Total 1117.

~ff-site fabrication purposes only, single-piece FPC maintenance
is ●nvisaged for this - 304-tonn~ system (first WJ1l, blanket,
shiel~, toroidal-field coils), to vhich is added M separate 813-tonne
poloidal-field coil set and - 943 tonne of PbLi coolant. Modest
differences betveen this and Table I reflect adjustments in carrying
the systems code design (Table I) into a conceptual engineering
design phase. i15]

(c)At the ORC during the burn, 9.2 T during startup. P+.,ik field at the
TFC iS 0.7 T, vith the plasma dynamo providing a major part of the
toroidal flux during startup. The TFC;@HC/FFC pover co)lsumption is
12.6/73.0153.5 We, vith the OHC power ~,oing to zero upon initiation
of oscillating-field currert arive (OFCD).

(d)Baned on OFCD at 50 Hz with &@/# - 0.035 toroidal flux svingo
8V /<1 f R > ● 100, 61 /1+
.r~ pr:lfm!nary estimates.

- O.C1 plasma current sving. ‘Jhese values

(c)Includes manifolds and headers.
(f)fncludes inlet/outlet ducts, but not 925-tonne PbL~ coolant.
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Fig. 4. Comparison of fusion-power-core (FPC) sizes for the CRFPR(5),
CRFPR(10), and CRFPR(20) designs with the STARFIRE[7] tokamak
and a (British) pressurized-water fission reactor pressure
vessel.

vii)

viii)

ix)

Thermal-conversion efficiency taken as
(~ N = 0.98)) vherc!

7
W Y

- 0.75 ENhl

f
is a~ ideal conversion e iciency or a

dua -media pover convers on system.[14,15]

No structural sputtering ❑argin (coatings, tiles, coldldense
radiating plasm~ edge required).

Self-cooled PbLi blanket PIHD pressure modeled in one dimension
without recourse to the use of sandwiched electrical insulators.

The basic PPC geometry shovn in Fig. 3 is a single-piece reactor
torus (ion., FPC less the PFCS) constructed from 24 sectors that have
been joined into a single unit at the O. I-m-thick, vater-cooled, steel.
structural shield. Flov in the self-cooled PbLi/ferritic-steel (HT-9)
blank~t is In the d~rection of the dominant poloidal field. Because of
the high heat loads ●xpected for the limiter-based CRFPR(20) design
summarized jn Table II, a dual-media pressurized-vater/flovinp,-PbLi
cool~nt system was ●dopted. The limiter, first vail, second vail [i.e.,
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first structure wall of the PbLi blankr?), and shield are each coole{ by
separate, single-pass, pressurized-water circuits that share common
input and output headers, but have separate ❑anifolds. The second wall
serves as the return leg for the first-wall water coolant. A mechanical
separation between the second wall and the containing structure for the
PbLi breeder/coolant may be possible, depending on achievable contact
thermal resistances. [15,18] Separate cooling cf the inside structur~l
vail is necessary for the CRFPR(20) design in order to hold - 500 C
corrosion related temperature limits imposed at the PbLi/HT-9 Interface.
The conditions !Inder vhich separate cooling of the blanket structure by
pressurized water can be eliminated requires a neutron first-vail
loading below - 5 FIW/mz for systems based on pumped-limiter impurity
control[15]; this limit is set largely by the physical heat flux at the
first wall and limiter and can be higher for the diverter-based designs
presently being examined. Access for all coolant and vacuum lines vould
be at the outboard equatorial plane (Fig. 3), vhere both PbLi and
pressurized-vater coolants are manifolded for power distribution to the
respective steam generators.

Starting vith the plasma, PN = 2186.8 HWof 14.1-HeV neutron power
contributes to volumetric hrating in the limiter, first vail, second
vail, blanket, shield, and coils. The steady-state plasma must also
radiate, conduct, and convect a pover equal to the sum of the alpha
particles, Pa= 516.5 HW, and the ohmic dis~ipation, P - 25.3 HV. A
fraction of P + PQ

?
is radiated uniformly over the ! irst-wall and

limiter sur aces, vhereas the remaining fraction 1 - fwD is
conducted/convected, vith the fraction f of (l-f

