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Experimental confirmation of nrninductive current drive has spawned T = ._’E_"'i EPE 8
a number of suggeations a8 to how this techaique can be used to extend 285 _:5: . Qs
the fusion burn period and improve the reactor prospects of tokamaks. 2 E‘.gg = g §§
Several digtinct burn cycles, which employ various combinations of Ohamic .é’ :,;5 2'§ ] g _g:‘;
and noninductive current generation, are poesible, and we will study ) 3;2 %%% 2 e
their relative costs and benefits for both a commercial reactor as well 5,2'; LS E' 5
as an INTOR-clags device. We begin with a review of the burn cycle 5“55'.2 >~';§’o
options. §§‘E~§ 'E-;ihg
g Es2 87
Until recently all tokamaks operated with toroidal current generated - :ﬂe L §5 .5,’E"
by an external transformer (OHC). On this basis a reactor would neces- © g ESd E L oo
sarlly be operated {a s pulsed, ohmically driven (OH) wode. A host of o '§ 5 E] E"‘é‘ °3§
shortcouings are perceived to result in a power reactor operated in this FR: 5w % g E
fashion. Theae problems derive from thermal fatigue in high temperature E §'§ .9 e 88 =
components, mechanical fatigue associated wlth magnetic field fluctua- @ g E §!; o >.6 g
tiong, and the coata of thermal and electrical energy transfer and < tEeE 88T _g§
storage. 5 é E 5 _§ 8 55
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The STARFIRE reactor designl'2? was the first analysis of a tokamak =) 8 i Ea—8n 82
operating in a purely noninductive burn mode with continuous wave (CW) g% n.a".a ‘B ‘éE §1
injection at the lower hybrid frequency. The principal concern with CW Sg ] a8 8 s% >
operation is the efficiency of generating the toroidal current. Figure | g = 3'-§_ " E § © g
tllustrates the typical power, Py, required to drive curreat in a CW ﬂg < E‘“ 3o a %'5
tokamak the size of STARFIRE, aseuming moderate bets, low gafety factor P E 8 § 2 %5‘ -]
(g = 1.0-2.5) and various efficiencies v = I, (R,/7.0 m)(n /1027 u™3)/p, E’S & ;‘g’g w & E
for high-speed current drive (energy added tu suprathermal glectrona); wve g E‘E . & ..2. £ -g
define I, to be toroidal current, R, {8 major radius, n_ is the average E-'B " °x?° g =
electron density, and units are SI and KeV. This clag§ of drivers in- az_: EE E} Sw%
cludes the lower hybrid (slow), magnetosonic (f-st), and electrom cyclo- FLEQ e 'E- 5 IR ]
tron wave, In the beat theoretical case (relativiatic limit) y =~ 0.2 vr8 ,E8852¢23
A/W, wheregs present-day experiments3*" report y ~ 0.017. From the g & gév Eggge
flgure we see driver power ig minimized by operating at T > 12 keV; E E.Q bg‘q'.-'i-g °:§
there is algo great incentive to achieve v > 0.1 since drivir"power in Eé E'-".:' § E g"ég
e;cs;ss of 200 MW will be an expensive {tem 1f driver cost exceeds 0o B
~51/u.

The net electric power is plotted from the approximate foraula
Prer = 0.357 Ppp - 73 MW - (Py4/0.7), where the thermal power is due to
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alpha heating, the absorbed driver power, and neutron heating with blan-
ket enhancement: = Py + Py + 1. 14 P . Also we note P, maximizes
at T > 12 keV; v § 0.06 A/W may cufffce to achieve acceptable net
powe?-~ The penalty “for operation above ~12 keV {s the rapid increase of

above 11 T. The credibility and veliability of such vary high field
Tg magnets L@ called to question.

In the avent that y cannot ke increased we could consider a pulsed
operating mode in which the noninductive driver i{s used only during lov
density periods, when the ratio I, /B4 i large. One poasibility here is
tc use noninductive cutrent drlve 3urlng guch perioda of low density
oparation, driviag the curvent above the minimum value needed for fusion
operation, and then permitting the current, [, to decay resistively dur-
ing a bricf perfod of hlgh density fusion operatiorn until the cycle must
be repeated. Thia mode, "7 called internal transformer (IT) operation,
conpletely eliminates the external transformer but requiree oacillating
fuiton power and equilibrium field coil (EFC) magnetic fields.

Of wmore practical Latere¢t fs a hybrid moded’? ta which 1 remalns
conscant, driven at high denaity during the fuaion burn by an external
tranaformer, and at low denaity by a noninductive driver while the
tran-former i8 veset. This cycle, shown achematically in Fig. 2, still
has fugion power oacillations and vertical field fluctuatlons asaociated
#ith the low censity tranaienca.

