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A PDFD will operate in the 1980's and must provide the plusmz and
placsma support technology information necessary to warrent desipgn,
construction, and operation of succeeding experimental power rcactors
and then the demonst-ation plant. The PDFD must be ovrototypical of
econoriie fusion devices to justify its cost. Therelore, drveloprend
of the fusion core will be the focus of the PDFD. The physies perlor-
mance, power production objectives, and characteristics of the FDFD,
and their relationship to the research and develonment nezdés to
achieve them are outlined. The design ecriteria for a PDFD which

satisiied tuoese consiraints will be established.

During the past seven years a number of tokamak fusion pover
reactor designs have been undertaken with the gosl of identifying
major technological obstacles to tbe‘realization of practical fusion
pover [1]. In addition %o these long range studies a nuirber of shorter
range projects bave attemplted to identify the technological require-
nments for the construction of an experimentzl power reactcr which
would demonstrate the basic technology necessary to produce net fusion

ower [2,3,4]. These lalier studies have proved useful in defining

relative priorities within the ongoing tckarmak RED program. However,
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the devices themselves have proved 1o bz large ccmplex mGchines with
a high cost benefit ratio., 1In fact, the cost benefit ratio is sc
high and the unceriainties in the present designs so large that onc
is forced to conclude that thie EPR's as presently conceived are nct
the next logical step in the fusion program.

The originzl objective of the EPR program was to advance the
science and tecbnﬁlogy required for commércial fusion power by pro-
viding on a timely basis: (1) system operating experience and testing
of components and subsystems for a larger demonstration plant to
follow; (2) an intermediate focal point for research and development
programs; and {3) larze scale testing of plasma physies sealing,
including deuterium, tritium, and alphas particle effects. The attempt
to satisfy all of these objeclives in one deviee while at the same
time generaling significant amounts of electrical power resulted.in
the comple% désigns referred to sbove. The dilemna in defining the
characteristics of the next logical step in the fusion program stems
from the desire to eliminate as much of this complexity as possible,
while at the sam: time providing for a major step forward in the
fusion program,

I the US fusion program is to achieve its goal of a demonstra-
tion reactor by the year 2000, a number of critical scientific and
technological problems must be addressed in the mi3-1980's. <Some of
these questions will be addressed in the TFTR device, but many others
will require the construction of an additional facility which we shall
call a predemonstration fusion device. Ve shall sttempt to define

the nature of this device in this paper.



The primary objeclive of fthe TFIR experiment is the attainment of
Q ~1. Calculations have indicated that this objective can be reached
in & device with 2 plasma radius on thé order of 90 em. The next step
in the fusion program should he a reascnable cxtr;polation in perfor-
mance and size beyond TFTR. On the basis of available sceling laws,
to be discussed below, it follows that Q = 5 operation can be attained
with a reasonable step in size beyond TFFE. I{ ean also be shown that
with a Q of approximately 5, ignition can be achieved, Thus, it is
reasonable that the PDFD should operzte with a near ignition plasma.
Opefation of such a plasma2 in hydrozen vould reguire a supplemental
heating power of over 200 . This prohibitive reguiremeunt can be
reduced to 50-75 MW when D-T is used and advaniage is taken of alrha
heating, Therefore, real- ignition of the FDFD plasma seems necessary.

An ignition experiment will require sufficient pulse time to in-
vestigate the consequences of ignition. Again, simple considerations of
fusion reacteor rates lead one to conclude that the machine should have
a pulse time on the order of teus of seconds. Tesigns of magnels for
Q = 1 devices [5,6] indicate that on a purely economic basis super-
conducting coils would seem to be an essential part of the device,
Long pulse operation also implies efficient control of impurity build-
up if ignition is to be sustaiﬁed. Furthermore, since the ignition
implies high temperatures and densities, the device must be capable
of withstanding large pulses of fusion power. Thus & logical extirapo-
lation yeyond the performance of TFTR leads us to a device possessing
most of the characteristics of the EPR. The device need not possess

