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NEV DIRECTIONS IN FUSION MACHINES:

REPORT ON THE MPAC PANEL X ON HIGH POWER DENSITY OPTIONS™

Rulon ¥. Linford
Los Alamos National Laboratory
Los Alamos, Nevw Maxico 87545

Abstract:

The hig: cout of fusion is motivating a
shift in

research interest toward smaller, lover—-cost
systens. Pauel X of the Magnetic Fusion Advisory Com—
mittue (MFAC) was charged to assess the portential
banefite and problems associated with small, high=-
power-density approaches to fusion. The Panel identi-
fiad figures of meric which are useful ino evaluating
various approaches to reduce the development costs and
capital costs - f fusion systems. As a result of their
deliberations, the Panel recommended that “...increased
emphasis should be given to improving the mass pover
density of fusion systems, siming at & ninisus target
of 100 kWe/tonna”™, and that "Increased emplasis should
be given to concepts that offer the potential to raduce
substantially the cost of development steps in physics
and technology.”

1. 1NTEODUCTION
l.1 Interest in New Directions

The emphasis of fusion research in the United
Stateg has Leen moving toward smaller, lower—-cost aye-
tems becsuse of the high development and capital costs
projerted for fusion systems based on the present wain-
line concepts. The ahif. in emphasis is exemplifiad by
the increased interest in higher beta tokamaks and
stellaratiors, emallar wore efficient end plugs for
wirrors, and compact altermate concepts such as the
reversad field pinch (RFP). compsct toroids (CTs), and
the denee Z-pinch. The Department of Energy (DOE)
requasted that the Magnetic Fusion Advisory Committee
(MPAC) apsess the potential benefite and problems
associated with cthese omaller eystess and with high=
powcrdensity fusion systems in general.

1.2 MFAC Panel X

The charse letter"" from . W Trivelplece,
Diresior of the Office of Energy Research (DOE), to the
MFAC Chairman, R. C. Davideon (MIT) wae presentaed
during the MFAC meeting on May 1-2, 1984. During that
meeting, the MFAC organised Panel X, chaired by
Professor Robert W. Conn (UCLA), to Trespond to the
chatje. The othar 13 msembers of the Panel representad
all feceats of the fusiou program: HRodert A. Gross
(Columbia U.), Mohamed Abdou (UCLA), Charles C. Baker
(ANL), Lee A. Barry (ORNL), Donald Dobtrott (8AIC),
Harold P. Purth (PPPL), James D. Gorden (TRW), Robert
As Krakoweki (LANL), Nicholas A. Krall (JAYCOR), Rulon
K. Linford (LANL), B. Grant Logan (LLNL), Peter H. Roses
(MSNV), Ramy Bhanny (Consultant), Teruo Tamano (GA
Tech), and Shoichi Yoashikawva (PPPL).

The Punel met four times during the folloving
yaar, and invited experte from national laberatories,
industry, and univeieities ¢to give pressntations
covering the broad variety of topica associasted vith

*Uork pcrfornna under the auspires of the U.8. DOE.
#2aCopies of the charge letter, Panel X Report, and the
MFAC transemittal letter ca. be obtained from
R. C. Davideon, Director, Plasma Pusion Canter, KIT,
NW16-202, 167 Albany Street, Cambridge, MA 021)9.

the charge to tha Panel.
interacted wmore often to

Subgrouprs of the Panel met or

Iesdlve {issues and vwrite
conclusions wvhich were subsequently shared witr and
Tevised >y the antire Panel. The final Panel ¥
Report was presented to the MPAC during the May 6-9,
1985 meating. The Report was accepted by MFAC and
transmitted to _§- V. Tr.velpiece along with )
trapsmittal letter which commanis on several pointe
associated vith the Report.

1.3 Charge to Panel X

The charge letter can ba summariced by tw~ central
questions:

1. What are the potential benefits =and problems of
high-powar~density fusion systems compared with
sgdium=pover~densitv systema?

2. In light of this comparieon what =mhould cthe
relative reasearch emphasis be on high-powver-
dansity systems in the national fusion program?