At the cunclusion of our work we will argue that pure CW operation
ts the only cycle which is clearly esuperior for a commercial reactor,
whercas the hybrid mode coild be a worthy goal for a smaller INTOR =ized
tokamak Lf current drive efficiency, y, does not {mprove beyond the val-
ues curtently demonstrated. Theae reaqulte are based on comparative stud-
fes of the resctor subsystems which are affected by burn cycle details.
Our models for theae subaystema are presented in Secticn 2, Density and
tempetrature transierts predeut varying heat loads to the first wall, lim-
irer/divertor plstes, and blanket atructures and mzy also trigger major
disruptions which can damage the plusma-side wmaterials. These thermal
effects, which mostly shorten lifetime and raduce the veactor's avsila-
bility, are diacuaged in Section 3. Orher effects of cyclic operation,
vhizh are analyzed in. Seciion 4, result {n capital cost differencea among
the various burn cycle options. Exanples of these problem arezs are
mechanical fati{gue in magneits and sunport atructur:, eddy current heating
in .iagnets, electric power supply amnd thermal energy storage costs, and
costs uf the current drive system. In ‘ection 5 we compare the cost and
performance of commercial Teactors Jesigned for the various burm cycles,
and i{n Section 6 we do the asme for a smaller device like INTOR.

2. SUBSYSTEM MODELS AND DESIGN OPTIONS

Those commercial resctors which employ noninductive drivers have a
major radius R, = 7.0 m, and the reactor with the OH cycle has R, = 8.0 m
in order to a gieve burn periods t, > 103 s. Both designs perfom ¢lmi-
larly to STARFIRE with fuajion power Pe = 4000 MW and a neutron wsll load
W~ 4 Mi/m2. Our INTOR analyais Ls based partly on the ANL deaign of a
DEMO reactor,? We consider multiple concepts for wmost subsystems in
order te reflect the uncertainty »f future technology. The cholces will

be brlefly enumerated here; a wmore detailed account of our analysis is
available in Ref. 10-12.

For the limiter (or divertor plate) satructure we have studied two
bagic alternatives. One sywtem, representative of near~term technology,
has a copper alloy for the heat sink gtructure and is water cooled (4
MPa, 130°C). A more sdvanced alternative has s vanadium alloy heat sink



with liquid licthium coolsat (4 HPa, 210°C). The front face of the limit-
er (that partion closest to the plasma) {8 wmpdeled as s flat slab with a
variable thermal load, Wge = 1.5-3.5 MW/m®, and the leading edge is
analyzed as a cylinder with thermal loads of W,, = 0.75-1.75 Mu/w?,  We
assume the entire limiter ls laminated with a surface material (tiles)
speclfically designed to reduce sputtering. At the front face we pick
beryllium as a typical coating, while near the leading edge a larger num-

ber of options are posaible, and we conaider both beryllium and tungsten
as coatings.

The firet wall 1s treated as a simple bank of cooling tubes. One
option {8 water cooled (15 MPa, 300°C) with prime candidate alloy (PCA)
for the tube atructure. We uge 20X cold worked 316 stainleas steel to
model the PCA properties. At these high preaeures a thin wall tube re-
quires a small inner radiur, and we zonsider Ty - 3-10 mm¢ The wore ad-
vanced deailgn utilizes liquid licthium (2 MPa, 350°C) as & coolant and
vanadium as the atructure. The low presaure permitsa relatively large
radius plping; r; = 25 cm {8 chosen. The Burface heat load W, = 0.5-1.0
MW/m?, 18 due u‘lnly to photon radiation, ao the first wall le teken to
be bare structure.

Radiation damage ia estimated by choosing a correlation between the
neutton wall load and the therwal loads: Wp, = 0.25 L Wpo = 0.4 U“,
and Hf = 0.8 W,. Based on & survey of materiale properties we assign
the Eoilouing neutron radiation limita to structural materiale: Cu, 4
Mu-y/a?; PCA, 12 MW-y/m?; and ¥, 24 MW-y/m?. Likewise we limit the maxi-

mum temperatures as: Be, 700°C; W and V, 600°C; PCA, 500°C; and Cu,
250°C.

Commercial reactors with puleed fusion power require thermal storage
during the dwell period to sBupply steady electrical power to the utili-
ty's grid. We have calculated the cost of thermal storage for two at-
tractive options. The near-term system employs high pressure water and
steam, and a more advanced system, which could be more economical, uces
liquid wetals to store energy.

Electric power aupplies are needed to tranafer energy to magnets.
The EF coils are powered through a sflicon controlled rectifier (SCR)
assembly from a motor-generator-flywheel (MGF) set. A similar power
train {8 used to reset the OH coll between fusion burns of the ochmically
driven and hybrid burn cycles. A third power system 1s needed for the
ohmic hurn cycle in order to supply high loop voltage for startup; this
power supply dumps considerable energy from the OHC through a resistor.

The pulsed asuperconducting magnets {the OHC and EFC) as well as the
TF coils ucilize the mulcifilament cable described in the STARFIRE de-
sign.! Only niobium-titanfum vas considered for the OHC since the pulsed
nature of its operation would make N‘b3Sn a poor alternative.

