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COMPACT REVERSED-FIELD PINCH KEACTORS (CRFPR)*

R. A. Krakowski**R. L. Miller, C. G. Bathke,
R. L. Hagenson, C. Copenhaver, K. A. VWerley
Los Alamos National Laboratory, lLos Alamos, NM 87545 USA

ABSTRACT

The unique confinement properties of the Reversed-Field Pi:ch (RFP) are
exploited to examine physics and technical issues related to a compact,
high-pover-density fusion reactor. This resistive-coil, steady-state,
toroidal device would use a dual-media pover cycle driven by a fusion
pover core (FPC, i.e., plasma chamber, first vall, blanket, shield, and
coils) with a power density and mass approaching values characteristic
of pressurized-vater fission reactors. A 1000-MWe(net) base case is
selectad from a comprehensive trade-off study to examine technological
issues related to operating a high-pove--density FPC. After describing
tha woain physics and technology 1issues for this base-case reactor,
directions for future study are suggested.

1. INTRODUCTION

The reversed-field pinch (RFP)[1-3] is a tcroidal axisymmetric
magnetic configuration in vhich the plasma is confined by a combination
of a pecloidal ifield, By, generated by a current floving in the plasma,
and a toroical fiel produced partly by currents flowing in the
plasma and partly by externzl coils. The RFP, along with the tokamak
and the spheromak, belongs to the toroidal pinch family of confinement
systems. The distinguirhzng feature of the RFP, as is showvn in Fig. 1,
iz that a) By = |[B,] within the plasma and b) the toroidal field is
reversed in the oute? rerion vith respect to the value on the axis. The
safery factor, q = r B,/RqB vhere the minor and major radii of the
plasma are r end ?e pegt?vely, can be made less than unity, giving
lecge plesng currents, strong ohmic heating, low magnetic fields at
coils, and a close coupling of poloidal and toroidal «circuits through
the plasma and leading 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 ic a natural consequence
of this relaxation process.

The RFP physics characteristics|3] lead to a poloidal-
field-dominated plasma and the promise for improved commercial reactors.
Early RFP reactor studies vere based on superconducting magnets.[6] This
approach led to the featuvres »o>f lov power density (~ 0.5 MWt/m’ or
~ 50 kVe/tonne, based on the fusion power core) similar to that proposed
for tokamaks,{7) stellarators,|B8-9) mirrors,[10) and other alternative
fusion concepts.[11] These low-poer-density systems would be costly
because of the inafficient use 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 values vhich are comparable to

*Thlis work performed under the auspires of USDOE/Office of Fusion
Energy.
w#Phillips Petroleum Company, Bartlesville, OK 74004 USA
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Fig. 1. Comparison of tokamak(a) and RFF(b) field profiles across the
plasma minor cross section together vith the radial variation
of the safety factor q for both systems(c). The profiles
shown are based on analytic models of the field
distributions, which are a reasonsbles approximation to
experiment.(3)

fission pover systems (15 MVt/m' or 1000 kVe/tonne for a pressurized-
vater fission reactor), and beyond threshold economic targets
(> 100-200 kVe/tonne) suggested[17| for fusion in gcneral,

The gereral design approach, tradeoffs, and features of the CRFPR
design are described in Sec. 2. Aiter summurizing key physics and
technolngy 1issues for that design in Sec. 3., future directions are
described in Sec. 4. A brief conclusion is given in Sec. 5.

2. COMPACT RFP REALTOR DESIGN

The main effort to date has becn applicd to a 1000-MVe(net) design
operated at high neutron wall 1loadin, (I, a U MW/m?) using pumped-
limiter impurity control and 05cillaling—[ie15 current drive (OFCD) to
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achieve steady-state, high-pover-density operation. The design baslis,
tredeoffs, alternatives, and the basecase are described.

2.1. Design Basis. The RFP phvsics described in Refs. 1-3 have
been combined Into a comprehensive systems analysis[14-16] to provide a
range of reactor designs optimized for minimum cost of electzicity (COE)
through a comprehensive search of key pilasma and reactor
characteristirs. 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 ntp, temperature, etc.) anc
engineering variables (efficiencies, FPC lgfetimes. coil parameters,
replaceanent schedules, unit costs, etc.). This procedure yields a
global energy confinement time, Tg(OPT), required to assure a minimum-
cost reactor. The experimental energy confinement time, T-(PHYS), can
be derived from the ohmic-scaling extrapolations|3,14- 167 of the form
(PHYS) - C.IY r f(ﬂ ), where v and C are fitting constants,
) = (Bg. 75 ) , and B,. = 0.13 is a critical beta above vhich
QHYS) is Assumcd to diminish according to f(B ). The difference
betveen Tg(OPT) and T (PHYS) gives a margin that me35ures the difference
betveen tEe reactor goal the physics extrapolation, and the ability to
achieve & minimum-COE systen.