the ability to breed tritium, recover the neutron energy, operate with



& high ¢u'y cycele, or cowvert ool to elcelricity., A1l of these

functions wee peri;heral to o cention of the furion reaclor core &nd
can be developed soparaiely from fhis core, 'Thas it ceems that a
POF¥D, wiiich 15 the minizam si:ndicant exlrupolet .on beyond TFTH, can
be ident 1¢ird by the chorneteris’ les of o fusion recctior core,

core, its eharzeteristies

Sinece the DD in &

should be conpaliblc with the pencration of economice fusion power, if

toramnks are to qualify zs power gysicuz.  In order io define the most
relevant version of the TFD, it w8 be well to eomsider soxe of
the factore which dcteriine the economics of fusion power., The first

point 1o be made is thal, unlibe tine fizsion process in vhich energy
is penerated and recovered in the same physiczl region, fusicn energy

x?ernal blenket, Since

0

is pencrated in a pluzsmz and recovered in zn

in buildi...; a reactor one peys for meterizlc end constructicn, not the
vacuun region where the plaswma resides, the costs associated with
fusion systems azre those sssocioled with the exlternal struecture sur-
rounding ihe plesma, Let us consicer a gereral idezlized iokamak
pover system, To simplify cmlculztions, the elliptical system showm

in Fig. 1 is acsumed to include the general features of nonecircular

tokamaks. Tt is easy to show that the average pover density in the

~
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where the elongation, ¢ = bfa, the structure thickness, A = AS + AC’

blanket region is

ineludes the coil thickness, and P‘ is the wall loading. For a fixed
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wall loading, plarna elongat ion
ircreures the structure pover

densily by incercasing the surface

grca; however, It also Jecrezses

the power densily by inereocs

the voluae of structirnl wmateprinld,

The thichkness of the coil, 8. is

detrrnined by the siprongth of the

aznelic ield., IL is easy 1o

a2

Fig., 1. The eorsiry of an
ized tokumalk poarer rceactor
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vhere BT is the maxim~ vaiue of the toroidel field on Lhe coil o
indicated in Pig. 1, £ is the

r

in the coil, end & Rfa. TFor
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equal stress in the loroidal field eoil, elisniriicn is ceepmdanicd by
£ thickernin: of the c¢oll &nd conceguently v lovering of lhe avorege
powver density in the structure,

Since the cepital cost of constructing Lhe fuscion power reactor
is proportional to the volume of material uvsed, the uait cosi of

fusion power is simply proportionzl to the inverse of the averazge

power dencity in the rerctor stiructure., ‘huc
V St —anad
SO IR Sy s 2N QNP (3)
‘Pap 2;) \ 2 a
B V! l+¢

It is clear that in order to minimize the unit cost of fasion power,
one must operate with the highest possible w2ll loa2ding, Fh, and the

thinnest possible structure, 4. Tn view of the sbove, any econocnic
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that ihe wall londing, T, = V Pv/ﬁ{, can be increased.

Flongation ol the system Las an advantageous effect on the unit
pover cost becruse Lhe 1nérease in surface erex admitiing power i%
this structure cutweipghs the increaccd volwme of the blanvet struc-~
ture. lHowcever, the incrczsed eoil thichness necessze.y to kezp the
coll s=tresses at a coustant level edds to the volume ol the structure,

In Lerms of unit power cosl, clougsation of

i the plasme wo .:id be mcre

advantegeous iff i1 were neeessary to increase the plzsma power output

in order

+t0o ralse the wall

lozding, Pw, to the 1imit imposed by the

maleriels used in the construction of the first wall.

Migh magnetic fields affect the unit power cost in a deleterious

o

way througsh Fg.

higher magncetic ficlds incren

2 since the increased struclure necessary to contain

ses the structural volume. High magnetic

fields would only be adveniugeous if they were necessary to raise the



level of wall loading to the moterial limit. Thus in lerms of unit
power cosi, the ideal fusion reactor would be moderately elongated and
would operate with the lowest possible magnetic fTield.