Tke nuclear and %
D)(P= + pQ)

actually reaching the limiter surfaces. rect plasm?.
power reaching the limiter, first wall, second wall, and shield are
transported to the thermal conversion cycle by pressurized-water
coolant, khereas the nuclear heating in t:~e PbLi-cooled blanket is
delivered to the power cycle at a higher temperature. Of the total
recoverable thermal power, 1607.5 tlWt or 46.3% is delivered t ,:ough the
pressurized-vater coolant loop. The energy deposited in the near-room-
temperature coils is 212.0 llWt, 66% of which (139.1 HWt) results from
ohmic dissipation. Hence, 11% of the gross electric power would be
recirculated to supply resistive losses in the TFC and FPC sets, and
2.2% is recirculated directly to the plasma, which, when combined with
●n added 7% recirculated to ●ux~liary plant needs, amounts to a total
recirculating pover fraction of c u 0.20. The FPC thermalhydraulic
design and optimization gives an overall thermal-conversion efficiency

‘f %H = 0.369 for this dual-media thermal cycle, vhich when combined
vith c and ● generator ●fficiency of ~EN = 0.98 gives an overall plant
●fficiency of \ -0.288.

The FPC size of the CRFPR(20), includjng the muin PbLi manifold., is
small (1,117 tonne, 362 m3) compared to that for the STARFIRE tokamak[7]
(- 23,200 tonne, 8,100 m~) or MRS tandsm-m{:ror[lO] (- 23,300 tonne,
11,650 ml) reactors. Seve;al plant layouts were considered in order to
quantify the possibility of both vertic~!l- and horizontal-replacement
single-piece maintenance schemes[15,16j for the reactor torus.
Generally, the - 800-tonne PFC set vol’ld be moved in quadrhnts and would
be life-of-plant items, vhereas the - 300-tonne reactor torus contained
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vithin the PFC set would be installed and replaced as a single unit once
● year. Approximately 10-14 days would be required for a FPC
changeout,[15,16] vhich is within the 28 days allowed for scheduled
maintenance (includes 120 days every 10 years for turbine overhaul);
combined with 60 days!year for unscheduled maintenance, the plant
availability is 76:. The replacement cost for the first wall and
blanket m ~nts to 3.5% of the (constant-dollar) COE.

3. TECHNICAL ISSUES

3.1. ~hysics and Plasma E~gineerin&. A number of critical physics
issues can be dentifled for the FPR(20) design. Firstly, plasma
turbulence associated with the self-generation of internal ❑agnetic
fields ❑ight increase transport. Secondly, the physics of ohmic heating
to ignition (primarily depositing power in the outer plasma region)
followed by alpha-particle heating (primarily central-plasma heating)
has to be considered in relation to the transport and sustainment.
Thirdly, equilibrium and stability considerations, including the effects
of field ●rrors, are important. Fourthly, for the compact options, it
is necessary to consider steady-state reactor operation and, hence,
possible current-drive schemes. Lastly, active ashiimpurity control
schemes based on a pumped limiter or a ❑agnetic divertor must not
adversely affect the field configuration in the outer region. Each of
these five important areas are briefly addressed.

The transport scaling used to bracket ignition
3“1”;;. %%%%’t-optimized ~esigns represented on Fig. 2 is ,.Whrgins

qualitative agreement with ●xperiment[3,19] and recently published
theoretical ●stimates for energy confinement in plasmas dominated by
resistive fluid turbulence. [20,21] Although the ~“eactor calculations
have not yet taken into account effects of field errors on transport?
vhich are important in ●xperiment, field-ripple constraints,
nevertheless, have been imposed on the TFC design. [14] The streaming
parameter is monitored during the startup simulation and, through a
fueling algorithm coupled to the plasma/circ~\it response, is not allowed
to ●xceed a few percent at any time during the critical startup phase.
The startup trajectory requires the plasma parameters to remain close to
the region of ❑inimum ●nergy[4,5] in order to minimize transport losses
and flux consumption. The key question in this area is the maintenance
of the observed favorable ~onfinement scaling with current at constant
beta for reastor-like currents, current densities, and temperatures.