Typical optimized COEs are plotted on Fig. 2, vhich shovs the
minimum-COEs are design point as well as sensitivites to confinement
scaling (constant-v curves), net electric power (constant-Pr curves),
and neutron first-vall loading (constant-I, curves). 1he Pg, v, and I,
grid given on Fig. 2 illustrate the trade-off betwveen physics (v, r.)
economic (COE, Pp), and technology (I,. r,) requirements. Tvo 1000-Hve
design points HRave been selected “froh the ensemble of minimum-COE
designs and are summarized on Table I; the fully minimum-COE design at
I, = 20 MV/m? is termed CRFPR(20), and a somevhat more costly
I, = 5-Mu/m? design is termed CRFPR(5). Most of the conceptual
engincering design effort to date has been performed for the CRFPR(20)
design.f14,15, Although the dependence of COE on FPC size and neutron
vall loading is veak, the 20-MW/m?, minimum-COE design vas selected in
order to examine technclogical limits required to assure a single-piece
FPC maintenance scheme [~ 800-tonne poloidal-field coils (PFC),
~ 300-tonne reactor torus}. Upcn computing the equilibrium from the
coil set suggested by the systems code, adjusting the blanket and shield
thickness to accommodate the neutronics analysis of a thin Lx
cooled blanket and a vater-cooled first-wvall, limiter, and shie?é and
performing « detaiied plasma/circuit simulation, the reactor «cross
section and FPC design shown 1in Fig. 3 emerged.[16) This design wa:
subject to engineering analysis to determine more precise reactor
parameters. Ge.ne-al engineering features ol the CRFFR(2U) design are
lunmarizod in Table II, and Fig. 4 gives a comparison of FPC size tor

=5, 10, and 20-M\/m? designs selected from the 1000-MVe(net)
lYnlnun COE curve on Fig. 2.

2.2. Description of FPC. An FPC integiation s.udv wvas performed
[14,15] to translate the paremeters sugpested in Tab.e II into a
conceptual engineering design. The folioving set of engineering
constraints vas applied:
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radius, r_, for a renge of net-electric povers, Pp, for
A = Re/r "s 5.35. Also shown are lines of constaat neutron
vall lgadings, I, (Mu/m?). The condition . where
T (OPT) m» T g(PLYS) is also shewn fox TE(PHYS) = C, I)r f(B )
scaling for 4 range of v values. The minimum-COE desYgR for
a given Pp is indicated by the circles, and the required I,
and v values are indicated.

Primary and secondary stresses less in the wvater-cooled first wall
and limiters less than a f.fth of the yield stress.

PbLi blanket pressure below -~ 0.7 M Pa (< 100 psi).
Prescurized-vater coolant velocity belov -~ 10 m/s.
Maximun copper-alloy high-heat-flux temperaiture below ~ 400°C.

Maximum structural (HT-9 ferritic alloy) temperature in contact
with PbLi below ~ 500 C.

Critical-heat-flux limits for pressurized-wvater cooiant specify a

2 10-K subcooling at typical PVR coolant conditions (15.6 MPa our
2,200 psi, 330 C toiling point).
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TABLE I
SAMPLE COMPACT RFP REACTOR DESIGN POINTS

FOR THE MINIMUM-COE 1000-MWe(net) CASE AND
A CASE OF LOWER FUSION NEUTRON FIRST-WALL LOADING

DEVICE CRFPR(20)¢@)  CRFPR(5)
Neutron first-wall loading, I_(MW/m?) 19.5 5.0
Net electrical pover, Pp(MVe) 1,000. 1,000.
Tctal thermal pover, PTH(HVt) 3,365. 3,609.
Recirculating pover fraction, 1/Qg 0.185 0.208
Plasma mincr radius, rp(m) b 0.71 1.42
Plasma major radius, RT(m)( ) 3.8 7.6
Plasma volume, V_(m3) 37.8 102.5
Plasma pover dengity, PF/VP(HV/mJ) 72.4 9.6
Plasma tempzrature, T(keV) 10.0 10.0
Plasma density, ?8}0’°/m3) 6.3 2.3
Average beta, 8o 0.23 0.23
Plasma energy confinesent tlgs, Tp(s) 0.23 0.70
Plasma thermal diffusivity, XEEmzls) 0.41 0.54
Field at plasma, Bg(T) 5.2 3.0
Peak field at coil, B C('I‘) 4.5 2.6
Plasma current, I (HA? 18.4 21.6
Plasma current digiity. j¢(HA/m7) 11.2 3.41
FPC volume, Vppc'®/(m?) 285. 1,042,
FPC mass, HFPC?¥onne) 1,105. 2,000.
FPC pover density, PTH/VFP (MWi/m3) 11.8 3.5
FPC mass utilization, Mp Pry(tonne/Mit) 0.33 0.55
FPC mass pover density, YSOO /HFP (kUe/i?gne) 905.0 500.0
FPC cost as fraction of tntal §§rec cost 0.045 ~0.05
Unit Direct Cost, UDC ($/kve)(8 1,007. 1,169.
Cost of Electricity, COE(mills/kweh)(8) 48.4 55.5