The letter also requestad information on several
spacific ct,pics 4ncluding the impact of high power
density on the ¢oest of aelectricity (COE), capital
costs, and subsequent axpenses (operating,

avallabdilicey, docL-lulonlnl. Jtc.) asmociated with a
fusion reactor, as weil as the cost, path, and
timescale for tha development of fusion. It asked for
an assecsgment of the impact of safety, environmental,
and enginecring issues on the development of high power
deneity reactors, and of the technological developments
tha* would ve required. Moreover, the suitability of
the vwarious confinement concepts to achfeve high power
deasity was to be aessassed, including rhe <credible
range of improvements that could be expected and tne
identification of promising confinement concepts not
being developed by DOE.

2. PIGURES OF MERIT

2.1 Purpose and Limitatfons of Figures of Merit

The Panel found it necessary to select figures of
merit to aid in the comparison between varidus confine-
ment concepte and reactor approaches. These figures of
marit vere found useful if caution vere snercised; the
effects of many important details and complexitien are
not sutomatically 1{included In comparisons based on
these simple {fgures of merit. 1f properly uied, these
simple parsmaters can help identify general ctrends
which must ba substantiated by wore detailed studies.

2.2 Belected Figures of Merit

Pigures of vere #8elected by the Panel to
“"ssasure” the eystem efize, powcr density, magnetic
fiald utilisation, plasma energy confinement, and plant
efficiency. The choices are not unique 4&nd better
choicve may be possible, but the Panel found them to be
useful. Some comments on the ressons for the choices
and on the f{nherent limitations follow.

marit



« 2.2.1 System Size. Ths two "size" paranaters
that appear to be easily linked to economic factors are
the net electric power or unit pover (P. in MWe) which
1¢ wsold to the customer, and the mass of the fusion

power core (H in tonne) which is related to the ca-
pical cost of :gc fusion power core (FPC).

The FPC, as shown in Fig. 1, was defined by the
Panel to exclude the auxiliary systeas as well as the
balanca of plant (BOP). Substantial discussion
occurred over vhether to include the auxiliary systems
in the FPC. The arguasnts for including the auxilia-
ries are: The auxil.ary eystems are determined by the
characteristics of the type of fusion confiuenent sys-
tem being usea, and the capital cost of the auxiliariaes
can be eubstantial, evan larger than the coat of the
FPC for some concepts. The arguments for excluding the
auxiliaries are: The mass and cost of the auxilisries
are not easily or ccurately deteruined from basic
characteristics of a confinement concept; more detafled
information about the confinemsnt concept and specific
resctor design are reedec to estiwate the cost of the
auxiliaries than are nesaded to estimate the cost of the
FPC as defined in Pig. 1. It vas considered more io-
portant to have a readily determined weasure of the
irreducible wmass (cost) associated with a concept than
to include more of the mass (cost) and lose eimpliclty
and, probably, sccuracy in the process. 1f a
reasonably sccurate metnod for estimaring the mass or
cost of auxiliaries could be devised, without having to
resart to a conceptual resctor design, chen an f{uproved
figure of merit would result.

2.2.2 Power Density. The ratio of the un{t power
(P_) to the mass of the fusion pover core (Myp.-) was
lc!.c:ad to measure the pouwer densi**, and wvas nnncd
the mass power density (P in kWe/tonne). Bacause
depends or M, , the llulcltlonl and fes.ures dll\rlbl:
in the previous section apply to P-.

Care must be used in evaluating and using both
H ~ and P.. For axample {f copper wmagnets ara
rq;&nccd by alusinum magnets, H{’ and P are af’eccad
cubltantxnlly but capital coc ic not- Nevertheless,

and P remain useful in compariig
tFl Illulpllonl are kept constant. To wmake these
coxparisons mnre wmeaningful the Pane' adopted some
guidelines on what to include in and P.: e.3. only
the shielding needed to protect the magneta ip included
evan though additional bdlological shielding may be

concepts where
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Fig. . PFusion reactor schamatic showing the relation
batvean the fusion povwer .ore (YPC), suniliary

systems, and the balance of plant (B5P).