The toroldal field coil (TFC) wodel 1¢ a critical {aput to chiw
study since the TFC is & very expengive system and 1is sensitive to fa-
tigue from out-of-plane bending. Our focus is on one particular TFC de-
sign.! The superconductor is housed in a helium vessel at 4.2 K which s
suspended by thin struts (of low thermal conductivity) from an enclosing
rToom temperature vscuum tank. Both vessels are constructed from Type 316
LN etainless steel (aunealed). The overturning moments on the TFC are
reslated by the ateel asupport cylinder (inboard) and shear psnels (ocut-
board). This leaves unsupported free spans, along the top and bottom
legs of each TFC, which are vestrained from gross bending by the stiff-
ness of the vacuum tank. The superconducting cable 18 costed by two



algorithas. A near term escimate, baged on current material costs and
fabrication techniques, ia

C - 4
¢, (mc“ x §5160) + (mm’,u x §460) + (M $30)
where my is the mass {an kg of the cable materfal (copper, superconductor,
and ateel), However, 1f tokamak reactors are commercialized we would
expect aignificant price reductiona due to mass productlon and learning
experience. Futute technology might provide! a cast

Cpp = (o, <534} + (mgn NbSn

where an advanced guperconducting alisy 1s included. We compute the
sceel vacuum tank coat based on $24/kg.

x §120) + (mas x $17) + (= x $230) ,

ALl magnets are designed with adequate steel atructure to survive
the Life of the power plant. The total number of fudlon cyclea in the
reactor lifetime te based on a 40-y asasumed lifetime and 80X availability
(1.0 = 10% 8 of operation)., Our philosophy is that all burn cycles must
achlieve thig high avallability to be of interest to a wutility. Ve
attempt to calculate burn cycle requirements and system capital costs
neaded to approach theaa goala. All coets are in 1983 dollare. An
accurate estimate of gubaystem reliability, mean ctime to veplace falled
components, and syatem avallability is obviously not possible at present,
However, the data presented here provide a usecful comparison of the
relative attractiveness of the various burn cycles.

3. THERMAL EFFECTS OF CYCLIC OPERATION -— FATIGUE AND DISRUPTIONS

Our alm 1 to maximize firet wall and limiter lifetime against
simultaneous failure modes. Firat, thermal fatigue is calculated, and we
find that cycle life generally decreases for thicker structures and cocat~
tngs. Next we atudy material losa from disruptions asnd show how compo-
nent cycle life increases with thicker structures and coatings. The com-
ponent dimension corresponding to the intersection of these life curves
i3 conaidered optimum for abtaining the longest cyclic life. Then the
minlomun fusion burm length is found such that the total cyclic life ts
not shorter than the expected coaponeat life against radiation damage.

We 1illustrate our lifetime analyses by reference to Fig. 3. The
thermal stress fatigue cycle lifetime, Ne, for firet wall PCA is dia-~
played for three different heat loads. Aa the tube wall gets thicker (¢
increasing) thermal stress incressea and N; decresses dramatlcally.
Likewise, increases in W, aleo severely reduce the fatigue life. We
note a lower limit to G.Fgue to primary stress from the coolant, is set
by permitting an upper tolerance of 5% radiation-induced creep strain at
the end of the tube life. The upper limit to £ is reached when the plas-
ma side (outatde) of che tube begins ta exceed 500°C; above this tcapera-
ture the atructural qualities of PCA detertorat:. The significant factor
to us iz that thicker tubes will withstand mste damage from major disrtup-
tions. Two curves in the figure show the number of fusfon cycles of
operation before disruptions perforate a tube (assuming 70 um of eros’.n
at the same spot each time) 1f the average frequency of disruptions is
ong out of a thousand (f«107”) or one out of ten thousand (f=107") burn
periode. For a given probecbility of diaruptions, £, and a given wall
load, LI there is an optimum thickness which gives th: longeat cvelie
lifetime against both thermal fatigue and disruptions. Now, for the
maximum Ne corresponding to the optimum & we would desire a tokamak burn
perlod, *: gufficiently long that fatigue and disruptions are not more
limiting than radiation damage. Thie wminimum burn leng:h 18 tg =

(Lrad/WaNg) - 100 &, wvhere we allow 100 & between burns. Lp,q 18 the



fore shorter in-reactor life. In the second place theee higher thecmal
loads exacerbate the fatigue problem and generally require longer burna
tn order to not aurpass the limit on cycle liferime.

Pinally, we caution that our results only display general trends.
Reactor availebility should improve with geveral factors: use of more
radiation and fstigue resistant matevifals; veduction In the frequency and
severity of disruptiona; reduction in nec eputtering erosion; aelection
of disruption resistant wmaterials; operation at lower vall loada; ag well
as operation with longer fusion burnsa.

4. CAPITAL COSTS OF CYCLIC OPERATION

One obvious penalty for the OH and hybrid burn cycles is the large
and expenzive OHC (ctranaformer). The base price for a commercial reactor
variea from $30H to $8QM (Cy; and Gy vespectively) if fattEue is not a
factor. However, for lifetime stvess cycles N, > 3 » 10" additional
steel is needed in the winding pack #o the siresd ia reduced adequately
to eltminate fatlure due to mechanfcal fatigue. For “az 10° this
increases the QHC cost by > 20X and also reduces the volt-seconds stored
in the OHC. Figure 6 indicates these variationa with N, for INTOR.

