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THE TECHNOLOGY OF COMPACT FUSION-REACTOR CONCEPTS

By
R. A. KRARKOWSKI", J. E. GLANCY"* AND A. E. DARIRI™*

ABSTRACT

An {dentification of future engineering n>24s of
compact, high-power-deneity approaches to fusifou power
is presented. After describing a rationale for the
compact approach and a number of compact fusjon
reactors, key technology needs are assessed relative to
the similar needs of the conventional tokamak in order
to emphasize differences in required technology with
respect to the weil-documented mainline approaches.

1. TINTRODUCTION

The development and eventual commercialization of magnetic fusion energy
(MFE) i{s presently being pursued in the U. S. through two mainline concepts,
the tokamak and the tandem mirror, with a number of promising but less develnped
approaches being funded as alternative fusion concepts (AFCs). The reason for
pursuing AFCe 1s the potential for less expensive reactor systems that may be
easier to assemble, operate, and maintain while requiring less development time
and dollars; th= need for lower technology and better, more flexible operating
characteristice (steady-state plasma, use of advanced fuels, easier
asseubly/maintenance, etc.) are also reasons for pursuing certain AFCs.

The engineering development needs for the mainline tokamrk have been
quantified by detailed conceptual design studies of both first-generation
tokamak engineering axperimentnl'2 and commercial power reactors.3 To a lesser
extent, but nevertheless at a significant level of effort and conceptual design
detail, are studies of the Tandam Mirror Reactor (TMR)“ ® as well as nearer-term
engineering devices’*® bused on the tandem mirror confinement principle.
Complementing both the tokamak and tandem wirror mainline approaches are the
AFCs. The status of reactor designs fo:r tokamaks, tandem mirrors, and AFC~ has
been summarized quantitatively 4in a recent review paper?, and an even more

recent status has been reporced by an IA¥A workshop.l? A qualitative assessment

ii.o. Alanos National Laboretory, 1Los Alsmos, NM; work performed under the
auspices c¢f the U, 8. Department of Energy.

..Scionc. Applications, Irc., la Jolla, California; work performed under the
auspices of the U. 8. National Science Founiation.
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of the engineering and .technology needs of the major AFCs has also been
presented recently.ll

A generic category termed "compact"* or high-power-density has been
1dentified10+1) into which 1s placed the Compact Reversed~Field Pinch Reactor
(CRFPR),12'13 the reactor embodiment of the Ohmically-Heated Toroidal Experiment
(ORTE), !* high~-field tokamaks (i.e., Riggatron My 15-19 g4nd certain subelements
of the Compact Toroids (CT, 1i.e., spheromaks, field-reversed configurations,
field-reversed mirrors, etc.).2°-27 Concern over the domindnce In mars and cost
of the fusion power core [i.e., first~wall/blanket/shield/coils (FW/B/S/C)} fcr
many of the '"conventional" MFE approachesl"10 has led recently to serious
consideration of the compact Option.13 Fusion-power-core (FPC) power densities
approaching those of light-water fission reactors (i{.e., 10-30 times greater
than for conventional MFE systems), projected costs that are relatively
insensiti{ive to large changes in the FPC unit costs ($/kg) and associated physics
and technology, coqaiderably reduced size and mass of the FPC with potential for
"block" (i{.e., single or few-piece) installation and maintenance, and the
potential for rapid, minimum~-cost development and deployment are general
characteristics being sought through the compact reacto: options,

It 18 emphasized that use of the adjective "compact" Aoes not necassarily
refer to or limit a specific confinement scheme; just as the Reve-s¢ Field Pinch
(RFP) has a viable conventional reactor embodiment,ze it i possible tu anvisage
compact reactor options for the tokamak15~!7 and the stellarator/
torsatron/heliotron (S/T/H).?% If a given AFC is to impact significantly the
overall development of MFE, it must lead to a suhbstantially more competitive
reactor. Furthermore, this better reactor probably must be achieved on a
shorter time schedul: and with significantly asmsllar expenditure of fundse
Givan steady progress in physics research for certain AFCs, thase goals ca. be
met most probably along the compact route. In order for an AFC to have {impact
as a tru. option, rather thean merely as & backup t¢ the mainline, it mast pose &
true alternative; for economic reasons discussed in Ref. 13 and suummatizad in

Sec. 2., that alterrative may hsve to be compact.