located in the same vicinity. Some croices are harder
to make and remain unresolved; e.g. should the mass of
a liquid breeder/coolant ba included? In suwmary,

and P, are useful figuras of merit 1f ueed propergy.
but 1nprovenen:| and prohably be
made.

clarifications can

2.2.1 HMaginetic Field Usage. The efficiency with
which the ragnet-generated field 1e used to suppo:t the
plasma pressurc necessary for fusion is indicated by
the engineering bdeta (8_ in parcent), which 1s dcefined
as the ratio of plasma pressure averaged over the
plnlnn volume tc the magnetic fleld oressure averaged
ov the inner surfaces of all the magnet <oils
(l: . The velue of B st-0:ld be invergely
cofre lt.d with :go coat of the magnets neede¢d to
confine the plasnma.

2.2.4 Plasna Energy Confinawent. Tre quei
selected the average thermal diffusivity ux_ in m*:g)
to quantify the losa of energy from tre vlasma.

Neglacti.y radistion (and axlal losses frco tanden
uirrors)
N
" 1‘{61! » (1)

wvhere a 1s the minor radius of the plasma and 1p ia the
energy confinement time. To acccunt for axial losses,
Eq. (1) cain ba used to define an effective 1p for
tanden w.rrors. The value of yy 18 correlatad to tre
size of the plasma chimber (see PFig. l) required to
confine an f{gnited or fusion=-gracde plasma.

2.2, Pfficiency. Tvo ipportant efficlencies for
& reactovr syatam (aee Pig. 1) are cthe thermal con.er-
aton efficiency "eh which is the efficiency of

converting the ihermal power, P._,, from tra FP tu
alectric pover,

and the recirculatin ower fracclorn,
€, vhich {s the fraction of the electric powar whicl

must be used to run the reactor. It is obvio.a from
Fig. | that the unic power or net elactric prrer 1a
given by

Pe ™ "t (l—:r) Pen - ()

3. METHODS POR REDUCING THF COS OF FUSION

J.1 PFacteors Affecting the Cost of Electric.ty (cny

Tigute 2 shows some of the .actors and relatisn=
akips that determine the CO*, Safcty and environmental

factors affect all of the direct contributlonsg to the
COE. The overall rost fopact of eafery .nd
environaental factors s difficult ro quantify, but

scme trende will be described during the discussion of
the direct contributions, Furl cos & for fusion
eyitens should not be eignificant, unlike trose for
fossf! and fiesid>n systems. Operating costs could be
significant but not dominant. Thi complexity of fugion
systema wliil tend to increass the operating comts, bt
the 1apac: of gsafety Jn these vosts ahould be
comparable to or less than fissfon.

T A Jdefinition for ﬂ. has beer recently prnposed by
B. J. Legan (a membar of the Panel) which might lmprove
this correlation, {.e. the ratlio of the total plasma
energy tn the total ftleld energy eupnlied by the
mapghets.
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Fig. 2. Relstionships detween some of the figures of

merit and other factors that affect the cost
of electricity (COE).

Availability is s major factor i1n determining COE.
However, we must wait for the engineering development
phase for fusion before we can generate the data needed
to estimate the availability of a given reactor desijn.
Nevertheless, certain trends are obvious. Complexity
and high stresses will tend to decrease the mean~time-
to~failure; simplicity and small size tend to
facilitate rapid replacement. Although some attempt is
» ‘e in reactor studies to quantify cthese kinds ~f
effects, che modela are nut very satisfying because of
the lack of relevant data.

The major costing «ffort of reactor studies 1s
focused on capitsl ccsts. Next to availahility,
capital costs, along with the cost of dborrowing rorey,
COS, for the capital, are the major contributors to the
COE. The remainder of this Section 3.]1 is devoted to
the factors vwvhich effect these carital and financing
costs.

3.1.1 [Efficiency snd Complexity. The level of
technology and complexity is a major factor in the .a-
pital costs of the FPC and auxiliary systems. Neutral-
beam and rf heaters and current~drive systems are
exanples of high-technology cost drivars in the auxil-
{aty system category. Decreasing the complexity of
iteus such as nagnet and divertor eystems can decresse
tne cost of the FPC.