3.1.2. Beatin
+“

Ohmic dissipation in an RFP provjdes a powerful
heating mechan sm and yields a transport scaling of the form given in
Fig. 2. Ohmic ignition with v as low as 0.8 appears to be acceptable
from the vievpoint of flux consumption. The physics scaling early in
the setting-up phase may be different than that assumed, although the
applicutiol~ of a varying scaling is not warranted by present
understanding. A similar comment can be made for the conditions
prevailing ●fter startup, when the plasma heating is dominated by alpha
particles [Pa/(Pa+ pQ) u O-961. Ignition at values of v below - 0.8 is
possible only for plasmas of higher current aensity, further increased
power density, reduced size, and higher resistive volt-second
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consumption. Ignition occurs for ~
?

L 0.05, vhich is equal to or below
●xperimentally achieved values, v th subsequent alpha-particle heating
and fueling control drivin~ Be up to - 0.2 design target.

3.1.3. Stability and Equilibrium. Since the CRFPR(20)
contains 122) HJ

plasma
. lmz of fi rst-vail area) of kinetic energy,

current terminations must be controlled. currenL terrrinations observed
in RFPs, hovever, ● re pl,ysically different from ❑ajor disruption in
tokamaks , in that the large positive voltage spike observed in tokamaks
is not observed and the current termination appears to be delayed in
time by density and refueling control. The CRFPR(20) design assumes
some form of active long-term control of plasma position by the EFCS,
but the Influence of a system for active feedback of local ❑oaes ~n the
reactor design remains to be assessed. The presence of the electrically
thick conducting shell required for short-term stabilization of global
modes, introduces several, vhich ❑ay be important and generally
unresolved problems. A thick shell has a strong influence on tl,e
tritium breeding ● s veil as the impurity control scheme (i.e., limiter
slots, dlvertor channels, non-axisyrnmecric perturbations), the
maintenance/assembly scheme (i.e., gaps and breaks), and overall first-
vail/blanket operation ii.e., thickness of conducting liquid-metal
blankets, coolant flov surges, current paths in structures, ●t~.).
Lastly, a number of unresolved questions arise vhen a stiongly ohmica’.ly
heat~d plasma ignites ●nd then m~kes a transition to a significantly
different heating profile as ●lpha-particle heating dominates. Alpha-
particle-driven plasma oscillations can induce transport (of both fuel
●nd ●sh), plasma instability and beta limits (the alpha-particle
pressure St steady state increases the poloidal beta fxcm 0.20 TO 0.23),
●nd perhaps might ●ven affect the RFP dynamo.

3.1.4. Current Drive. The ●xistence of a poverful and robust RFP
dynamo craates the possibility for ●fficient current drive by
oscillating the PFC and TFC circuits at 10V frequency (< 50 Hz) and
●mplitude (< 1%). This current-drive mechanisr vas first suggested by
Bwir ●nd Gray[22] and subsequently ●xamined by others. [23] The
principle of oscillating-field current drive expressed in terms of
●lectrical ●lements is as follovs: If the plasma behaves as ● variable
inductance, ● DG toroidal current can be induced by applying AC voltages
to the tvo circuits in the correct phase. This ❑ethod depends on the
close coupling betveen the poloidal ●nd toroidal currents in the plasma
● s a result of the relaxation process. The ●nergy stored and oscillated
in the poloidal ●nd toroidal current-drive circuits is ●stimated to be
44.5 HJ for the CRFPR(20) reactor case (50 Hz, plasma current change of
61 /1 = 0.01,

tt
●nd ● toroidal flux change of 60/$0 R 0.U35). The

tr ns ●r of this tinergy can give rise to sizable reactive pover flows
betveen the plasma and driver coils. The ❑agnitude of this reactive
power depends on the plasma ❑agnetic-field, current, and temperature
profiles, but only the fraction of this reactive pover (61./1 E 0.01)
●ctually vould be handled by the current-drive pover supply. T#e degree
to which the @ctual current-drive circuit can be designed to provide
isolation ●nd ●fficient management of large reactive povers remains ●s a
key Ismue.
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3.1.5. Ash/Impurity Control. Both (poloidal) pumped limiters,[14~
and (toroiclal) mgnetic ivertors[24] are being considered for
impurity/ash control for the compact RFP reactor. Because of the
dominance of pololdal rather than toroidal fields in the RFP edge-plasma
regim, the geometry for ●ach ash/impur~~y control scheme is generally
orth~gonal to that usually considered ior tokamaks.