With regard to the EFC systen, we note that the OH and hybrid cyzles
require an OHC in the hole {n the doughnut, and this transformer impedes
the design of optimally located EF coris. For & commercial reactor wve
find the EFC stored energy Lncreases ? 10X (5.6 GJ to 6.3 GJ) vhen the
EFC ta constrained by the QHC location. This translates, of course, into
a more expensive EFC eaystem. As with the ORC we must increase the atruc-
ture fraction of the winding ta accommodate fatigue as the cyclic life-
time increages. Increasing N¢ from ~10% to ~10% will increase the cast
of the EFC mystem by fifty per cent. Figure 7 diaplays this reault for
INTOR, assuming the OH cycle is employed. Tf the hybrid mode is utilized
the vertical field varfations are smaller (due to only the B  fluctua-
tions during the dwell phase) go the atress variations are amaller and
less structure is required to withstand fatigue.!2

The burn cycle effects an the TFC sre malnly assoclated with the
varytng out-of-plane . bending forces which accompany the vertfcal field
oscillations. A fracture mechanics analysis of the unsupported spans of
the TFC and the intercoil shear panel was performed and the gtructural
thickness was {nferred which would promige fail-safe operation for the
reactor lifetime. We assumed gtarter cracks ro be LQX of the wmember's
thickness. The resulting cost variation is shown in Fig. 8 for a commer-
cial reactor. As expected, the cost is level up tc N ~ 10%. Hence, &
reactor with a day-long burm (t, =~ 105 8) has TFC structure no more ex-
pensive than that for a CW reactor (tf ~ 3 mo., Mg ~ 200}, However,
shorter burns accumulate fatigue damsge very quickly. For short burns
(tf ~ 103 @, Ng ~ 10°) the incremental structural costs become prohibi-
ctive. We caution, though, that our cost estimates may be toc high at
large Ne. At tank costs of $100M to $200M the steel wide walls are in
the cange of 20-cm to 30-cm thickness. It may prove impractical to form
such large, thick members. The prohibitive costs at this point would
drive us to consider alternative structural support.

We note that there are large differences among the burn cycles for s
fixed N;. The double-swing OH cycle (in which the torofdal plasma cur-
rent is reversed in direction each cycle) has the largest etress fluctua-
tions and hence requires the moat massive structural support. Por the
saue Ne a single swing OH cycle results in cost savings. Even more at-
tractive {8 the hybrid burn cycle, eince the stress fluctuation is so
modest (Rn = 0.5). For IT operarion the relatively swall stress fluctua~
tions are overshadowved by the much larger numher of pulses envisioned for



radiation lifetime (12 MW~y/m? for PCA). These minimum values for ty ave
given {n Fig. 4 by the dashed cutves, and the lower abaclissas provide the
firat wall replecement periad ar 80X availability [T = Lg,4/%,/0.8].

An examination of Pig. 4 can be revealing. For example, the influ-
ence of disruptions on desired burn length can be nonlinear. A reduction
of the thermal energy dump by a factor of two (700 J/cm? to 380 J/cm?)
results in & veduction of te by & factor of five. In fact, there is a
threshald energy density uhfch results in erosion. Below 300 J/em? no
PCA iz melted or vaparized; in this case very thin wall coolant tubes
would be desired, large Ny would reault, and tg could be just a few min-
utes, On the other hand, t¢ is proportional to the probability of having
a disruption. If as many 48 1X of the shote terminated with disruptions

then t; would have to exceed 10 h even for wmoderate damage (70 um lost
each r.{ue).

PCA represents a first wall aetructure based con near term materials,
ag might be used in INYOR, Pigure 4 ghows that radiation damage limite
the life of PCA to Toca = 47 calendar yeara at veactor wall loada of
Wy =24 MW/, Vanadium alloys, with superior vadiation resistance,
promise lifetimes roughly twice as long as PCA and represent a desirable
goal for rveac-or R&D. Wich vanadium, thermal fatigue is wmuch lesa of a
problem than with PCA, and coolant tubes can be much thicker than the PCA
filrat wall. 1In fact, the temperature limit of 600°C acts to conetrain
the tube wall ta § 5 10 mm, and erosion from disruptions dominates the
calculation of cyclic lifetime for V. As seen in the fligure, ty must be
roughly as long for both PCA and V atructure. 1In the worst case de-
picted, with gevere diaruptions, te 2 8 h may be necessary to guarantee
first wall survival.