t‘sVllues reported are derived from a systems code and differ somewhat
from final design values derived from conceptual subsystem design and
plasma simulations, as reported in Ref. 14 and subsequei.tly modified
by the Ref. 15 study.

(b)Pllsma aspect ratio preserved at A = RT/r = 5,35, wvhich s a
ninimum-COE value, but this minimum is very shﬂllow. Blanket design
adjustments driven by Ref. 15 follow-on study increased A to 5.5.

(C)Includes ~ 0.03 for steaudy-state alpha-particle pressure, total
(volume-average) beta is ~ 0.12.

(d)lecn as ~ (3/16)r;/tE for a parabolic temperatuie and flat density
profile.

(¢)pusion powver core, includes plasma chamber, first-wall/limjters,
blanket, shield, and coils; excludes coolants.

(£)compared to 0.255 for STARFIRE[7] and 0.305 for MARS.[10]

(‘)1980 dollars, wvith COE given as a "then-currernt" value (i e.,
includes both interest and e-calsticn  incurred during the
construction period) and Ref. 14 cost database used. Reduction by a
factor of -~ 1.79 converts th-.se costs to 1980 constant dollars, and
an increase by a fac'or of 1 348 converts these costs to a 1986
basis.



S W rd O

z (m)

-1.0

3_0 |l|'rlll'l"l'l"l'll"""f]
. CRFPR |

2.0 e [

1.0 YA

0.0

-2.0

/lMTEa ) -30 sl aaaalesaadaaaabaaastaaa,]

00 10 20 30 40 50 60

R (m)
_ RIGHT BLANKET HALF (RBM)

SHIELD (8)

RIGHT FIRST Wall (RFW)

SHIELD
LANTER

LEFT FIRST WALL (LFW)

PoLi COOLANT OVUTLEY
LEFT BLANKET HALF (LBH)

PbLi COOLANT MLET

Poll ORAN
]
ISOME TRIC FW, L. 4 8 WATER COOLANT
SCALE LINES

Fig. 3. Isometric viev of CRFPR fusion pover core based on engineering integration studies
reported in Ref. 14 and 15. The reactor torus, defined as the plasma chamber, first
wall, limiter, blanket, shield/structure, and TF coils (i.e., the FpPC less the
-~ 800-tonne PF coils), is installed and replaced as a single ~ 300-tonne uait (drained
of PbLi <coolant).
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TABLE II

KEY CRFPR ENGINEERING PARAMETERS AND CHARACTE§ISTICS
FOR THE CRFPR(20) DESIGN rROM REF. 15'3

Net/gross electrical powver, Pp(Mie)/Ppp(MVe) 1000./1256.
Total thermal power, PTH(HVt) 3473.
Gross pover-conversion efficiency, "rH 0.369
Recirculation power fraction, € 0.204
Overall plant availability, p 0.76 (15 MWyr/m? life)
Major/minor plasma radius, RTfrp(m) 3.9/0.71
Plasma volume, Vp(m’) 38.8
First-wall area, Apy(m?) 115.
Neutron first-wall loading, I (MV/m?) 19.?
Number of toroidal sertors, N 24.%8)
Maximum field at magnet, bg. (T) 4.5(0)
Field at plasma axis/edge,eﬁ¢(0)/Be(rp)(T) 9.5/5.2
Average pnloidal/total beta, 8,/8 0.23/0.12
Average density/temperature, n(1029/m*)/T(keV) 6.6/10.0
Plasma burn mode Continuous/ignited(¢)
Plasma heating method (startup) Ohmic (246 V-s total, 26 V-s, ohmic)
Plasma current/ohmic power (MA/MVW) 18.4/25.3
Plasma impurity contro. Poloidal pumped limiter (24, 38% first wall)
First-wall/limiter MZC copper alloy (water-cooled)
Blanket/shield structure HT-9 steel (wvater-cooled second wall)
Tsitium-breeding medium PbLi(35 MW/m? average), TBR = 1.06(2-D)
Primary conlant PbLi (poloidal flow, 0.6-m-thick)
Shield Stainless steel (0.l-m-thick, water-cooled)
Thermal-conversion rethod Dual-media (46.3% H,0, 5.37X% PhLi) steam
FPC Masses (tonne; {19 m*, 3.58 tonne/m*, 11.2 Hat/mJ. 0.32 tonne/MVWt)

¢ Limiters'® 8.4

¢ First wall 1.8

¢ Second Y?%l(e) 9.9

¢ 3lanket 48,72

¢ Shield 159.6.6

¢ TFC (Subtotal) 76.2(304.)