*The word “compact"” {s used heve to descride explicitly high~power-density
fusion power cores and doas nnt necessairily imply small capacity [1.s.,
MWe(net)]. Although the combination of compactness and amallness in cajacity is
possible, economies of scale generally dictate higher unit costs {i.e., §$/kWe or
mills/kWeh) for systeams with lower capacity.
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The compact option for fusion power will require the extension of existing
technologies to --~ommodate the higher heat flux, power density, and (in some
anstances) highe ‘agnetic fields required to nperate the FPC with system power
densities” in the i. 15 Mwt/a3 range rather than in the 0.3-0.5 MWt /m3 range
being predicted for -he conventional MFE approaches. After giving a more
quantitative rationale f r pursuing the compact route in Sec. 2., the three
compact fumion reactors used as a basis for this assessment of technology needs
are briefly described i{n Sec. 3. It is noted that the three compact systems
used here to identify engineering and technology needs are included in but do
not encompags the reactor spectrum considered by Gross” contribution to this
workshop; the definition of compactness given above is restrictive and further
study remains to be done before the qualifications of the field-reversad
configurations, spheromaks, dense Z-pinches, etc. for high-power—density
compactness can be properly assersed. Section 4. then gives a quantitative
tachnology assessment for the compact option using only the three aforementioned
concepts (RFPs, OHTEs, tokamaks) as an assessment base. Section 5. concludes
with a summary and recoumendations for engineering/technology developmant in the
araa of compact fusion systems. It is emphasized that both the advantages and
linitations of the compact option, as well as related technological needs, are
onlr baginning to emerge; much of the technology prognoses presented herein,
thereforc, must be viewed as initial and is yet to be subjected to examination

agaiunst a more fully developed data and study base.

2. RATIONALE FOR COMPACT REACTORS

The direct costs of building a fisaion or fusion reactor can ba divided
into two major components: the Reactor—Plant-Fquipment (RPE) cost and the
Balance-of-Plant (ROP) cost. The fusion power core (FPC), which consists
primarily of the first wall, blanket, shield, &nd magnets, can be a major
contributor to the RPE coast. Other RPE 4{items include auxiliary heating

equipment, vacuum, cryogenic, anc tritium systems. The BOP consists of all

I;yltcru power density is defined as the ratio of total (useful) thermal power to
the volume enclosed by and including the coils (i.e., the FPC volume). Although
generally a useful messure of performance for most MFE systems with
exo-hlanket/shield cotlls, application to one version of the high-field tokamak
(Riggatron), which proposes to locate all coils within the blanket structure,
presents an anomaly, although this definition is still ueed for such systems.
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subsystems outside the secondary containment, such as the heat transport system,
heat exchangers and steam generators, turbiies, electrical generstors, auxiliary
systens, and buildings.

The RPE cost for fission reactors 18 approximately 25 percent of the total
plant direct cost (TDC), and the BOP accounts for the other 75 percent. Studies
of conventional fusion reactors project RPE costs that range from 50 to 75
percent of the TDC. The BOP costs for a fission and fusion plant of the same
#lectrical power output are expected to be approximately the sage.” Hence,
estimates of fusion reactor TDC have predicted higher values than for fissiun
pover plants because of the expensive RPE costs related primarily to expensive
(1.e., massive, high~-technology) FPCs. This result that RPE/TDC > 0.5 for most
conventional fusion reactors is contrary to the frequant claim that the DOP cost
dominate the total plant cost and, therefore, little can he done to reduce the
projected costs of fusion power; the svmmary given in Table I is based on the
most recent design studies and indicates the dom‘nance of the RPE costs for both
mainline and major alternative fusion concepts. The mass of the FPC per unit of
generated thermal power for most conventional fusion plants (i.e., FPC mass
utilization) 1is projected to lie in the range 5-10 tonne/MWt, compared to 0.3
tonne,/ MWt for a light-water fission t'eactot'.“'13 The RPE for compact reactors is
projected to be only ~ 1/3 of the TDC because the FPC and associated support
ejuipment are smaller and less costly than the conventional fnsion systems of
sim{lar capacity (MWe); the FPC mass utilization is similarly closer to the
comparable figure (0.3 tonne/MWt) for finsion power. The direct cost of the

Fit is noted that fusicn reactors cspable of diract-energy conversion, such as
the TMR, attain higler overall energy conversion efficiencies and, therefore,
project smaller BOP costs. The total plant cost (TDC), however, will be smaller
only 1f tha cost of the direct energy convertors is suificiently 1low. It 1is
also noted that systeame with unartractively high recirculating power fractions
will requice larger BOPs and associated costa; for such systems the RPE/BOP cost
ratio will be falsely depressed, not because of 1low RPE, but because of
gvonormally high BGP costs.