The base-case CRFPR(20) design[14,15] adopted pumped-limiter
impurity ccntrol. The higher average first-vail pover density ●xpected
for the compact reactor requires a greater fraction of the first-wall
area to serve a limiter function in order to maintain heat- ●nd
particle-flux limits set by thermal-mechanical ccmsiderations. [15] In
fact, the total first-vali area (lIC mz, vith the limite: being - 40% of
total area) for the CRFPR is comparable to the STARFIRE iimiter area
(- 611 mz) and vould operate at comparable peak pover densities (4-6
1111/ur) and particle fluxes for similar edge-plasma conditions (i.e.,
~adiiltion fractions, temperatures, densities, etc.). The dominant
polodnl field at the scrapeofflayer favors a sche~e vith a toroidal
arra” of poloidal limi:ers. For an array of NL poloidal limiters, a
fiel~l-line reconnection length, L = nr /N q (compaied

0
to *q f~r a

tokallak toroidal limiter) that is su ficiently long ig required !qr
adeqiiate radial diffusion into the scrapeotf region as ●dge-plasma
part: cles follow high-pitch field lines bctveen intersecting l~miter
surfices. As for other pumped-limiter configurations, a large fraction
of Ihe plasma energy loss must be shed as radiaticn (f ~ ~ 0.9) in
ordel to redu~e the energy/perticlP ioad on Pthe limi ● r surface.
Limi~er sputtering has been ●stimated, but uncertainties in neutral-atom
tran! port, edge-plasma conditions, and redeposition profiles render
these ●rosion ●stimates uncartain. Large gross sputtering rates are
predicted, &s for other fusion concepts, unless the ●dg~-plasma
temperature ● re very 10V or very high and/or large: raoiation frections
(i.et, radiating plusma m~ntles) can be sustained. If the sputter
●rosion rates cannot be reduced by ●nhaficed radi~tjve loss, operution of
●fficisnt magnetic dj.vcr~ors will! hi~ll adge-plasma tempe~atures may be
necessary in this connection, the RFP magnetic topology presents
certtin ●dvantages. [24]

Toroidal-field poloidally symmetric and toroidal-field bundle
divextors have been considered for the CRFPR(20) design. [24] The bundle
diveltor ●ppears preferable to the symmetric diverter from a vievpoint
of (ngin*ering ● ccess. The bundle diverter system, hovever, has
currtnts floving parallel to the PFC currer~ts, resulting in larger coil
forces and stored ●nergy. The poloidally symmetric toroidal-field
divettor destroys toroidal symmetry, vhereas the bundle divertor
dest!oys both toroidal ●nd poloidal symmetry, possibly having m greater
●ffect on plasma stnbjiity ●nd transport. The potential to remove all
or ~~xt of the bundle divcrtor ●ssembly for mnlntenance vithout
displacing other subsystems is an important advantage. The introduction
of toroidal ●symmetries by either the polojdally symmetric divertor or
the t~:ndle diverter, hovevcr, presents a physics concern, vhich ●lso
●xist% for the design vith 24 poloidal limiters. Recent ●dge-plasma
calculations, [24] using a three-dimensional field-line tracing model
that includes the effects of plasma current, indicate long connection
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lar,gths (~ 300 ❑), wen for 24 bundle diverters; appreciable cross-field
diffusion to the first-wall is ●xpected. Since poloidally symmetric
toroldal-fisld diverters are ●xpected to have an efficiency of ~ 96%
along with a negligible economic impact, [15,24] this latter approach is
presently under study for ‘he RFP. [25]

s.1.6. Fuelin
+;r

The requirements of the fueling scheme depends on
the method ●dapte ●=!~/impurity control. Fue~ing by ●d~e-plasma gas
puffing 1s compatible only with a pump~d limiter, but At should also
help to protect surfaces of components vithin the vacuum :egion by
●aintaining a cold and dense edge plasma. To some degree diverters vill
require at least lot-velocity pellet fueling in order to introduce fuel
inside the separatrix. As for ❑ost fusion reactor concepts, deep-
panetration pellets with a mass that Is a small fraction of the total
plasma inven?ory vill require advanced accelerators for the production
of pellets vith velocities . 50-100 km/s (e.g., propulsion by rail guns
or laser ●blation); alpha-particle/pellet interactions may also place
● ven graater demands on the pellet injector. [10~ If gas ingestion near
the edge plasma is possible, low-penetration pellets fcr plasmas that
use magnetic diverters for impurity control should prove feasible,