Aside from minimizing unit power cost, it is also desirable to
minimize the total cost of a fusion reactor system. The total cost, C,

is obtained by multiplying the unit cost by the total power outpul of

the reactor.

CdAAa2{1+o'+-§} (’l)

Equation 4 shows clearly that to minimize the total cost of a fusion
system, one should choose the 16west possible aspect ratio, the smallest
plasms radius, and the smallest elongation consistent with reactlor
operation. There are lcger linits on each of these poramelers.

One of the difficuliies with the EPR designs is the Tact that they
all employ low aspect ratio construction, This creates problems with
respect to the ussembly of the reactor and its remote maintenance [2].
Thus, for ease of remote maintenance, there is & practical lower 1imii
of A~ L,

The minimum cize of the placma radius is delermined by the con-
dition that the plesma, nT, setisfies the ignition condition. The
plasma nt is determined by the scaling law which applies to the reactor
regime, This scalinz law is typically a function of magnetic [ield,
elongation, impurity content, and aspect ralio., Conseguenlly, the
precise dependence of the cnst of a fusion reactor on these parameters
depends on the opersastive scaling lav determining the plasma radius.,

There are prescntly two scaling laws which might be thought to

apply to reactor operation. The first is the scaling lew derived [7]

e e pmnen,



from the Lheory of trepped ion modes (414). When this theory is
mo>dified to apply to our elliptical plasmz model, the plasma nt

becomes

6 5/2
B 2 *
13 b T 2.7 A -1 1l+¢g
(n1)yp = 3.1210° & (-—5 ) 8z (3 ) Py ( 5 ) (5)

e
The linear instability theory on which Egq. 5 is baced should apply if

the plasms collisionality is sufficiently low. Collisionelity is con-
venicntly defined as the ratio of the effective plasma partiecle
collision frequency tc the so-czlled bounce frequency, or the fre-
quency with which pariicles complete their orblts in tokamak magnetic
fields. This is mcasured by the eollisicnality parazmeter, v =

3.3 x 10°18 q(A/3)3/2(an/T2). Thus reactors can have varyiné degrees
of collisicnality depending on their aspect ratPo, plag .. size, - - - -~ °
density, angd temperature: Figure 2 shows the range of collisionality

exnpected Tor the FIR and some other existing or planned cxperiments,

Fig. 2. The collisionnlity of some existing, planned and contemplated
experinents are chown for comparison., ORYAK-Upgrade with 4 1 neutral
heating, 1o be operational in 1978, should explore the range of col-
lisionality appropriate to the devices operating in the 1980 time period.

.x‘ - ) - . L
The units in the practical equations in this paper are centimeters,
teslas, and kiloelectron volis,



For each device a range of y*¥ is shovm since the collisionality is a
function of radius in the plasma, reaching its minimum value at about
half the plasma radiuc, The trapped particle modes are expected to
appear clearly beléw v¥ ~ 0.,1. Thus they may not- have been observed
in existing experiments and will only be four:d in the new generation
of tohkamaks represented in the figure by ORMAK-Upgrade and TFIR, 1T
instabilities do occur for eollisionalities less than 0.1, they should
appear in reactor plasmas. However, their effect on the traunsport is
still not well understood and Eg. 5 represents only an approximate
estimate of this effect. It will rem=zin for experiments such as PLT,
ORMAK-Upgrade, and TFTR to yerify {the effects of these particular
modes_as well as their existence,

[ 4 - ®

Present day tokamak experiments obey an empirical scaling law [8],
nT o naae, Plasmas cbeying this scaling law have collisionaiitics
ranging from a v¥ of 0.5 to 40.0. Reactors will operate in the range é
of v¥ = 0.00) to .1. Conseguently, there is & gap between the lowest
collisionality observed in present day experiments and the highest
collisionality which we can reasonzbly expect for a fusion recactor,
If this gap in collisionality could be kept small by operating
reactors at higher collisionality, there might be some hope (9] that

the empirical scaling law observed on present day experiments might

describe the behavior of fusion reactor plasmas. However, it is clear
from Fig. 2 that it remains for maclhines like ORMAK-Upgrade to bridge
this gap.