IMTho mass utilization for the fission plant is taken as the mass of the primary
containment vessel (less the fuel) divided by the total thermal power. The mass
utiliration must be used cavefully as a comparative wmeasure of system
performince:r clearly, such ~omparisons infer a monotomic relationship betwwen
zass and cost. System which have FPCs that are comprised of 1large masses of
fnexpensive and eawvily replaced/reused ccolant (i.e., LiPb) or concrete should
use mass utilizavions that are appropriately compensated (i.e., mass of drained
blanket). It 1s also noied that the mass of an entire fiseion power plant,
axclusive of concrete bhut including all reinforcing bar, 41s 10-15 tonne/MWt,

which in some cases 1is approached by the FPC mase utilization for certain
syctams.
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compact fusion reactor, therefore, ie expected to be only slightly highe:r than
the cost of a fission reactor. More importently, however, the total cost of
fusion for systems with RPE/TDC < 1/3 will be less sensitive to physics and
technology nuncertainties associated with the assumed plasms performance and FPC
operation; both significantly effect piant performance and cost, which {in turn
can lead to appreciable costing uncertainty and potential overruns.30

A summary of recent results from a number of conventional fusion reactor
studies and associated cost estimates is showa in Table I. These findings are
compared with results from a recently completed, but preliminary, study of a
compact RFP reactor (CRFPR). 7%he cost of a pressurized water reactor (PWR) 1is
also shown. Figure 1 displays graphically the sizes of conventional FPCsg
relative to the FPC of a compact fusion reactor (CRFPR), again graphicelly
{1llustreting differences 1in system power density and FPC mass utilizatious
reflected by the values given in Table I,

As indiceted previousiy, an important economic incentive for considering
compact reactor systems 1is the lower sensitivity of the TDC to physics and
engineering uncertainties associated with all aspects of the FPC. Considerable
uncertainty exists in fusion RPE cost estimates; however, much lers uncertainty
is associated with BOP costs because the associatad technology i1s relatively
mature. The uncertainty in cost estimates of conventional fusion systeuns is
much higher than the uncertainty in compsct fusion reactor cost estimates. This
means that a doubling oF the RPF cost for conventional fusion reactor decigns
would lead to a 50-75 percent increase in the T7''; i similar doubling of RPE for
a compact reactor would lead to only a 20 percent increase in tha direct capital
codt,

The unit direct costs (UDC) summarized in Table I are plotted on Fig. 2 as
a function of the ratio RPE/TDC, with nouinal ralues of ~ 900 §/kWe and 0.25 for
UDC and RPE/TDC, reapectively, being used to lccate the LWRs. Uaing this LWR
point as a normaliration, the ratic of TDC for fusion relativ: to fiseion can be
determined analytically under the assumption that the BOP costs for like fusion
and fission power plants s«re ncminally equivalent; the "anaiytic" curve of Ryc =
(UDC)pyg1oN/ (UDC)p1gcIoN 18 also given on Fip 2.  Assuming that the fuaion
systen 1s allowed to expend more on capital 1investment in order to take
advantage of an ideally rzero fuel cost, this tradeoff ot fuel for capital cost
becomes questionable for Rpc values 1in excees of ~ 1.3 1f the fuel cost for

fission nominally comprisec 1/4-1/3 of the energy cost. Geneially, operation in
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the RPE/TDC < 0.3, low-economic-leverage regime will require the FPC to be a
less dominant component of the TDC; for reasonable unit costs ($/kg) of
fabricated, high-technology components, this criterion can be met only by
decreased FPC mass utilization (tonnc/MWt) or increased system power density.

Direct capital cost is only one component used in deriving the overall cost
of electricity (COE) from a power plent. Figure 3 presents all the cost
components and how thase components are ccmbined to determine the COE. The
annual fixed chargee for conventionsl and compact fusion reactors will be
approximately proportional to the TDC because the indirect capital cost is
nominally the same percentage of the TDC for both compact and conventional
reactor types, and the fixed charge rate will be the same unless, for example,
the compact reactor takes less time to construct and is more¢ armmenable to mass
production methods because of its smaller size. Fuel expenses will be equal for
the same fusion power, and operation and maintenance (0&}) costs are expected to
be aprroximately equal for the same plant capacity (MWe). The O&M costs will
differ 1f the costs of replacing the FPC are diffeirent; however, both
conventional and compact reactors require replacement of approximetely equal
masses of material per unit time (~ 200-400 tonne/y) for the same FW/B
lifetime.” The annual generating cost for a compact fusion reactor, therefore,
18 expected to be 1lower than for a conventional fusion reactor, primarily
because of the lower RPE cost. The annual energy output (kweh/y) for compact
and conventional fusion reactore of equal capacity may not be equal because the
recirculating power fractions and the capacity factors may be different. The
compact tokamak reactor (liggatron) and the OHTE reactor may have hinh
recirculating power requirements, because of the first-wall coil position, but
the CRFPR has a recirculating rower fraction approximately equal to conventional
fusion reactors (10-15X half of which supplies the Ohmic losses in the coils and
plasma).