¢ OHC 400.

¢ BFC 413.

Total 1117.

(a)For oft-site fabrication purposes only, single-piece FPC maintenance
is envisaged for this ~ 304-tonn: svstem (first wall, blanket,
shieli, toroidal-field coils), to which is added » separate B1l3-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.{15]

(c)At the OHC during the burn, 9.2 T during startup. Pwuak field at the
TFC 1is 0.7 T, with the plasma dynamo providing a major part of the
toroidal flux during startup. The TFC.OHC/FFC pover cousumption is
12.6/73.0/53.5 MWe, with the OHC power jsoing to zero upon initiation
of oscillating-field currert drive (OFCD).

(d)Basned on OFCD at 50 Hz with &&/¢ ~ 0.035 toroidal flux swing,
8V, /<I f,R > = 100, 8I,/I, ~ 0.C1 plasma current swing. 7These values
ar przlfn nary estimates.

(e)Includes manifolds and headers.

(f)Includes inlet/outlet ducts, but not 925-tonne PbLi coolant.
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Fig. 4. Comparison of fusion-power-core (FPC) sizes for the CRFPR(S5),
CRFPR(10), and CRFPR(20) designs with the STARFIRE[7] tokamak
and a (British) pressurized-water fission reactor pressure
vessel.

vii) Thermal-conversion fficiency taken as n; - 0'75n§ENnI
(NGeN = 0.98), vhere n? is an {deal conversion e ?iciency or a
duaE—media pover conversion system.[14,15]

viii) Mo structural sputtering margin (coatings, tiles, cold/dense
radiating plasma edge required).

ix) Self-cooled PbLi blanket MHD pressure modeled in one dimension
wvithout recourse to the use of sandwiched electrical insulators.

The basic PPC geometry showvn in Fig. 3 is a single-plece reacrtor
torus (i.e., FPC less the PFCs) constructed from 24 sectors that have
beern joined into a single unit at the 0.1-m-thick, wvater-cooled, steel
structural shield. Flov in the self-cooled PbLi/ferritic-steel (HT-9)
blanket is in the direction of the dominant poloidal field. Because of
the high heat loads expected for the limiter-based CRFPR(20) design
summarized 3Jn Table II, a dual-media pressurized-wvater/flowing -PblLi
coolant system vas adopted. The limiter, first vall, second wall (l.e.,
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first structure vall of the PbLi blankrt), and shield are each coole? by
separate, single-pass, pressurized-vater circuits that share common
input and output headers, but have separate manifolds. The second wall
serves as the return leg for the first-wall water ~oolant. A mechanical
separation betveen the second vall 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 structurgl
vall 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 under which separate cooling of the blanket structure by
pressurized vater can be elirminated requires a neutron first-wall
loading below ~ 5 MW/m? 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 divertor-based designs
presently being examined. Access for all coolant and vacuum lines would
be at the outboard equatorial plane (Fig. 3), wvhere bocth PbLi and
pressurized-vater coolants are manifolded for pover distribution to the
respective steam generators.

Starting with the plasma, Py = 2186.8 MW of 14.1-MeV neutron powver
contributes to volumetric hcating in the limiter, first wvall, second
vall, blanket, shield, and coils. The steady-state plasma must also
radiate, conduct, and convect a pover equal to the sum of the alpha
particles, P, = 516.5 MW, and the ohmic dissipation, Pg = 25.3 MV. A
fraction of P, + Pg 1is radiated uniformly over the ?irst-vall and
limiter su:ghces, wvhereas the remaining fraction 1 - fp,, is
conducted/convected, with the fraction f of (1 - ¢ D)(Pa + PQ)
actually reaching the limiter surfaces. The nuclear and Eérect plasma
pover reaching the limiter, first wall, second wall, and shieid are
transported to the thermal conversion cycle by pressurized-vater
coolant, whereas the nuclear heating in the PbLi-cooled blanket 1is
delivered to the power cycle at a higher temperature. Of the total
recoverable thermal power, 1607.5 MWt or 46.3% is delivered t .;ough the
pressurized-vater coolant loop. The energy deposited in the near-room-
temperature coils is 212.0 MWt, 66% of which (139.1 MWt) results from
ohmic dissipation. Hence, 11X of the gross electric pover would be
recirculated to supply resistive losses in the TFC and FPC sets, and
2.2X 1is recirculated directly to the plasma, which, wvhen combined with
an added 7X recirculated to auxiliary plant needs, amounts to a total
recirculating power fraction of ¢ » 0.20. The FPC thermalhydraulic
design and optimization gives an overall thermal-conversion efficiency
of npy = 0.369 for «his dual-media thermal cycle, which when combined
vith € and a generator efficiency of nypy = 0.98 gives an overall plant
efficiency of "p = 0,288.