Operaling reactor plasmas with collisionzlity comparsble to

present experiments in order to preserve the empirical scaling
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requires hiph density or equivalently higii Leta operation. Written in

terms of hw la, the empirical scaling law becouscs
i 2 i
15 2 ( B
= 5 % 1
(nT)emp 2.5 % 10 5 "2 (6)

showing u strongy dependence on magnetic field strength [10] and beta.

Ve can ure Egs, % &nd 6 to éetermine the size of an ignition .
experiment for collisionless (v* < .1) or collicional (yv* > 1) reactor
operation, fFrom Eg. 5

2

Gppy @ (7)
and from Eg. 6
[ (ne) ., ' .
2 IR e (8)
aEZ“L. @ BE 82

In both casecc, beta cmn Ve scen to te advantagecus Tor lowering cosi.
The effect of clonzalion appezrs only in the case of the coliisionless
reactor and has a weaker effect o: the plasma size. Returning to Eq. &
we sc thal the totel cost or size of the system is roughly indéfendent
of elonration for & collisionless reactor and rises with ¢ for a
collisional reactor,

Tt is known that the minimum ignition (HT)IGH is a sensitive
function of the plasma impurity content, The rapid increase of (nT)IGN
with effective plasma charge 7 and the direct dependence of a2 on this
incrcase dictates an extremely effective impurity control method in
an econonic reactor,

The advantage geined from high magretic field is real, but
g o Pl

1imitcd. Extremely high magnetic fields can be defired as those



which czuse the coil structure to dominzice the blm i and shield

structure, Equations 3, h, 7, and 8 shou 1hsi altioush tie toteld

cost can be minimized by extremely hich fic¢ld operzticn, the rpecifice

. . 2 N - -
power cost will rise as B° for a fixed v2il loadim-.
Let us now turn to an exarinztion of on applice’tion ef ticoe
considerations to the specificction of = 171 whiceh sulinfles (he

consiraint of relevance to econocuic fusion powsr #35 well ur the ad-
vancement of fusion science aud technoloz-. A consiiteruiiom of 1hco
EPR designs reveals that these general rules do reflect tie econouic
trends found in those studies,

Table I providez a comparison of the three EI'R forsipus and a

~ ~

candidate for the PD¥FD. This candidate, the T3, has been developed
by ORWL and Vestinghouse to satizfy both the research and developne:t

ihe 1630's and the nced io have a

[
o]

needs of thc US fusicn program ]
demonstrqtlon of the ecsentizl conponents of an econcmlienlly attrac-
tive fusion reactor cors. The device was sized uring either eupirical
or trapped particle mode scaling as uced in ihe ANL and ORIL EPR
studies, High beta operation allows igrnition for cither sealing and
provides high wall loading. Thn aspect ratio was cenlurged relative to

the EPR desizns to allow for easier rerote maintenance. lModerate D

elongation was chosen to optimize itravnved particle mode scaling arnd
unit cost. This equilibriws zlso hes a2 natural divertior property for
impurity control. The device shown in rig., 3 will be described further
in the following paper.

Because of the present unc ~“einties associated with many fealures

of the science and technology S, which will be continually



TAPIE 1 )
EPR RS
oLt ) cat ORNL/
Major 1~iius (1) 6.75 6.29 k.5 5
Minor Broiius (M) 2.25 2.1 1.1 1.25
Stru-ture £ (M) 2.25 2.25 2.2% 2.25
Flonrzt ion 1 1 3 1.6
Mayim.o Foroidzl ¥icld {7) 11 8.0 7.9 . B.¢
Placna Soreidal Field (1) 5 3.5 3.9 h.a
Plasma Feta (7)) 3 L.8 10 1k
Vel Tonaine (50/0) .55 .35 .85 3.7
Thermul ivwer (107) 357 261 303 1510
Fusion Core Coct (M%) oho 249 218 213#