Compact fusion resctors are also expacted to be hizher stress”™” devices
relative to conventionil fusiorn reactors because of higher power densities,
thercal loads, and neutron fluxes (and higher magnetic fields at the coil for

the Riggatron); howavar, this more highly stressed operating coudition differs

‘Although lifetimes of 10~15 MWy/m? are projected for low-flux stainlese-steel
first walls and blankets, transmutation-related resistivity increases in frist-
wall coiis (Riggatron and OHTE) may reduce (ifetimes to 5 Mwy/m?,

**The word "stress" 1is used hare to describe a jeneral performance condition
rather than a specific force per unit area,



-7-

little from standard operating conditions encountered in fission systems, and,
furthermore, operating at the higher stress state should not reduce the capacity
factor 1if equal engineering design criteria are wused for compact and
conventional reactors. Neverth:less, a potential exists for a lower plant
factor relative to conventional low-stress fusion systems, this lower plant
factor perhaps cutting into the promise of reduced COE resulting from reduced
TDC and construction time; design-specific relifability analyses remain to be
performed comparatively on conventional and compact FPCs.

In gummary, the anrual generating cost for a compact reactor may be
aijnificantly lower than that of equal capacity conventional fusion reactors,
and the annual energy output can be approximately the same or only slightly
lower. This situation. couples with the desirably lower economic 1laverage
exerted on the total cost by the RPE cost (wherein lies & majority of all
physics and engineering uncertainty) for rhe compact system to give the ovrimary
rationale and promise for the compact approaches. Additionally, the compact
fusion option may offer certain cost/schedule advantages related to the overall
development of a usable product for fusion, these advaniLages also bcing related
to the lesser role piayed by the FW/B/C systems in devices leadirng to the

reactor.

3. DESCRIPTION OF COMPACT REACTORS

The desire to reduce the importance of the fusion power core (FPC), in
terms of volume, mass, and finally costs, relative to the remaining components
of the RPE and the BOP dictates system power densities that are considerably
higner than rhose projected for conventional fusion reactors (Table 1I). The
survey of compact fusion concepts considered by Gross in this workehop
. ncompasses toroidal devices supporting large plasma current density (RFPs,
OHTEs, high-field tokansks), a variety of field-reversed configurations and
spheromaks, as well as other very dense and highly pulsed configurations ({i.e.,
dense Z-pinch, 1imploding Iiners, wall-confined systems). On the basie of the
gocals and arguments developed in the previous sections, however, 1ly the first
agrouping (RFPs, OHTEs, high-field tokamaks) have been considercd as models for
the engineering and technology assessment presented herein, These compact
devices can generally be classified as toroids using resistive coils to provide

high-density tokamak, OHTE, or RFP cunfinement. All such devicee generally rely
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on significant Ohmic hedtiug to achieve ignition. Typical parameters for the
CRFPR, OHTE, and Riggatron reactors are given in Table 1II. These reactor
designs are generally characterized by the following features:

® Righ system power dens{it:’

® Low FPC mass utilization

e Significantly lower ratio of RPE/TDC costs

® High first-wall neutrcn loading

@ High blanket power density

® Little or no passive radiation shield for the magnets

The 4increases in plasma power density, neutron first-well loading, and
blankat power density* that accompany any attempt to maintain a given total
power output at an enhanced engineering power density represent both potential
benefits and deficits., The economic tradeoff between the benefits of
high-power—density operation (i{.e., reduced system mass, size, and cost) and the
potential 1iabilities of d1increased récirculating power and reduced
first-wall/blanket chronological 1ife (i.e., potential for reduced plant
efficiency, availability, and reliability) remains to be fully assessed 1in the
context of a complete conceptual design for the three concepts summarized in
Table 1I; the situation remains even less resolved for the other less developed,

but perhaps more promising, AFCs cited by Gross’ survey paper.