A similar analysis of the limiter's front face and leading edge wvas
performed. In this case thermal farigue is a concern for the subsatrate
heat sink, which is a structural umember, and not for the coating, which
will still function even if weakened by cracks. However, eroaion from
discuptions affects the coating, uwhich must not be permitted to wear
through and expose the bare substrate to the plasma. The burn goals for
the front face of the limiter with a Be coating are shown in Pig. 5. We
see relatively short. tg ({1 h) may suffice to achieve the radiation
limited life of a heat sink, like Cu, which has poor radiation resis-
tance. In order to achieve the benefits of advanced materials like V the
burn period must exceed several hours if the disruption prabability is f
> 107  Results for the leading edge are similar, except that if the
plasma temperature i@ so low (5 30 eV) that sputtering i8 negligidble then
W oakes an {deal coating. Tungsten 18 almost immune to disruption
damage, 80 a thin coating (51 mm) would provide protection, and we find
under these cifcumstances both Cu and V substrates have very large cycle
lifetimes. In this special case tg could be quite small (a few minutes).

We conclude this section with some general observations. Our te-
sults typically show that “near-term” structures such as copper limiters
and a eteel first wall can tolerate relatively short fusion burns because
their radiation life is thought to be short. In order to take full ad-
vantage of advanced materials with longer radiation life {t will be
necessary to arrange for longer burms (CW or long pulse operation). On
the other hand, rteactors with short burns (tf -~ 100 8), operating in the
internal transformer mode, will not be attractive unlees disruption
frequency is £ ¢ 1075 and spuctering erosion is § ¢ | caly.

Generally speaking, the higher therwmal loads are more demanding on
our desfgns, In the first plac? this 1is because we htave assumed the
higher thermal loads are associated with higher neutron damage and there-



the life of cthe reactor (N¢ 2 108), with the net result that thie cycle
ts llkely to be the leaat attractive in terms of TFC structural costa.

We gee that = oidzie Bwing OH cycle operating with a one-hour burn
(Nf ~ 3 % 109 will entail capital costs at least $100H higher than a
reactor operating in the CW mode. This disparity is greatly reduced if
the ohmic burn pericd can be extended to 8 h or more. 1f neither of
these options is available but a hybrid burn cycle 18 used, then any
fusion cycle period exceeding about 30 min becomes competitive. The
internal transformer cycle seems unattractive asince it haa such a tre-

mendously large total number of cycles in the reactor lifetime (Nf 2
108).

Pulaed operation aleo adds eddy current heating to the euperconduct-
ing magneta, which increases the electric power and coat of the cryogenic
systen. The heat production varies as B « t 2 , where tgp ie the period
of vertical fleld awing, and the average refrEEerntor pover « <t 1 where 1
la the total burn cycle period available to remove the extra heat from
che coils. For a commercisl reactor T preasumably is so long (2 103 a)
{or the OH burn cycle that a awitch from OH to hybrid or CW operation
does not aignificantly benefit the reactor on account of eddy current
heating. However, for INTOR the OH burn is quite ahort (~100-200 a), and
a deaign for the hybrid burn cycle would extend t to 2 103 & as well as
increase tgp, 80 we would expect a substantial aavings (~$10H) by
electing the hybrid burn cycle for INTOR.

With regard to energy atorage and transfer eystema we find the im-
portant concern is8 the down time between fugion burnas, rather than the
length of the burn. There {& an optimum sgequence and time for events

during this transient phase which will minimize the costs of the hardware
involved.

Conslder first the optimization for commercial reactors, which re-
quire thermal energy storage during the dwell. A 4000 MW thermal reactor
must store hundreds of gigajoules for reasonable dwell periods, and, at a
typlcal storage coet of $2M-§4M per second, 1012 this motivatea the de-
sire for short dwell periods. However, mhort dwells increase the coat of
EFC power supplies and, for the OH and hybrid cycles, of the OHC power
supplied, since these wagnets must be energized cn a shorter time scale.
Likewise, for the hybrid end IT burn cycles, the noninductive current
drive power supplies become more costly for shorter dwells, aince the
revergsed emf in the plasma becomes larger. Details of the analysis are
glven {n Ref. 12, and we present here only the relevant conclusions.

For the commercisl reactor operating in the double-swing OH mode we
€ind the optimum dwell period is ty, = 25 s (to reset the transformer),
toy = 10 8 (to iniriate and later ramp down the current), and tgp = i0 8
(to reach ignition and later reduce the plasma pressure), with a total
Tdown * 99 8. Including a high pressure water atorage system for thermal
energy and cthe requisite pover supplies for the OHC and EFC we Eind che
minimum cost for these systems 1s ~$430M, a very large capi-al investment
for an ohmically operated reactor. Use of more advanced technology

(1iquid metal thermal storage) may reduce this cost to $3J09M, which is a
substantial savings.