id,n;k;;~-$-” ‘he ‘ey ‘ngi’’e’’ring ‘Ssuesreactor arise from the need for a) ~,!&h-
heat-flux firs~-wall &d limiter (or diverter-plate) sur!.aces, b) higi,-
pover-d~nsity liquid-metal-cooled blankets, and c) acceptable erosion
and radiation lifetimes for the materials used in the fus~on power core,
particularly for the in-vacuum components ~md for radiation-hardened
wpper coils. These technol~gy considerations are briefly summarized
here.

Genarally, givan ●cceptable plnsma confinement, the key design and
technology qu~stions center ‘Jn tl,e naed for acceptable radicition-fluence
lifetimes for key FPC components, ihich in LUHI reflects as a strong
coat tradeoff q~ving improved mass usage (i.e., operating cost), plant
●vailability (i ..*) mean-time-to-r~pair), reliability (i.e., mean-time-
to-failura), and reduc~d component complexity upon vhich materinls
dev~lopment vill have ● strong influence. Given that in-vacuum
components can b~ designed and operated vith ●verage heat fluxesof
4-6 MV/m~, ●s is also reaulrwl ‘or hiuh-heat-flux components irl the
lover-po~or-density sys~ems, critical ~ncertainties in ~his
to the partitiun of radiative ●nd ●nergetic-particle flux(
upon in-vacuum component surfac~s ●nd the uniformity of this
The high-h~at-flux alloys (copper, molybdenum, vanadium)
require davelopmont for use in the intens? fusion-neu
●lthough radiation fluences no greater than those necessary
fusion approaches vill be roquircd (- 10-20 HUyr/mz).
aclf-cooled liquid-metal blankets is preferred for these h,

area reduce
s incident
deposition.

will also
ron fluxes,

for other
The use of
gher pover-

dansity systems, because of the increased prwr densities-vithin the
blanket. The blanket design parameters are genertilly determined by the
r~lationmhips betveen HHD pumping needs oi the coolant, desirable
~perating blanket pressure and temperature, acd the need to hold
coolant/struct~re IntQrface temper~tures beln’, limits sat by
con8ideratiuns of liquid-metal corrosion. The low iield and short-flov-
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length geometry of the compact RFP reactor, however, reduces these
problems relative to superconducting systems vith lengthy coolant-flov
paths that must traverse strong toroidal or axial fields. The magnet
development required to produce relatively small, radiation-hardened
resistive coils (water-cooled copper ●lloy, inorganic insulation, e.g.,
HgO) for use outside a blanket appears to be well advanced for
●ccelerators, ●lthough dose ●nd damage rates will be higher for fusion
●pplication.

The design conditior,s suggested in Tables I and 11 result from _
desire to ❑aintain a ❑inimum-cost system that would operate vithin
realistic ●ngineering constraints and simultaneou~ly would assure a
fusion pover core that could be pretested, installed, ●nd repaired ●s a
single unit vhile representing a negligible part of the plant total
direct cost. As shown by the sensitivity studies summarized In
Sec. 2.1. ●nd Ref. 115], considerable latitude ●xists vithin which key
constraints can be relaxed vithout seriously compromising eithet cost or
other ●dvantages of the compact fusion reactor option. Hany of the
design ●nd technology problems associated vith the compact RFP reactor
are ■aterials related, and ● majority of these issues ●ppear to be
common to most magnet i c fusion reactors. A shift in technology
development vill be needed, however, to ●ccommodate the compact
●pproaches, vith the emphasis moving avay from stainless steel in-vacuum
components and tovards high-heat-flux alloys, avay from solid tritium
breeders ●nd tovards liquid-metal breeder/coolarlts, ●nd s-tay from
veil-shielded superconducting coils and tovards radiation-hardened
vater-cooled copper (or possibly aluminum) coils.