3.1, COMPACT RFP REACTOR (CRFPR)

The CRFPR {s a toroidal axisymmetric device {in which the primary
confinement field is poloidal and is generated by a toroidal current fiowing in
the plasma. Unlike the OHTE ard Riggatron reactors, all magnetic zoils in the
CRFPR are positioned externally to the blanket, increasing the ability to breed
tritium, providing enhanced radiation protection of the exo~blanket coil, and
decreasing the recirculating power fraction. The high power density is attained
with moderate betas (0,1-0.2) without requ’ring high fields at the coils, which

also substantially reduces the recirculating power frection. Figure 4 shows a

;fhe blanket power density in the Riggatron high—-field tokamak, however, is low
since the blanket is far reroved from the first-wall and coil systens.
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schematic cross section of the 1000-MWe(net) reactor with the specifications
given 1n Table II; significantly smaller capacity systems are also possible €or
the CRFPR. Central to the achievement of high system power density is the
reduction in blanket/shield thickness accompanying the use of normal copper
coils. For efficient recovery of sensible heat and for adequate tritium
breeding, minimum blanket thicknesses ranging from 0.5 to 0.6 m will be
required. Such a "model" blanket design is described and used 1in Sec. 4.2.7.

to give a generic example cf kev radiation effects anticipated for these high-
wall-loading FPCs.

3.2, OHMICALLY HEATED TOROIDAL EXPERIMENT (OHTE) REACTOR

More conservative assumptions with respect to the external control of
potentially large energy losses that may accompany the maintenance of
toroidal-field reversal near the RFP plasma edge leads to the OHTE approach,l"
The OHTE controls the field reversal and associated mainetic shear at the plasma
edge by actively-driven helical coils positioned near the plasma edge. The
high-power~density operation i1s attained at moderate to high beta with modest
coil fields. Since the resistive copper coils are operated near room
temperature and are positioned near the first wall, the overall system
performance {n terms of plant thermal efficiency is reduced. Figure 5 shows a
commercial OHTE reactor.l!* Five OHTE reactor types have been described in
Ref. 14; the specifications of a commercial electric power plant, which is sized
for 900-MWe{net) output, are shown in Table II.

3.3. RIGGATRON

This reactor 13 based on a high-field, Ohmically-heated tokamak that uses a
high toroidal current density and high toroidal-field copper coils positioned
near the first wall. Net energy production is posaible15 in a relatively short
burn period from a moderate-beta, Ohmically-heated plasma, The severe
thermal-mechanical and radiation environment in which the relatively inexpensive
FPC must operate dictates a FPC 1ife of gpproximately one month, Figure 6 shows
a Riggatron reactor with the specifications given in Table II. The plasma
chamber and the water—-cooled copper magnets would be small because of the

increased plasma density and the assumed beta. The overall system performance



-10-

in terms of plant thermal efficiency and the ability to breed tritium is greatly
reduced, since the coils are positioned near the first wall. The short-lived
(30 days) FPC would operate in clusters of two or more fusion modules, with one,
or perhaps two, additional stand-by mcdules and a rapid "plug-in" capability
promising high plant reliability/availability without 1i» situ remote
maintenaice. The fusion neutron power 18 recovered in a fixed lithium blanket
located outside of the magnet system. R2covery of Ohmic and neutron heating in

the copper coils 18 also an essential element of the overall power balance.

3.4, OTHER POTENTIAL APPROACHES TO COMPACT REACTORS

A number of reactor configuratfions based on field-reversed or spheromak
plasmoids may qualify for tae compact, high-power-density option. These Compact
Toroids (CT) are generally pulsed systems based either on a translating burning
plesmoid or a stationary plasmoid that is subjected to in situ mugnetic and/or
liner compression. Only the latter approaches, as r:mbodied in the TRACT2? or
LINUS 21 reactors, appear to offer the potential for system power densicles
approaching the 10-15 MWt /m3 range, although the other CT reactor embodiments
still promise significant increases in gystem power density relative to the more
conventional mainline and AFC systems. The advantages and limitation of a
number of CT reactors have been reviewed in Refs. 9 £»d 25; no attempt 1s made
here to include uniques engineering and technology needs of the CT reactors until
reactor designs become available that emphasize the goal of high system powver
density; the potential for high-power-density operation for certain of the CT
configurations, however, should be recognized. Similar comments «pply to the
other AFC reviewed for this workshop by Gross.