For the reactor operating in the hybrid mode an additilonal option
appears, namely the afze of the OHC. Since the external tranaformer need
not gupply startup volt smecondas it may be amaller and still provide the
same tp as achieved by the OH burn cycle. We find a maximum field of 6.5
T in the OHC provides the game burn length as a 10.0 T OHC for the con-
ventional OQH-driven reactor, For this particular hybrid cycle we find




the optimum transient phase haa Cge ™ 45 8 and tpp 13 8 with wvater
thermal storage, noninductive driver cost of §1.50 per watt injected into
the plasma, and asauming the already demonatrated v = 0,017 A/W. The
assoclated minimum cost for these ayatems (excluding auxiliary power, ~75
MW, aasumed needed for ignition) 1s $371M, which i{e rtaughly $60H leasas
than the costa for the OH driven reactor. For liquid metal atorage the
taotal cost is even lower, $256M. Interestingly, we find that further
{ncreases in vy will not benefit hybrid opecation aince at low density the
driver power is already small enough that it does not figure praminantly
in the total coat of power supplies and energy handling.

The cost tradeoffs for INTOR operating in the hybrid mode are aseen
tn Pig. 9. INTOR haa no need for thermal atorage so the poloidal field
pover supplies and current drive ayatem alone determine the optimum tran-
slent phase. Here 2tpp + tyy = tyom ™ 340 8, in order to retain a duty
factor goal of 83X (since te » 00 8 in the hybrid mode). Costs are
minimized by lengthening the transient period, sc there is no motivation
to rveset the transformer rapidly. This {3 because energy is taken from
the grid, rather than from a motor-generator-flywheel; for INTOR the pow-
er gupply costs are more significant than the electric energy coat. We
flad the best case has ty, ¥ 200 ¢ and tgp = 70 s. The total coets are
reduced by increasing plsima resistance, R”, as the QHC 18 reget. We al-
g0 find our minigum cost is relatively insensitive to the current driver

cost and ta vy, aince the denaity n26 may be made very low during the
dwell period.

With respect to thermal storage and power eupplies we find the IT
cycle 18 always more expenaive than the hybrid mode of operation and will
likely result in subtstantially more fusion burns. The best mode of oper-
ation from this viewpoint is CW. Excluding power supplies for auxiliary
heating and current drive, a CW commercial reactor needs only ~$10M of
power supplies, for the EFC. This is due to elimination of the OHC pouer
suppliee and the thermal storage plant. The final choice among burn
cycles requires & consistent comparison of all coats, however, and this
will be given in the next section.

5. BURN CYCLE COMPARISON FOR COMMERCIAL REACTORS

For the conventional OH cycle, first wall and limiter fatigue les-
sens and capital costs decreage as the bturn period, ter lengthens, as
shown in Fig. 10. The solid symbola on the upper sbscissa are gaals for
ty which are needed to reduce cyclie life limitations for “worst caame”
disruptions (e.g., £ = 1073, 800 J/ecm2). We see that day-long burns are
neaded to echieve these goala and also to minimize capital costs. How-
ever, t; » 10" & may be unlikely for an 8-m toksmak unless the resiscivi-
ty can be reduced below the classical Spitzer value. Even in the long t
linit the direct capital costs of the fusion power plant exceed the (CH;
STARFIRE cost by a large fraction (cost is normalized to the STARFIRE
direct capital cost!). With advances in technology (liquid metal thermal
storage and reductions in costs of magnet fabrication, Ci1) the cost will
at{ll mxceed the STARFIRE cost by 20X.

Of course, the OTARFIRE etudy was predicated on the achievement of
efficient current drive, ¥ ~ 0.14 A/W, and, Lf the best y should in prac-
tice be smaller, this may adversely affect the economics of the CW burn
cycle. Figure 11 suggests that the goal far current drive reaearch is
Y > 0.07 A/W in ovder to have a reasonable net power production. Thus,
coughly a four=fold {mprovement in Y i8 needed over the current experi-
mental reuultu.3-“ A breakthrough in driver technology could relax this
Y requirement somewhat; for example, Y i 0.04 A/W is probsbly acceptable
{f the driver efficiency ny = 0.70. Driver cost reductions (below $1/W)



apparently are not as important for a CW reactor as are improvements in
ny (above 0. 50).

The IT cyecle coat was parameterized in cerms of th: length of the
burn periad (which increases by using a larger overdrive and current
boost, A&L/1,. during the dwell), and total costs minimized at
AL/U_ =~ L.2. However, capital coets were still ~25% more than the CW
STARFIRE cost, regardleas of the ratio y/nz‘. Moreover, the IT cycle
will likely result in an order of magnitude gore burn cycles, Ne = 105,
than che QM mode of operation. Thim is clearly undeasirable when thermal
fatigue and diaruptions are expected to limit the first wall ard limiter
Lifetime and the reactor's avallabilicy.

For amall but achlevable values of y we find the hybrid cycle is
always more attractive than the QH and IT operating modes. We display
the cost variations with the OHC flux 1in Fig. 12, aesuming advanced
cthermal storage and coll fabrication techniques. A comparison of these
curves with Flg. 10 indicates that hybrid operation ia leas expensive
provided Y/nza 2 0.5, For a burn of ty = 8000 s (aseuming R = R,,) the
OH driven reactor costa 37X more than STARFIRE ("li" cumve, double awing)
whereas the hybrid reactor costs [5%-18X more than STARFIRE. The cheap-
est hybrid reactor (tg ~ 4000 @) costa only ~10%Z more than STARFIRE.
Among the pulsed burn cycles the hybrid operating wode clearly promises
the loweat ditect capltal cost; however, CW operation of s commercial
reactor reryirea a negligible numbec of burn cycles, which augurs for che
longest lived plasma chamber and the highest reactor availabilicty. In

the beat case, the CW reactor may also be 10% less expensive than any
pulsed reactor.