The capital cost of the auxiliaries 1is
affected by che recirculating=-pover fraction, €y
Figs. 1 and 2). The less power required for auxilia-
ries (e.g.. for current drive or for losses in
rasistive mapnete) the smaller the cost of the suxilia-
ries. 1In addition, a decrease in ¢ decreaves th.
thermal power, Pth' handled by the balance of plan
(BOP) for a giver unit pover, P_ (see EqQ. (2) and
Pig. 2). The result 1is a decressed capital cost for
the BOP,

also
(see

The BOP cost can alao be reduced by increasing the
thermal conversion efficiency, fene Usually the con-
verajon involves conventional thermal cycles. It a
large fraction of the fusion power could be converted
Ly more efficient nonthermal procesases, significant BOP
cost savings aight res:':.

3.1.2 Mass Pover Dansity, P1. Increasing P_ for
a given P. ehould reducs the capital cost of the ®rpc.
HRowevear, reactor etudies indicate that a threshold

value of P, existy, beyond which vary little reduciton
in COE 18 realired with further increase in P'. This

eifect is clearly shown 1in Fig. 3. This threshald
corresponds t> the value of P_ beyond which the capical
cost of the FPC (mez2 Fig. !) becomes insignificant
compared with the capital costs of the auxiliary svs-
tems and BOP. In fact, large increases of P_  beyo~

the threshold can cause €y and hence COE, to Increase.
This effect is evident for the 500-MWe curve in Fig. 3.
Thus present wodels for estimating COE dc motivate th.
increase of Py to the threshold value, but net auch
beyond.

Other factors morivate the achievement ~° ©
values higher than the threshold. Sore increase wsuld
provide & safety margin to accomcdate uncertaintiez in
present estimgtions of reactor characteristics arnd
costing. The potential fur factory fabrication and
assembly of the FrC, described next, provides arnocther
motivation for higher Pm'

3.1.3 Pactory Pabrication of the FPC. The Panel
heard from members of the fission community abcut the
potential benefits of having the reactor core fabri-
cated and assembled in a factory. Similar benefits for
fusion could occur 1f the aass of the FPPC could be
reduced sufficiently (to about 1000 tonne) to allow
factory assembly and shipment tc the site. The atan-
dardization and quality control provided by the factor:
would not only reduce fabrication costs but csuid
substantially reduce the licensing time and, therefore,
the financing coscs. Moraover, the improved quality
control should increase thz availability of the plant.

Since
projections

the mass of the FPC in most reactor

for the 1000-MWe class is more thar 15,(30
tonne, sesubstantial reductions would be required.
However, some concepts have the potential of achieving
small sizes, and the benefits cculd be substantirl.
These factors are not included 1in present costing
models.

3.1.4 Unit Power, P_. The economy of scale,
evident 1in Fig. 3, not!vltcl the use of large P_.
However, increases of P_ much beyond 1000 MWc do nse
result 1in much reduction of COE. For this reason most
reaccor studies are done for P. ~ 1000 Mwe.-
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However, the Panel learned from the figsion
industry reasons for reducing P_ below 1000 Mug.
Ssaller P, (200 to 600 MWe) units with high P_ nmay be

the only way to achieve small enough FPC lll‘ to allow
factory assembly and shipment to the site. The
previously described cost savings associated with fac~
tory fabrication vruld mitigate the economy of gcale.
Some of the benefits of scale could be retained by
building up a 1200 MWe-xlant, for example, witk & fac-
tory-fabricated 250-MWe units. By phasing th.
installation of the units, the utilicy could minimize
the 1initial capital investment, reduce the time delay
between investment and return—on-investment, and match
the growing plant capacity with the deaand for electric
power, All of these advantages would greatly reduce if
not overcome the economy of scale for the P. range of a
few hundrsd Mue.