The FPC size of the CRFPR(20), including the muin PbLi manifold, is
small (1,117 tonne, 362 m?) compared to that for the STARFIRE tokamak]|7]
- 23,200 tonne, 8,100 m*) or MARS tandem-mi_ ror[10] (~ 23,300 tonne,
11,650 m?) reactors. Seve;al plant layouts were considered in order to
quantify the possibility of both vertical- and horizontal-replacement
single-piece maintenance schemes|[13,16] for the reactor torus.
Generally, the ~ 800-tonne PFC set world be moved in quadrants and would
be life-of-plant items, wvhereas the ~ 300-tonne reactor torus contained
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vithin the PFC set would be installed and replaced as a single unit once
a year. Approximately 10-14 days would be required for a FPC
changeout,[15,16]) vhich is within the 28 days alloved 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%X. The replacement cost for the first wall and
blanket an unts to 3.5% of the (constant-dollar) COE.

3. TECHNICAL ISSUES

3.1, Physics and Plasma Engineering. A number of critical physices
issues can be ldentified for the R(2C) design. Firstly, plasma
turbulence associated with the self-generation of internal magnetic
fields might increase transport. Secondly, the physics of ohmic heating
to ignition (primarily depositing powver in the outer plasma region)
followed by alpha-particle heating (primarily central-plasma heating)
has to be considered in relatjon to the transport and sustainment.
Thirdly, equilibrium and stability consliderations, including the effects
of field errors, are important. Fourthly, for the compact options, it
is necessary to consider steady-state reactor operation and, hence,
possible current-drive schemes. Lastly, active ash/impurity control
schemes based on a pumped limiter or a magnetic divertor must not
adversely affect the field configuration in the outer region. Each of
these five important areas are briefly addressed.

3.1.1. Transport. The transport scaling used to bracket ignition
mergins for ~the cost-optimized designs represented on Fig. 2 iz in
qualitative agreement with experiment[3,19] and recently published
theoretical estimates for energy confinement in plasmas dominated by
resistive fluid turbulence.[20,21] Although the veactor calculations
have not yet taken into account cffects of field errors on transport,
vhich are important in experiment, field-ripple constraints,
nevertheless, have been imposed on the TFC design.[l4] The streaming
paramcter is monitored during the startup simulation and, through a
fueling algorithm coupled to the plasma/circuit response, is not allowved
to exceed 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 minimum energy[4,5] in order to minimize transport 1losses
and flux consumption. The key question in this area is the maintenance
of the observed favorable confinement scaling with current at constant
beta for rea:tor-like currents, current densities, and temperatures.

3.1.2. Beating. Ohmic dissipation in an RFP provides a powerful
heating mechanism and ylelds a transport scaling of the form given 1in
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
application of a varying scaling is not warranted by present
understanding. A similar comment can be made for the conditions
prevajling after startup, vhen the plasma heating is dominated by alpha
particles [P /(P  + PQ) = 0.96]. Ignition at values of v below ~ 0.8 is
possible only for plasmas of higher current dgensity, further 1{ncreased
pover density, reduced size, and higher resistive volt-second
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consumption. Ignition occurs for By = 0.05, wvhich is equal to or below
experimentally achieved values, with subsequent alpha-particle heating
and fueling control driving Bg up to ~ 0.2 design target.