4. COMPACT REACTOR TECHNOLOGY REQUIREMENTS

4.1, OVERVIEW AND SUMMARY
Table III summarizes compact reactor parameters that differ significantly
from conventional tokamak (STARFIRE) parameters and that impact projected

technology requirements. These design differences result primarily because of:
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® Increased plasma power density, which is proportional to 8254, viere B {e
the confining magnetic field at the plasma and B is the ratio of average
plasma pressure to magnetic field pressure at the plasma surface.

® Increased first-wall neutron current (15-20 MW/m2) and surface heat flux
(4-5 MWt/m2, uaximum, for uniform heat deposition onto the first wall).

® Increased peak (> 100 MWt/m3) and average (> 30 MWt/m3) power density
within a tritium—breeding blanket.

® Incressed radifation and heat fluxes at resistive magnet coils in systems
des: gned to operate at most with only & thin heat-recovering/
tritium~breeding tlanket placed between the coil and the plasma.

Key parameters for the three :~ompact reactors being considered here are
presented in Table III according to three major syastems that comprise the FPC:
Plasma Engineering Systems, ) lear Systems, and Magnet Systems. Compact
reactors would operate at higher plesma densities and, ther=fore, refueling,
impurity control, and .sh vemoval requirements may be more demanding. The
higher plasma density may also lead to more difficult rf current-drive
rquirements ‘nr steady-state operation. The potential for low-frequency "F-©
pumping"36 that 48 unique to the RFP confinecment, however, represznts a
potentially new and m:tractive means to drive steady-state current; F-& pumping,
however, remains to be tested experiuentally. The first—wall powar 1loads for
compact reactors are higher than for conventionsl systems, which also leads to
higher blanket power densities. It is noted that although the FIW/B for the
~ompact systcms would operate under more highly stressed conditions, compared to
the conventional fusion systems, the compact options are simply attempting to
approach operating conditions that are considered standard for fission energy
sources. The magnetic field requirements for the CRFPR and OHTE are lower than
for STARFIRE tokamak reactor, but the fields are considerably higher for the
Riggatron., However, the primary difference in magnet technology is reflected by
the use of resistive-copper rather than superconducting coils for compact fusicn
reactors.

Table IV gives a summary assessmenc, indicating where tachnology
requirements for compact reactors are more difficult (+), less difficult (-), or
nominally the same (0) as for a conventional (cteady-state) tokamak. The
requirements for the Plasma FEngineering Systems do not significently differ
between long-pulsed and steady-state operation except poesibly for ash removal
and impurity control; fueling should be similar for a 30-100 8 burn as for a

truly steady-state burn, but the latter mvde may require a magnetic divertor for



-12-

ash removal and impurity control. Because of the higher first-wall thermal
loadings, a heat-flux-concentrating limiter does not appear to be possible, and
the first-wall ma_' have to serve the limiter functiion 1f a divertor is not used.
For pulsed operation, therefore, the only areas where the compact option poses
more difficult technology requirements are related to the first-wall
thermal/particle load and blanket (or magnet for Riggatron) power density., A
potentially more difficult safety requirement for the compact systems is related
primarily to the need for increased emergency-core--~ooling capabiiity because of
the higher afterheat power density in the FW/B or in the TF and OH coil set in
the case of the Riggatron, this enhanced aftarheat power density resulting from
the higher overall operating blanket power density. The technology vequirments
in the magnet area are significan'.ly less difficult for the CR¥PR and OHTE
concepts because of the absence of superconducting magnets and, in the case of
the CRFPR, the steady-state magnetic fields are low. Lastly, the maiutenance
procedurc envisaged for the compact reactors, because of their physical size and
mass, makes possible consideration of "block" maintenance, wherein the complete
FPC 1s removed for maintenance and repair operations external to the reacto:
caviry, with a more rapid replacement by a fresh, pre-testel unit promising
shorter downtimes and more reliable restarts.

Annther perspective on the differences and sinilarities in technology
requirements for conventional and compact fusion reactcrs can be developed using
the results of a recen: Electric Power Research Institute (EPRI) study.37 This
EPRI study poiled fusion technology experts on and generated a ranking of
technology 1ssues for different reactor concepts, Table V reports results from
the EPRI study for two conventional fusion reactor designs (STARFIPE tokamak?
and the conventional RFP reactor?®) and two compact fusion reactors (the
Kiggatron tokamakl5 and the OHTE!* reactors). The CRFPR design was not
available for 4inclusion in the FEPRI study. Technology issues receiving equal
"scores" using the EPRI methodology are grouped together in Table V. Many
similarities can be identified, while at the same time the ranking indicates
soma differences. The conventional reactors both rate magnet reliability as one
of the highest priorities, whereas this {ssue is not idcntified for the compact
options. Radiation resistance of magnet electrical Insulators was rated by the
EPRI study as priorities for both compact reactors, whereas this item either is
not included in the priolity 1list or {s located at a 1low priority for