3.1.5. Safety and Environment. The wmegpbers of
the fission community that advocated factory fabrica-
tion also stressed the importance of g passively safe
design, 1i.e., no active safety system or procedure is
needed tc prevent radiation releasge caused by
radioactie afterheat 1induced core damage (e.3., melt
down) in the case of a loss-of-coolant accident. In
addition to the obvious potential advancege of improved
public acceptance, passivaly safe units offer potential
savings in -zapital and operating costs. The savings
accrue from eliminating the safety oystems. such &s
emergency cooling systems, and {rom reducing the
fraction of the plant under the nuclear stasp, thereby
redacing construction coets. These savings need to be
compared with possible increases in the cost of the
unit to make it passively safe. In the case of
fisaion, substantial net savings are predicted.

Compared with fiesion, the damage or melt down of
a fusion blanket is likely to be much less of a public
safety hazard. Nevertheless, passively safe fusion
systems should be getudied for reasons of safaty and
public acceptance as well as for potential cost
savings. A simple way to achisve passive safety in a
fusion blanket is tc limit the neutron wall loading.
This restriction 4in turn imposes concept-dependent
limits on the maximunm P, that can be achieved. Thus
passive safety is one of the considerations in
detarunining optimua values for wall loading and Pn‘

Tricium handling and remote wmaincenance are two
factors the:z will have a significant ampact on cspital
costs as well as costs and availsbility. If the FPC
were a 3mall ‘actory fabricated unit, the most
prartical amuwintenance procedure might be to replace the
entire FP( rather than replacing FPC components.
Surstantial capital could be saved by not requiring
sach  plant to have rhe comple. remote handling
capability of eplacing a variety of components. A
single factory could supply and repair the emall
standardized FPCs for many plants.

Anothar factor which must be conaidered is radio~
active waste disposal. Environmental and economic
factors are 1mportant {n selecring materfals. Nea.
surface burial wculd he desirable.

3.2 PFa tors Affecting the De-elopment Coste

The “development™ phase fir fusion was defined by
the Panel as the eteps in tne prograa batween an
igaition  experiment aud a cnemercial plant. The
eccnomic impact of availability on the develnpment
process will incresse subntantiallvy from the ignttien
experiment to tte comparcial plant. Moreover,
iwportant data wi'l be collected that will allow thia
impact to be betier understood and predicted.

In contrast, capital costs are of major importance
at every astep of the development phase. Thus
efficiency, complexity, P.. safety, and environment are
also important economic factcrs Iocr the ertire dsvelop-
ment phase as they are Ior commercial cystems . In
addition, the economy of scale for unit power, P, (or
the associated thermal power, P:h)' is unimportant in
the development phase except for the last step(s)
before the commercial plant. Thus concepts wnich allow
low P, (P,,) with large P, could reduce the mass and
cost og the Pullon pover core (FPC), auxiiiary systems,
and bslance of plant (BOP). The corresponding
reduction in develcpment cost, schedule, and risk couid
substantially facilitace the development of fusi:n.

The next two subsections examine the methods for
achieving high Pu and tow P, within the coastraints
assoclated with efficiency, complexity, technclogy,

safety, and environment.

3.3 Approaches for Increasiqg daes Power Density, P .

$-mple geometrical argueents indicate that two
independant approaches for incresring P, are to either
increase the ave-age wall loadirg, or tc decrease the
radial thickness of the fusion power core (first wall,
blanker shield, and magnet == ghown 1in Fig. 1) while
holdin, e constant.

3.3.1 1Increase the Average Neutron Wall Loading,
<L,>. Increasing <I1,> not only increases Pm. but also

increases cooling requirements, thermal stress, neuntron
damage rates, and afterheat power density in che
blanket. These technological and safety fssues tend to
impose practical limits to the magnitude of <1 ). The

Panel found cthat 5-10 MW:2® was likely tc be the
optisum rarge for <I > in reactors with standard
structural valls.

It can bc ehown that

> =82 <l 3

wnere B, and B of] 8¢ deffied in Section 2.2.53, and a
1s the radius of é%c plasma. Equarion (J) 1ndicates
that {increasing B is always beneficial. 1If <I.D> is
less than the optimum range, then increasing g lYlaui
F to increase. Once the optimum range o? <I,> 18
reached, a further increase in B_ would allov B te
be decreaded vwhich decreasss :ﬂe FPC thickness. Tris
is rhe second wvay of increasing P'.