Unit power (‘ost§ (g/¥u0) 695" 923 (S 1447

.":.
ORNT, FiR study, ORWL/UIM-5972-77, M. Roberts, Ed.
1. \d Ty T rrl y o ~
ARL/CIR-T76-3, August 197G, W. Stacey, Ed.
+GA-A1MOR3, July 1976, C. Baker.
§, ‘o .
Thermal power decided by the cost of the fusion core,
H¥or purpose of commerison we have used the cost of similar size ANL EPR.
pury ¥

#For purrose of comparison we have used the ¢ost of similar size GA EPR
rather than an independent cosi estimate.



Fig. 3. The cross section of the initial TNS design is shovm to
illustrate the abttempt at size reduction and econcmical structure
utilization in a high performance tokamak reactor experiment.
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resolved over the rext four ycars, the design will undoubtedly evolve
from its present form in that same time period. However, the reference
parameters indicatel illiustirate the improvement over the performance

of the EPR's which can be realized in tokawmalk systemss by a focusing
on the key design elements as revealed in Egs. 3 and k4,

It should be emphasized here that the absclute deollax estimatés
guoted in the table are not to be tzken seriously at this time, Ve
are concerned only vwith the trends in total and specific porer cost as
a result of the seleclion of different design choices. For the sake
of.consistency, we have estimated the ORNL EPR vost and the TS cost
from the other two EPR's which should have rel&tively'ccnsisfent cost-
ing since threy were performed concurreatly., We have also used the
nominal structure thickness of 2.5 M for all the devices to simplify
comparison, The modcl in Fig, 1 assumes a compact structure, Refer-
ence to a typicai EPR cross section (Fig. 4) shows thet the structure
is greatly extended, By comparison, the THS design (Fig. 3) atfémpts
to economize on the volume of material to better accord with the pre-
scriptions of' Eq. 2 and 3.

As seen from Eg. 3 the dominant factor in determining the specific
cost is the wall loading. The General Atomic EPR has the highest wall
loading and the lowest specific cost. IHowcver, zeccording to Eq. 3 the
cost advantege would be 2.75 over the ANL desigﬁ end 1.7 over the ORUL
design. In fact, the actual advantage is 1.k 6ver the ANL design and
the ORNL EFR achieves comparable cost. The reason is unciear. Com-

pared to the ANL EPR, the GA design has larger $ and B which should

contribute to higher power density in the plasma at the same operating
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Fig. 4. The cross section of the best performing EPR design, the
GA EPR is shown., This design possesses many of the desirable character-
istics of a PDFD and is a candidate for this function.

temperature. Thus, the average wall loading in the GA EPR,
fﬁ o B2BH(V/AW), should be aboui five times larger than in t!
ANL EPR. However, the wall loading advantage quoted is only 2.%, By

copparison, the wall loadings of ‘the ORNL EPR is larger than the ARL



EPR by the asouni expected on the bzasis of the Beﬁh sealing, Thus,
although E¢. 3 indicates a reduction in unit power cost with elongation
in the elliptical model, it does noi appear that this advantage is
fully rcalized in the GA EFR. Therefore, the nominal performence of
the G4 EPR does not differ significantly from the others showm.

As menliored above, the use of higher field on the JRWL EPR com-
pensates for the low beta plasma znd higlh wall loading is'achieved.
However, the field increase is modest and does not resuvlt in signifi-

cant increased structure because of 2 novel design utilizing force

cooled Fb_Sn superconductor withir stainless steel conduits [£] which

3
support the reaced forces. Thkis results in roughly the same coil
size as the AlML and GA designs., Larger fields would require 1ncreased

structure and possibly new tyves of superconductor. Thus the range
for Turther performance ;mprovemenv through magnetic field is limited.