4. FUTURE DIRECTIONS

The CRFPR design is presently being reassessed and subjected to a
more detailed ●ngineering study called TITAN/RFP.[25] The foc’]s of this
study is a divertor-based, high-neutron-vail-loading (~ 10 HW/m2) design
that ●lso invokes oscillating-field currant drive for steady-state
Gperation. The resistive EFC power consumption for the CRFPR(20) design
●mounts to 53.5 W, vhich ●long vith a desit~ for ● more open geometry
points tovards ccst ●nd operational illcsntives for othervise more
axpensive superconducting EFCS, particularly if resistive-coil dive-tors
and more conservative physics (lover bata, flatter profiles) are
asnumed. The OHC ●nd TFC, hovever, vould remain ●s resistive coil
systgm in order to rotsin ● compact reactor torus, vith the OHC bain~
used and sized for startup conditions onlyl both OHC ●nd TFC vould ●lso
serve current-drive functionu. Figure 5 shows cost, n~utron-vall-
loading, mass-pover-dansity, startup power, ●nd other tradeoffs for the
casm vhere the OHC is sized for full grid pover ●pplied In brick-biased
condition ●nd 20% of grid power available for resistive OHC losses in
forvard-bias condition prior to application of current-drive ●chievement
of steady-state operation. Somevhat higher plasma currenrs are required
compnrmd to the CRFPR(20) d-s~gn because the peak poloidal bets has been
decreased from e = 0.2 to 0.13 and flatter density and temperature
profjles have B●en ●ssumed as suggested by recent one-dimensional
plasma ~imulations. Ccne[ally, the higher cost associated vith the
superconducting EFC set ynd the lover mass pove r density
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Fig. 5. Cost optimization of a diverter-based RFP reactor using
superconducting EFCS, but a compact, resistive-coil (TFC,
OHC) reactor torus. Shovn as a function of plasma minor
radius as the plasma current, I , back-bias (grid-supplied)

tOHC pover, P~H , neutron first-v 11 loading, Iw. optimized
fcost of ●lec ricity, COE (constant 1986 dollars), and FPC

mass power density, llPD.

(- 500 kV@/tonne compared to - 900 kVe/tonne for the CRFPR) iS
comp~nsatad by the lover recirculating power fractions (0.20 versus
0.18).

5. CONCLUSIONS

Ohmically heated RFP xaactors have been con.qid~red with a range of
nl~utron wall loading values, vh~ch includes conventional superconducting
dwsigns oparating vith low pover density ●nd compact cicsigns vith normal
coppar-coils ●nd high pover density. Recent ●mphasis has been placed on
th~ compact ●pproach because of aubstartial economic, operational, ●nd
developmental ●dvantag~s. This ●ppronch is particularly suitable for
high,.~, poloidal-field-dominated systems where 6BJ ●t th~ plasma is
largt and the fields at the coils can be small? both the RFP as veil as
the upharomak ●nd field-roversecl configurations fall into this class.
The fusion power core for this class of systems can be made comparabl~
in mnhs ●nd volume to the cotrtisponding assembly it] a fission power
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plant. These improved iwion reactors have a power density in the range
5-15 HVth’ ~ ●nd a miss power density in the range 500-1000 kueitonne;
improvements by factors of 10-30 compared with conventional designs
result. Because the PPC Is ● smaller proportion of the total plant cost
(typically 3-S% compared with 25-30%), th- unit direct cost (s/kWe) is
less dependent on the related physics ●nd technology ~ncertainties;
installation and ●aintenance requirements ● re also ●ased. A faster,
less costly development path is also ● possibility. Technological
problems remain to be solved for t?ese higher-pover-density syst~mst
however, particularly iegardirlg high-heat-flux ❑atarials. Key physics
requirements ●nd uncertainties for the reactor include heating,
transport, plasma-wall interactions, current-drive, iripurity control
with pumped limiters or ❑agnetic diverters; t~chnological considerations
for ●ach vere briefly discussed. As both theoretical ●nd ●pplied
understanding of the ●ssential features of theRFF startup,quilibr~umt
impurity control, ●nd current drive is developed, the framevor~ design
presented in Refs. 14-16 ●nd summarized here is ●volving towards a
compromise between reduced technology needs ●nd ●conomic power density.
Host recent design ●crivities[25] remain focused on compact systems
using resistive TFCS and ORCS, but vith superconducting EFCS,
poloidally-symmetric toroidal-field diverters, and oscillating-field
current drive using carefully trimmed main-coil drivers.
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