3.1.3. Stability and Equilibrium. Since the CRFPR(20) plasma
contains 120 HJ (1.1 EJ7m§ of first-vall area) of kinetic energy,
current terminacions must be controlled. Curren. terrinations observed
in RFPs, hovever, are physically different from major disruption in
tokamaks, -n that the large positive voltage spike observed in tokamaks
is not observed and the current terminstion 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 moaes sn the
reactor design renains to be assessed. The presence of the electrically
thick conducting shell required for short-term stabilization of global
modes, introJuces several, vwhich may be important and generally
unresolved problems. A thick shell has a strong influence on the
tritium breedirg as vell as the impurity control scheme (i.e., limiter
slots, divertor channels, non-axisymmecric perturbations), the
paintenance/assembly scheme (i.e., gaps and breaks), and overall first-
vall/blanket operation ({(i.e., thickness of conducting liquid-metal
blankets, coolant flow surges, current paths in structures, etc.).
Lastly, a number of unresolved questions arise vhen a strongly ohmically
heated plasma ignites and then mikes a transition to a significartly
different heating profile as alpha-particle heating dominates. Alpha-
particle-driven plasma oscillations can induce transport (of both fuel
and ash), plasma instability and beta 1limits (the alpha-particle
pressure &t steady state increases the poloidal beta frcm 0.20 ro 0.23),
ard perhaps might even affect the RFP dynamo.

3.1.4. Current Drive. The existence of a powverful and robust RFP
dynamo creates the possibility for efficient current drive by
oscillating the PFC and TFC circuits at low frequency (< 50 Hz) and
amplitude (€ 1X). This current-drive mechanisr wvas first suggested vy
Bevir and Gray[22] and subsequently examined by others.[23] The
principle of oscillating-field current drive expressed in terms of
electrical elements is as follovs: If the plasma behaves as a variable
inductance, a DC toroidal current can be induced by applying AC voltages
to the two circuits in the correct phase. This method depends on the
close coupling betwveen the poloidal and toroidal currents in the plasma
as a result of the relaxation process. The energy stored and oscillated
in the poloidal and toroidal current-drive circuits is estimated to be
44.5 MJ for the CRFPR(20) reacior case (50 Hz, plasma current change of
814/1I, = 0.01, and a toroidal flux change of &¢/¢, = 0.U35). The
tr‘ns er of this ¢nergy can give rise to sizable reactive pover flovs
betveen the plasma and driver coils. The magnitude of this reactive
pover depends on the plasma magnetic-field, current, and temperature
profiles, but only the fraction of this reactive pover (610/1 a 0.01)
actually would be handled by the current-drive pover supply. Tﬁe degree
to vhich the ectual current-drive circuit can be designed to provide
isolation and efficient management of large reactive povers remains as a
key issue.
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3.1.5. Ash/Impurity Control. Both (poloidal) pumped limiters,[14]
and (toroidal) magnetic divertors[24] are being considered for
impurity/ash control for the compact RFP reactor. Because of th.
domiaance of poloidal rather than toroidal fields in the RFP edge-plasma
region, the geometry for each ash/impuri:y control :cheme is genecrally
orthygonal to that usually considered .or tokamaks.

The base-case CRFPR(20) design{14,15] adopted pumped-limiter
impucity ccntrol. The higher average first-wvall pover density expected
for the compact reactor requires a greater fraction of the first-vall
area to serve a limiter function in order to maintain heat- and
particle-flux limits set by thermal-mechenical considerations.{15] 1In
fact, the total first-vall arvea (110 m?, with the limite: being ~ 40X of
total area) for the CRFPR is comparable to the STARFIRE liimiter area
(~ 6) m) and wvould operate at comparable peak pover densities (4-6
MU/m ) and particle fluxes for similar edge-plasma conditions <i.e.,

radintion fractions, temperatures, densities, etc.). The dominant
polo. dal field at the scrapeoff layer favors a schere wvith a toroidal
arra' of poloidal 1limi:ers. For an array of N, poloidal limiters, a

fielil-line reconnection length, L = urp/N q (compared to mRpq for a
tokanak toroidal limiter) that s sukficiently long 135 required for
adequate radial diffusion into the scrapeotf region as edge-plasma
nart:cles follow hligh-pitch field lines betveen intersecting limiter
surfices. As for other pumped-limiter configurations, a large fraction
of t1he plasma energy loss must be shed as radiaticn (fp,p 2 0.9) in
orde; to reduce the cnergy/perticle load on the limiter surface.
Limi'er sputtering has been estimated, but uncertainties in neutral-atom
tran: port, edge-plasma conditions, and redeposition profiles render
these erosion estimates uncartain. Large gross sputtering rates are
predicted, as for other fusion concepts, unless the edge-plasma
temperature are very lov or very high and/or large. radiaticn frections
(i.¢., radiating plasma mentles) can be sustained. If the sputter
erosion rates cannot be reduced by enhanced radiutive loss, operation of
efficient magnetic divertors viih nigh edge-plasma temperatures may Dbe
necessary; in this connectiorn, the RFP magnetic topology presents
certein advantages.|[24])