conventional reactora. The radiation r.sistence of magnet material (copper
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alloy) ranks high for the compact reactors and low for the conventional
reactors, The degree of remuvte maintenance 1s an Importunt issue for
conventional reectors but does not appear as an issue for compact reactors
because the entire FPC 18 replaced (e.g., block maintenance). However, the
removal of large components is perceived to be of equally high 1importance for
both = reactor options. First-wall neutron fluence, hLeat/mechanical 1loads,
erosion, and fatigue are of the higheast priority for compact resactors; these
items are also ranked at high priority for convertional reactors, even though
the first-wall loads are lower, since the conventional systems require a larger
chronological 1life. Magnet shieldin~ ranks moderately high as a critical issue
for conventional reactors but is not an isaue at all for compact reactors. The
same obgervation applies to supplemental heating for the STARFIRE tokamak
reactor, Critical issues for the compact raactor that do not simultaneously
appear for the conventional reactors could not be identified.

In summary, the EFRI study ranks the first wall as first priority for the
Riggatron and third priority for the OHTE, The authors of this report would
rank the first-wall erosion control as first priowity for all concepts,
including the CRFPF° the effective cooling of a high-power—-density, breeding
blanket is ranked by the authors as a close sccond, except for Riggatron, which
because of 1ts inverted configuration operates with a relatively low-power-
density blanket (Fig. 6). Radiation~related, life-limiting effects on the 7W/B
remains an important overall technology {ssue for =all fusion concepts. The
following subsection provides a more detailed assessment for each major fusion

technology system arsociated with thc FPC,

4.2, TECHNCLOGY REQUIRFMENTS FOR MAJ )R REACTOR SUBSYSTEM3

4,2,1. PLASMA ENGINEERING SYSTEMS

The higher plasma density envisaged for the compact systems wiil impact
most Plasma Engineering Systems. All three compact approaches listed on Table
IT rely on aignificant Ohmic heating by toroidal plasma currents. The
high-field tokamak in additicn may require auxiliary (adiabatic compressional
and/or rf) heating to achieve 1ignition, The high plasmu density makes rf

current drive more difficult, although low-frequency "F-© pumping" of current in
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RFP-11ke plasmes3® should not be st.rongly affected by the higher plasma density,
Plasma-ash, 1impurity, and fueling control remain as uncertainties in the higher
density regime. Dense gas blankets sand/or magnetic divertcrs are being
considered and may be required even for long~pulsed operation, particularly for
firast-wall protection against sputtering. The OHTE, of course, would operate
with a natural magnetic divertor, The first-wall/plasma interaction and
associated sputter erosion, rather than high-heat transfer rates per _!gae,
represents the key plasma engineering 4issue for the CRFPR and OR £ compact
options; for the Riggatron the physical heat fiuxes will be considerably larger.
The 4introduction of high-Z first-wall impurities into the plasma represents a
potentially greater problem for the compact systems, since low-Z materiail
coatinges (e.g., Be) may be more limited by the higher first-wall heat fluxes.
The severity of this limitat{on, however, depends on yet-to-be-resolved systems
and plasma processes related to divertors and dense gas blankets as well as
innovative first-wall mechanical design.39’“°

Pelliet refueling and vacuvum requirements ror compact and coaventional
reactors appear to be similar, A pellet ablrcioun cca’ing law that shows good
agreement with experiment”! {ndicates that the fuel pellet lifetime, rp/v. where
I, 1is the plasma radius and v is the pellet velocity, is only weakly dependent
on average plasma density (=« 1/nl/3), Even for the same injection velocity,
therefore, the decreased plasma radius for the compact systems more than
compensates for the increased plusma density; similer or less stringent
requirements on pellet velocity are indicated. Since the plasma particle
out-flux for a given ignition condition is proportional to the total power,
systems with a similar capacity will require the nawe total fueling rate.
Hence, the pellet injection frequency and radius should be the same as for the
conventional systems. In addition, the total vacuum and/or divertor pumping
speeds will be similar for both compact and conventional systems, although, like
the primary coolant ducting to the FPC (Sec. 4.2.2.), the vacuum ducting may
become a more dominant feature relative to the FPC wuize for the compact
approaches; approaches that place the FPC or a portion thereof within a varuum
anvelop represent an exception to this concern. A more difficult "real estate”
problem 4in the immediate vicinity of the FPC for the comprct options generally

is envisaged, however.