Based on our burn cycle study for commercial reactors we can make
several cenclusions, which fall into various categories. In the area of
operatlng goals and material properties we find:

¢ Double-swing OH operation results in cost gdavings compared to
aingle awing OH operation.

¢ For elther OH burn cycle we find reactor cost minimtizes at fairly
long burn times, tg » 10-20 h.

® FPor any cycle with a fusion period as short as ~1 h there ig a
first w2all limiter 1ife 1imit 4imposed by thermal fatigue,
egpecially 1f there are frequeant or severe disruptions. Thermal
factigue ceases to be a major concern if disruptions are very rare
(E ¢ 10°*) or of low energy density (¢ 200 J/em?), 41f vapor
shielding 1s aignificant, or if the melt layer is not lost from
the affected surface. ©On the other hand, a single disruption
could be fatal Lf it {nitiates cracks in the first wall which lead
to premature thermal failure.

Use of mmterials with guperior thermal fatigue resistance may per-
mit shorter fualon burne for a given replacement period of the
reactor cowponent, However, Af structural materials auch as
vanadium are selected for their high cradiation reaistance, then
there appears to be a need to extend burn iengths in order that
cyclic effects not prevent the achievemeat of longer in-reactor
11fe. Coneidering the uncertainties surrounding disruption-
{nduced damage, the full benefits of vadiation resiatant materials
can probably anly be guaranteed with the CW burn cycle.

Regarding issues of plasma physics we can reach several conclusions:



® If very low plasma edge temperatu.es (<50 eV) are posaible then
tungsten could serve as an ideal thin limiter leading edge coating
with the redult that dfsruptions and thermal fatigue would have
negligible impact or the leading edge lifetime,

» Qur understanding of what inivriates disruptions muat imprave. If
disruptions are eliminated by mervely holding the toroidi curcent
conatang, then the IT and hybrid cycles can be attracvive compared
to the OH cycle. However, 1f denaity variacione can also trigger
disruptions then the CW cycle may be che anly good alternative.

s lower current (higher beta) equilibria are beneficlial to tokamak
rex2tors, allowing longer burna for inductive curreant drive, due
to the lower loop voltage, and permitcing smaller driver power for
neninductive current drive.

& We can achieve longer inductive burn perioda if means are found to
substanti{ally lower plasma veaslativity, e.g., by lower Z.¢g, eltl-

oinating trapped electrons, or maodifying the electron diatribution
function.

& On the other hand, the conventional OH cycle appeara virtually
obaolete since, even for present-day experimental results
(y/nz‘ =~ 0.5), we find noninductive curreant drive efficlency Ls
adequage to make the hybrid cycle result in a cheaper reactor.
Likewlae, for reagonable tg (3 20 min) the bvbrid cycle te better
than the IT cycle.

® If noninductive current drive can achieve y > 0.07 A/W then CW
operation L3 by far thz best cicice. We should aggressively seek
improvements or alternatives (fast wave, low frequency coampres-

alonal Alfven wavel!d) co the lower hybrid wave for noninductive
current drive.

In the area of the driver technology we conclude:

® Reductions in driver system cost (to ¢ $1/W) are aluaye desirable,
and we note that lower frequency (~1-100 MHz) drivers come clasest
to this goal. However, the OH reactor cycle costs ~20-25% more
than STARFIRE, so we infer that an equivalent sum (~$400-500M) can
be spent on a cutrent driver system before the CW reactor would
become more expeasive than the DH reactor.

o (Of greater significance than cost is the overall power efficlency
of the current drive syatem. Drivers projected to have Low ng

(e.g., ECRH) need higher y to achieve acceptable net reacter pover
with CW operation.

6. BURN CYCLE COMPARISON FOR INTOR

INTOR contrasts with a commercial tokamak by belng a minimum-size
device with a amall hole-in-the-doughnut. Thus it provides barely enough
OHC flux to provide any length of a plasma burn. Based on the INTOR
parameters of Ref. 14 we might expect tg ~ t., ~ 200 8 for operation in
che OH wode, teaulting in a duty factor S 6.81. if the down period is
tgp + 2tgy * ty, 46 s. Agsuming | x fb low~pover shots are followed
by operl:?on to achieve a fluence of 5.0 MW-y/m? this would result in a
cyclic lifetime Nf = 7.0 x 105, We optimized the DEMO design,d which is
glmilar ro INTOR, for the hybrid mode, which yields te ~ 1550 s, keeping
the duty factor fixed at 0.8{. The resulting design only requires N; =
1.8 x 105 to achieve the same fluence goals, 30 substantial reductlon in



Lifetime cycles ls poseible in thias mode.