Toroidal-field poloidally symmetric and toroidal-field bundle
divertors have been considered for the CRFPR(20) design.([24]) The bundle
divel tor appears preferable to the symmetric divertor from a vievpoint
of e¢ngineering access. The bundle divertor system, hovever, has
currents floving parallel to the PFC currents, resulting in larger coil
forccs and stored energy. The poloidally symmetric toroidal-field
divertor destroys toroidal symmetry, whereas the bundle divertor
destroys both toroidal and poloidal symmetry, possibly having a greater
effect on plasma stabjlity and transport. The potential to remove all
or taxt of the bundle divertor assembi.y for maintenance without
displacing other subsystems is an important advantage. The introduction
of toroidal asymmetries by either the poloidally symmetric divertor or
the ti:ndle divertor, hovever, presents a physics concern, which also
exists for the design with 24 poloidal limiters. Recent edge-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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lengths (2 300 m), even for 24 bundle divertors; appreciable cross-field
diffusion to the first-wvall is expected. Since poloidally symmetric
toroidal-field divertors are expected to have an efficiency of » 96X
along with a negligible economic impact,[15,24) this latter approach is
presently under study for *he RFP.[25]

3.1.6, Fueling. The requirem=nts of the fueling scheme depends on
the method adapted gor acl/impurity control. Fueling ty edge-plasma gas
puffing is compatible only with a pumped limiter, but it should also
help to protect surfaces of components wvithin the vacuum region by
maintaining a cold and dense edge plasma. To some degree divertors will
require at least lov-velocity pellet fueling in order to introduce fuel
inside the separatrix. As for most fusion reactor concepts, deep-
psnetration pellets with a mass that is a small fraction of the total
plasma inventory will require advanced accelerators for the production
of pellets vith velocities . 50-100 km/s (e.g., propulsion by rail guns
or laser ablation); slpha-particle/pellet interactions may also place
even greater demands on the pellet injector.[10] If gas ingection near
the edge plasma is possible, lov-penetration pellets fcr plasmas that
use magnetic divertors for impurity control should prove feasible.

3.2. Engineering and Technology. The key enginecring . ssues
identified for the compact RFP reactor arise from the need for a) 1igh-

heat-flux firsi\-vall and limiter (or divertor-plate) sur.aces, b) higi.-

pover-density liquid-metal-cooled blankets, and c¢) acceptable erosion

and radietion lifetimes for the materials used in the fusion powver core,

particularly for the in-vacuum components nund for radiation-hardened

;oppcr coils. These technology considerations are briefly summarized
ere,

Generally, given acceptable plasma confinement, the key design and
technology yuastions center un the need for acceptable radistion-fluence
lifetimes for key FPC components, vhich in .urn reflects as a strong
cost tradeoff gqiving improved mass usage (i.e., operating cost), plant

availability (...., mean-time-to-repair), reliability (i.e., mean-time-
to-failure), and reduced component complexity upon vhich materials
development will have a strong influence. Given that in-vacuum

components can be designed and operated wvith average heat fluxes of
4-6 MW/m?, as i3 also required “or high-heat-flux components in the
lover-pover-density systems, critical uncertainties in this area reduce
to the partitiun of radiative and energetic-particle fluxes incident
upon in-vacuum component surfaces and the uniformity of this deposition.
The high-heat-flux alloys (copper, molybd.num, vanadium) will also
require development for use in the intense fusion-neutron fluxes,
although radistion fluences no greater than those necessary for other
fusion approaches will be required (~ 10-20 MVWyr/m?). The use of
self-cooled liquid-metal blankets is preferred for these higher pover-
densitvy asystems, because of the increased pover densities wvithin the
blanket. The blanket design parameters are generully determined by the
relationships betveen MHD pumping needs of the coolant, desirable
nperating blanket pressure and t(emperature, ard the need to hold
coolent/structure interface temperatures belnw  limits  set by
considerativns of liquid-metal corrosion. The low field and short-flow-
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length geometry of the compact RFP reactor, hovever, reduces these
problems relative to superconducting systems wvith lengthy coolant-flow
paths that must traverse strong toroidal or axial fields. The magnet
developrent required to produce relatively small, radiation-hardened
resistive coils (vater-cooled copper alloy, inorganic insulation, e.g.,
MgO) for use outside a blanket appears to be well advanced for
accelerators, although dose and damage rates will he higher for fusion
application.