3.3.2 Decreasing the F°C Thickness, A. ing  me-
thod of dec-easing A has just been described. Other
examples include better magnet designs that would allow
either thinner magnets (higher current density) or less
stielding. Blanket thickness might be reduce! by more
e ficient breeding techniques. However, a very
significaat decreass in & occura when § 18
sufficiently high to allow the suprerconducting cefll te
'e replaced by resistive (ea.g., copperi coils of
ilmilar thiciness, without a significant inc.ease {n
£ _. This change to resistive coils sllows the <virtual
ofl-:nntion of the shield with a corresponding decrecse
in a.

% For those -teps in the devalooment
thatass: power s not converted to electricity, an
effective P_ can be calculated by wusing Eq. (2}, the
effective tes ard an assumed n., (~1/3).

phase where the



TABLE 1

CONCEPT CLASSIFICATION

TFD PFD
Dominant confiniag Toroidal Poloidal
field (Axial)
Supported mainly
by cur.sents irn: Magnets Plaspma
Exaaples Tokamak RFP
Stellarazor Spheromak
EBT FL.C

(Tandem Mirror! Dense Z Pinch

Naturally excels in: Low x

High B,
(across field)

The high values of e. thet are required for this
change to resistive coils and the correrponding
increase in Pn 40 not appear ro be equally ac.essidle
by all confinement concepts. Table I compares charac-

teristics of toroidal-field-dominated (TFD) and
poloidal-ffeld-douinated (PFD) systems. The externally
imposed magnetic field in TFD concepts provides good

confinement (low yxp) for even modeut experiments.
However, this strong reliance on magnets mnakes the
achievement of high By moTe difficult., In fact all TFD
concepts rely on neutral beam or rf auxiliary heaters
to increise B. and co reach ignition.

In contrast, the reliance
currents to provide the confining fields
cepts results Sin comparatively poor confinement for
modest (low-currant) experiments, but the B. is  high.
Moreover, the high plasma currents ares expected to
allov all known PFD concepts, except for the (FRC), to
reach ignition by ohmic heating alone. Since auxiliary
heaters are not aueded, the complexity and the capical
cost of tha auxiliaries are reduced. The high B. and
lower ¢ make high P- wore accessible because the
:rlulit!on from superconducting to resistive coils at A
given P_ 18 wore accessible. Tha realization of this
natural potential for high Pn depends on achieving
improved confinement (decreased xn).

on internal plasma
in P7D con-

These observatinng about TFD and PFD coucepts
resulted in one of the findings in the Panel X Repo-t,

Pinding 3: Concepts that confine high-8 plasmas (B

> 102) with magnetic fields p-oduced wmainly by
cvrrents within the plasma are more naturally
consistent with high wmass power density. This
general principle 1 most quanticatively

demonstrated for the Reversed Field Pinch (RFP).
The Spheromak, FRC, and Dense 2Z-Pinch have the
appropriate characteristics.

3.4 Approsches for Decreasing the Unit Pover, ¥

The bdenafite derived trox reductions in P_ are
dependent on wsimultaneously achieving or maintaining
high P_. Two independent pathe for decreasing P. are
to el?her decrease (1"). or v decreese the plasaa
rize.

3.-.1 Decrease Average Neutron wWall Lrading, <1 .D.
This approach is nout allo-ad because it rezilite in
decressed P (ses Sectlon 1.3.1),

3.4.2 Decrease Plasma Size, r . The plasma silze
can be decreased in two vays witnoutr decreasing P_.
The plasma lenpth or aspect ratio could be reduced If
other physics and techrology constraints would allew
it, or the p.asma radfus r_ cculd be reduced 1f §
could be correspondingly 1Bcreased to maintain constant
(I“> (see Ea. (3)) and hence consuant Pm. Note that
increasing Bco 1 1s not allowed because it would cauce
an increase in t (see Section 3.3.2) and hence in ¥_.
The decrease in r_ also requi-es improved confinemen?,
{i.e., a decrease ih y,. Thus, in order tc have tre
flexibility to both 1increase Pm and decresse P_, the
two key goals for plasma confinerent research are high
Be and low yp.