The cost savings due to leas mechanlcal fatigue ln the magnets Lis
Lacge, as shown in Table 1. Likewise, the extended down period reduces
power supply costs. The vequired current driver cost ls a small penalty
alnce, uwnder theee c.rcumstances, the driver power is quite modest, ~1b
MW. Thus, with such a long period to reset the OHC, we find thac the
capital cost is insensitive to the exact value of y or to the cost of the
driver {in the range $1-2/W).

The direcc capital costs of the DEMO, operating la the OH wode, were
campared with Case 8 of the INTOR designs‘“ which te rf heated; seer Table
L. For the variable coat accountd which are senattive to the burn cycle
aption we get a total of §$559M for the DEMO model, compared to $566M for
Case B. (Agreement 18 somewhat fortultous as DEMO has a larger TFC bhore
which [nflates Lts cost, but a smaller, cheaper EFC, alnce 1t haa ao
poloidal divertor.) In contrast, designed for the hybrid cycle the DEMQ
model would cost only 5369 for thede coat acgounta, Including fixed
coat accounts, we find the hybrid cycle would toral $8831M direct capltal
cost compared to $1073M for the OH cycle DEMO or $1080M for the INTOR
Case 8. The $190M savings represents an ~18% reduction in direct capital

cost In INTOR by adoptlng the hybrid burn cycle. This L3 a aubatantial
savings,

7. EPILOGUE

{t Lo difflcult to make aweeping judgments of the celatlve merats of
tokamak burn c¢ycles because a power reactor is such a complex wmachine
with so many operating variables. Yet, in addition to the general treads
we have explored, we can point to two other aspects of this problem which
are hard to qiantify but may be pivotal tec rhe commerclal auccess of tok-
amaks. Flrat, noninductive current generation may provide an opportunity
to tallor the current density profile {n order to achieve very stable
equilibria. This extra flexibtlity may not be ao easily achieved
tnductively, and thus CW operat.on may permic operatioca at higher 8 than
the OH burn cycle. Finally, the very complexity of a tokamak reactor e
a tremendous incentive to achieve CW operation. At this ecarly stage we
cannot posslbly esciwate cthe rellability of millions of components,
pumps, valves, motors, ete,., vhen operating through repeated
transients, Relfability and, hence, availability ia doubtless far easier

to achieve with CW operation, and this will weigh heavily in the final
cholce among burn cycles.
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Table 1. Reference Burn Cyclea and Direct Capital Cost
far Model Factor (SM, 1983)

-
tean Vacrtable Stngle Swing OR Cycle Hybrid Cycla
Fuaton burn te (8) 200 1350
EF ramp tep (0) 0 50
OH high-power taap top (8 5 Q
Ovell (rawet QHC) tyy () 1] 257
Cycle pariod v ey v gy v gyt oty 248 1907
Duty tactor fg = ty/y 0,813 0.813
Flusnce ¢ (Mu-y/n?) 5.0 3.0
Full power wall load v, (UNII:) 1.3 13
Total burns Kg = b w0t v-“-!-T‘- 1« 10 .4« L0?
lgnicton pover/duratian Pyemn (Kt gy (0 30710 50/10
RFCD powsr/dutation Byycp ()t (&) 0/0 1872157
OHC/dump teelator pover Pay {cu) [P 1) 0
HCF uroced energy Uygp (G 10.5 0.3
OHC reset power P;“ o) 0.422 Q.042
EFC ramp powuat Pep (o) 1.132 0.11)
Current drive at low densicy /a3y (/W) === 1.0
Resistance during dwell &° (a) == 23
urox
TFC, tncluding sgructure Crpe (M) 220 (1748) 153
oHC ¢ EFC Cone ¢ Cere (SH) 80 (138%) 67
OHC Jump resistor/evitch Conps (W) 22 l ) 0
STR » MGF Cscn * Cugr (SW 144 f a2
ICRK fot ignlcion Crcep (M) 9 (81) 79
NFCD duting dwell Capep ($M) 0 (0} H3
Crycgenice for addy hesting Ceeyo (sH) 16 (n.a.) 1
TOTAL COST ($M) 539 (366) 369

JINTOR hes amsller TFC bore.

BIN"OR bas polotdal divertor.
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Figure 1. High-speed current drive for various 1(0); required driver
power, P§°). net electric output, P‘(‘gz, and magnetic fleld at
the fieid coil, By, for Ro = 7,0 m. Electric~-to-current drive
efficlency assumed to be ny = 0.7; high-speed drivers impart
energy to superthermal electrong. In this report cu-rent
drive efficiency, v, is normalized to 7-m major radius and | x
1020 =~ 3 density.
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(CI)' and lcwer curves represent liquid sodium thermal storage

and long-term magnet costs (Cu). Cost 1g total direct

capital cost normalized to STARFIRE (Ref. 1) (b) Net electric

power. (c) Plasma rtesigtence required to obtain tg,
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