The design conditions suggested in Tables I and II result from a
desire to maintain a minimum-cost system that would operate withia
realistic engineering constraints and simultaneously would assure a
fusion pover core that could be pretested, installed, and repaired as a
single unit vhile representing a negligible part of the plant total
direct cost. As shown by the sensitivity studies summarized 1in
Sec. 2.1. and Ref. |15]), considerable latitude exists within wvhich key
constraints can be relaxed vithout seriously compromising eithevr cost or
other advantages of the compact fusion reactor option. Many of the
design and technology problems associated with the compact RFP reactor
are materials related, and a majority of these issues appear to be
common to most magnetic fusion reactors. A shift in technology
development will be needed, hovever, to accommcdate the compact
approaches, with the emphasis moving avay from stainless steel in-vacuum
components and towvards high-heat-flux alloys, awvay from solid tritium
hreeders and tonvards 1liquid-metal breeder/coolants, and avay from
vell-shielded superconducting c¢oils and tovards radiation-hardened
vater-cooled copper (or possihly aluminum) coils.

4. FUTURE DIRECTIONS

The CRFPR design is presently being reassessed and subjected to a
more detailed engineering study called TITAN/RFP.[25]) The focus of this
study is a divertor-based, high-neutron-wall-loading (2 10 MW/m?) design
that also 1invokes osciliating-field current drive for steady-state
operation. The resistive EFC pover consumption for the CRFPR(20) design
amounts to 53.5 MV, wvhich along with a desiie for a more open geometry
points towards ccst and operational incentives for othervise more
axpensive superconducting EFCs, particularly i{ resistive-coil dive-tors
and more conservative physics (lover beta, flatter profiles) are
assumed. The OHC and TFC, hovever, vould remain as resistive coil
system in order to retain a compact reactor torus, with the OHC bzing
used and sized for startup conditions only; both OHC and TFC would also
serve current-drive functions. Figure 5 shovs cost, neutron-vall-
loading, mass-pover-density, startup pover, and other tradeoffs for the
case vhere the OHC is sized for full grid pover applied in back-biased
condition and 20X of grid pover available for resistive OHC losses in
forvard-bias condition prior to application of current-drive achievement
of steady-state operation. Somevhat higher plasma currents are required
comparad to the CRFPR(20) design because the peak poloidal bets has been
decreased from By = 0.2 to 0.13 and flatter density and temperature
profiles have been assumed as suggested by recent one-dimensional
plasma simulation:z. Generally, the higher cost associated vwith the
superconducting EFC set «nd the lover mass pover density
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Cost optimizatiun of a divertor-based RFP reactor using
superconducting EFCs, but a compact, resistive-coil (TFC,
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cost of clecgricity, COE (constant 1986 dollars), and FPC
moss power density, MPD.

(~ 500 kVe/tonne compared to =~ 900 kVe/tonne for the CRFPR) is
compensated by the lover recirculating pover fractions (0.20 versus
0.18).

3. CONCLUSIONS

Ohmically heated RFP 1eactors have been coneidered with a range of
neutron vall loading values, vhich includes corventional superconduciing
designs operating vith lov pover density and compact designs with normal
copper-coils and high pover density. Recent emphasis has been placed on
the compact approach because of substartial economic, operational, and
devilopmental advantages. This approach is particularly suitable for
high.@, poloidal-fieldi-dominated systems vhere @B’ at the plasma s
largey and the fields at the coils can be small; borh the RFP as vell as
the yoheromak and field-reversed configurations fall into this class.
The +‘vusion pover core for this class of systems can be made comparable
in mass and volume to the corresponding assembly in a fission pover
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plant. These improved rusion reactors have a pover density in the range
5.15 MVt/m®, and a mass pover density in the range 500-1000 kVe/tonne;
improvements by factors of 10-30 compared vith conventional designs
result. DBecause the FPC is a smaller proportion of the total plant cost
(typically 3-5% compared vith 25-30X), the unit direct cost (S/kVe) is
less dependent on the related physics and technology uncertainties;
installation and maintenance requir~ments are also eased. A faster,
less costly development path is alss a possibility. Technological
problems remain to be solved for these higher-pover-density systems,
hovever, particularly iegarding high-heat-flux materials. Key physics
requirements and uncertainties for the reactor include heating,
transport, placma-vall interactions, current-drive, inpurity control
vith pumped limiters or magnetic divertors; t:chnological considerations
for each vere briefly discussed. As both theoretical and applied
understanding of the essential features of the RFF startup, equilibrium,
impurity control, and current drive is developed, the framevorlk design
presented in Refs. 14-16 and summarized here is evolving tovards a
comprunise betveen reduced technology needs and economic pover density.
Most recent design activities[25] remain focused on compact systems
using resistive TFCs and ORCs, but with superconducting EFCs,
poloidally-gymmetric toroidal-field divertors, and oscillating-field
current drive using carefully trimmed main-coil drivers.
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