«. CENTRAL RECOMMENDATICNS OF PANEL X

é.]1 The Target of High Power Density.

The methods des-ribed above for reducing the cost
of fusion are coupled 1in a complex fashicn through
constraints imposed by physics, technology, safety, and
environmental factors. These complexities, added to
the lack of data in several important areas, lead to
substantial uncertainties ir estimating develspment
costs or the COE for reactors. In spite of these
uncertainties, certain trends are still apparent, and
some of these trends have beer mentioned in this pajper.
Cognizant of both trends and uncertainties, the Panel
agreed on 22 findings, 13 recommendations, and 2
central recommendations. The firet ceniral recom-
mendation states:

Central Recommeniation 41

In eetting fusion propram priorities, increased

en hasie should be given to 1improving the mass
power density of “ision eyestems, aiming at a
oinimun target of 100 kWe/tonne. The {ncreased

anphasis whculd be applied to cll aspects of the
fusion program, 4including confinement research,
freion raaccor desipgn and system studies, and tech-
nology research and developient.

The winimum target of Pm = 100 VkWe‘tenne was
ohtained from exanining a numter of both p.raracric and
point reactor etuiies for a variety of conceprs. The
threshold value of PIl was found to be 17 kWe:tonne,
‘.¢., belov _Lhis 7alue the CO% :ises sharply while
sbove it ‘ittle ciiange in COE is observed. This effect
has been confirmed again in a more recent reactor
study[2] as shown in Fig. 3. The uncertainties 13
estima:ing COF monivate the achievement of Pm valuen
even higher than rhis threshold value.

A coamparison of P_ values for a variety of rearctsr
designs i¢ snown in Fig. , taker from the Panel X

Report. Note the progress toward the threshold of high
mass power denaity that has been made by the tokamak
desijns. Higher B, (corresponding to <B> > 101) 1s
expected "o result in rokamsk designs cthat reach or

aoderateiy exceed the target Pn‘ Recent tandem mirrcr
designs with smaller endplugs have reached the target
value. The Pi-.a]l agreed that credibdle {mprovements
could allow all of the confinement concepts cons.dered
to at least reac the target Pn'

The tendeacy for PPD concepts to achieve higher P
then TFD concepts (sae Table 1) s alsc evident (in
Filguce 4. In fact the PFT concepts ara crmpetitive
with the PWR fiesion cora. The only “exceptio. which
prcves tha rule” {s the Riggatron. This tokamak design
astumes & very high B (~ 25%) for a tokamak and gccepts
a very high neutron wall loading (30-&5 MWsm*j, and
high recirculating power fraction (¢, =~0.¢), In
coni rost the CRFPR(S) design sssumes a pgloldll R = 20%
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Fig. 4. Comarison of power densities nrojectad by

reacidor studies. Diagonal lines are
contcurs of constant average mass density of
the f-i*ion power core. Several confinement
concepts are represenred. Tokamak: UWMAK-1,
UWTOR-M, STARFIRE, MKIIB, NUMAK, and
RIGGATRON. Taadem mirror: MARS. EBT: EBTR.
Stellarator: MSR. General toroidal
superconducting study: GENEROMAK. CHTE:
OHTE. Revcrsed field pinch (RFP): CRFPR.
Spheromak: CSR. Pressurized water reactor
(fission): PVWK.

which has already been achieved 1in RFPs, a modest
neutron wel! loading of 5 MW/m®, and reasonatle ¢ -
0.22. The hilgh values of P_ projected for PFD concepts
not only provide a lubl%lntill safety factor to
accomodate uncertainties in projecting COE costs, ovut
also offer the potential of factory fabrication, single
piece maintenance, and the associated benefits.

4.2 Development Path

No generally accepted wmodel or framework exists
for planning the developmen: phase, {.e. the gteps
betwean the ignition experiment and a commercial plant.
The number of steps, the schedule, and the c2at depend
on the level of risk that is deemed acceptable. In
this uncertain sitration, estimates of total cost and
timescale ‘for development are not very vaseful.
However, the factors which affect the capital cosc of
eaach step in the development process can provide useful

guidance, as discussed 1in Section 3.2. These
observations contributed to the second central racom-
mendation.