The performancc of the THS &s indicated in Table 2 is greatly
improved over g1l of the EPR designs, This improvement results from
the operation of the device at a nigh beta and a moderate plasma
elongation, in a D configuration which provides for an efficient
utilization of available volume within the cecils. This resulis in
the wall lozding in the TS design being much larger than that in

any of the EIR desighs and the pover ouilput being five times greater

than these devices,
The detzils of the THNS design.will be described in the following
paper [11]. However, it is impcrtant kere to consider the reason for

assuming that high bete can be achieved in such a device and that the

resulting high wall loadings have practical application for fusion



TABLE 11

REQUIRFMENT CIARACTERISTICS
FOR PD¥D OF TIS
High wall load 3.7 1-1-:/342
High beta LA
Z contrel Watural divertor
Moderate elongation : 1.6
Moderate magnetic field L.iT
Minimum structure A 2.5 M
High periormancc 1500 MWTH
Moderate size a) Coils half EPR size
b) ape/apg = LB

pover systems, The possibility of high betez operation is based on
the flux conserving tokamazk cuncept [12,13]. This concept utilizes
the fact that heating of large reactor plasmas from their initial

low beta stale to the desired high beta ignition state must occur on
time scales which are muvch faster than magnetic diffusion times. Con-
sequently this heating will occur through a seguence of cquilibrie
containing the same emount of magnetic flux., As & result the low
beta q profile is preserved during the heating process and a unigue
finsl equilibrium is obtained. This final equilibrium has been showm

to pocsess many interesting stability properties such as good shear

and an absolute magnetic well [14]). “he ORMAK-pgrade experiment
wvhich will be operational in 1978 is ~:d at verifying the existence
of such equilibria. The belt pinch ° experiment seems to possess

such an cquilibrium at betas of 30 to 70% and to exhibit steble
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operalion for 20 HilD growlh times

Uperzlica of tokarek plasmas @t high teta with efficient use of
the plesma volume irnevitably resulis in high wzll loading such as
shown in Teble II. Equation 3 indicetes that thi; high wall loading
has econonic adventopes with regari to reducing the unit cost of fusion
power, However, if thies high wall lozding results in such severe wall
damage that the :~actor wall must e repleced on short time intervals,
this advaniaze would be more than cliset. |

Recent rcesults on the simulation of CTR radialion damzge in stain-
lesé steel [16] has shown that well lifetimes in excess of 20 megawatt
years/m could be expected from a reasonsble materials development
program,  Conseaquently, the wall lozdins indiceted for the TRS design
would resulii in & wall 1ifetimc ir excess of Tlve years.

An evamination of the costs of TS componcnts resultinz from owr
initial desiyn shows that the {usion core of TiiS has eboul the same
cost per unil thermal cubtput a2z the fission core of the Clinch River
Breeder Reactor. Thus, we have scme indication that a device with TH
parameters has characieristies cf g economic pover system. Therefore,
the 1.5 parameiers satlsfly the melor recuirement of & PIFD, Flements

in Teble iI. Ve econclude that the

~
£

of these requirements sre indicale

placme size is a reasonehle ctep Yeyroni the TFYR and the ignition

condition seciis to be attainable ir a reactor core which is directly

on the path leading to &n econoric fusion syster, The key assumptions

about the &atizinzoility of the beile and confinement necescary for the
performaance iniiceted must be verified by experiment over the next

>

few yearej hovever, the lopie for 7.3 is clear. Results and plans
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from the ougoing fusion progrwa lead naturully to 2 D7 fueled ignition
device following the TFTR. The objective of igrition in turn sets
definitive criteria for numerous of the key physies and technological
systems, With these criteris set, the gozlc of the research and
development prograin necessary to insure that the criteria cean be met
on a time scale vhich will support THS construction can be established,
In the following peper the eriterie for the key physics and technologi-
cal systems will be established. 1In the last peper of this series,

the research and development prograns for zome of the necessary tech-

nologzy supportive of the THS design vill te described.
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