Central Recommendat. n #2

Increased amphasis should be given to concepts that
offer the potential to reduce sibstantially the
cos. of development steps in physics and technclo-
gYs These steps include physice development in
ignitisn and reactor-relevant burn conditions, and
technology developnent at react-r-ralevant neutron
wvall loading. The feature 2f a concept that s
expected to result in ruduced cost for devalop-
mental steps 1s a low fusion power coupled to & low
funion-pover-core mass. The Panel recommends
establighing a methodolcgy to evaluate pachways and
costs frr fusion power dr.elopment.

5. OBSERVATIONS NF THE AUTHOR

5.1 Significanc. of P-nel X Report

Most reactor studies assess the potencial benefits
and problems of a particular fusion concept, or &
fairly rarrow class of concepts, by analyzing the
integrated set of factors associated with physics,
technology, economics, envirorment, and safety. These
studies have proved -raluable hy identifying probleas
and solutions, and by providing infcrmation which {is
important in setting prioricies and res<arch
directicns. The Panel X Repnrt is an analysis of the
information collected and integrated from 8 number of
reactor studies covering a wide spectrum of concepts.
The Report identifies techniques for making comparissns
between concepts and approsches. These techniques are
important in assessing potential benefits and problems
and in identifying those which were concept specific
and those which appear to be generic for magnetic
fusion. I believe that th: keport is important f-r the
entire fusion program for z-: same reasons that reactor
studies are important for the concepts being studied.

The 1ssues in the Report are numerous and the in~
terrelationstips are complicated. I have only been
able to deal with a swmall fraction of them in this
brief _aper. Nevertheless it 1s Important for the
membars of the fusion community to understand the
issues and arguvments described throughout the Panel
Report (nor just the findings and recommendaticns). so
thet they can not only form their own conclusions, but
can also improve the comparative techniques that could
provide guidance for the direction of the fusion
program.

5.2 Research Directions

In epite of the compl--1iry, the eport suggests
generic research directi--s that can be degcribed
fairly esimply.

5.2.1 Physics. The Report indicates that high B
and low xp are the appropriate prysics directione ¢to
maximize the economic potential for fusion. Success
will allow the production of wai: oadings which result
in both a physics and a techa -(~sical challinge. The
physics challenge 1is to learn how to control the plasma
edge conditions eo tLhat a technological sclution 1s
practical.

2.2.2 Tezhnology. Economic considerations moti-
vate the utilization of highir thermal and neutron wall
loadings, and high powver densitfes in the blaniker.
Integrated designs and materials for the blankets,
firet well, and edge control components need to be
developed to withstand these hig. power density fusion
conditions.

5.3 The Potential of Magnetic Fusion

Achieving he minimum target of P_ = 100 kWe tonne
vould correspond approximately o simultaneousl]y
sttaining B, = 10Y, yp = 0.5, and <I> = 5 Mu-m“.
Reaching ghelc conditions provides ~ asignificant
phyeics and tachnological challenge tc the program.
These nev Trecuirements imposed by economics may cCsuse
some discouragement i{f the aore familiar nt, and
temperature réquircaenta fo- ipnition were all one
thought was required for the euccess of fusion. My own
view 1s that cthere are a wide variety of potential
sclutions and, considering the remarkable progress {n
fusion 1in the past, the probalility is good that these
target values can be achieved and probably by more than
one apprvach.



Whide meeting the minimum target for P_ is pro-
jacted to result in an economically competit?ve ChE, 1t
may not be sufficient to encourage the support and
funding for the development phase of fusion. The
capital costs and t.aescale for development gteps may
appear unacceptably large, particularly if the present
governmental vie- persists that there is no urgency to
develop fusion. Concepts which have the potential for
substantially exceeding the 100 kWe/tonne threshold are
less well develcped scientifically atr the present time,
but may provide the only .conomically viable develop-
ment path. BRecause of this possibility, I believe ttat
an increased emphasis needs to oe placed on those
concests that have the potential to substantially
exceed the threshold, and that the major effort for all
fusion concepts should be to at least meet the
threshtold conditions.
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