4.2,2, NUCLEAR SYSTEMS

The increased surface heat flux and volumetric powver density at the first
vall and within the tritium breeding blanket for the compact option represents a
major impact on the technology requirements for the nuclear systems.
Prelininary computations3® find no serious thermomechanical problem under
long-pulsed operation for a CRFPR using a high-strength copper alloy at the
first wall that is cooled by high-pressure water (< 106 pulses, 4-5 MWm2 heat
flux, > 30-s burn, one~year operating life). The reaults of another .tudy39 of
copper first walls for :umpact resactors indicates that the creep-rupture
strength related to coolant pressure may be an important limitation on the
first-wvall operating 1life. Increases in the first-wall thickness required to
support high coolant pressure are limited by the high thermal stress that occurs
in thick materials, as has been quantified in Ref., 38. A careful and more
detailed study is required to optimize first-wall designs that uperate with high
thermal 1loade, particularly with respect to radiation-induced degradation of
thermal-mechanical properties of solution-strengthened copper alloys. Use of
primary candidate alloy stsinless steel (PCASS) at the first wall generally does
rot appear poasible for the -ompact reacrors. It i1s noted thacv heat fluxes of
the megnitude envisaged for the compact resactors are required of the STARFIRE
pumpad limiter,d which Ztself has an area that may approximate that of the
entire first wall of a comparable compact reactor.

As indicated by Fig. 7, heat fluxes antiripated f<r a range of other fusion
applications do not differ appreciably from the (divertorlass) first-wall heat
fluxes projected for the CRFPR and OHTE reactor. Also shown in Fig. 7 are the
lieat fluxes for other non-fusion processes occurring 1in nature and industry,
egain 1llustrating that the OHTE and CRFPR requirements are mouderate
extrapolation of existing technology and that the Riggatron would operate with
heat fluxew that have been attained in other areas of high technology. Although
tfirst-wall heat «ctransfer appears to present no Iinsurmountable engineering
problems, as noted above, the questions of sputtering, non-uniform energy
deposition, and bulk radiation effects all present serious uncertainties for
compact and conventional reactor approaches alike; thiu central issue is closely
related to the projected engineering/technology needs for both the plasma
engineering system (i.e., dense gas blankets, refueling, divertors, etc.) and

the magnet systems (divertors).
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The peck blanket power density projected for most compact fusion reactors
is comparable to the power density in a light-water reactor (LWR) fission core
and about 1/4 that expected in a liquid-metal fast-~breeder fission reactor. The
average power densities are a factor of 6-7 lower than the peak values, but
remain six tiumes higher than for conventional (STARFIRE; fusion systems. It {s
noted however, that the 1local power density within the beryllium neutron
multiplier of the STARFIRE blanket 3 1s witiiin a factor of 2=3 of the peak power
density within the compact reactor blanket. The compatibility of solid tritium
breeders with this local power density presents a quention related primarily to
uncertainties in thermophysical properties of the solid breeder. Solely for the
purposes of establishing perspective, Fig. 8 gives a range of power densities in
a number of existing engineering systems. The LiPb-cnoled blanket prOpolcdl“
for the OHTE appears paiticularly attractive for the compact fusion reactor
aDplications, eapecially for the relatively low-field RFP geometry, where
MHD-pumping losses can be congsiderably reduced. A fully-optimized design of
such a thin, tritium—breeding, energy-efficient blanket hes been made for the
CRFPR and 18 used 1in Sec. 4.2.7. as a quanti:ative example of expected
radiation effects in a "mndel' compact reactor blanket. Genarally, the impact
on the technology required of the nuclear systems will uniformlyr be greater for
the compact reactor approaches, although for ccartain compuct confinement
schemes!¥»15 the impact of the magnet systems on the blanket desijn and overall
plant efficiency will also be significant.

Although acceptable thermohydraulic deusigns of a high-power—d.isity blanket
can te made, the exo—-blankat coolant ducting required to deliver the same total
power from a considerably smaller blanket system may be comparsble to the
blanket system per se and, hence, may contribute a greater portion to the FPC
mass and cost than for the conventional options; wore detalled desiyns sre
required to resolve this 1issu~, however. For systems like the Riggatron,
however, where the blanket 1s located outside the coil set, this issue of
ducting coolant to and from a high-power-density blanket appears not as crucial.
Lastly, although the compact systems would operate under higher strevsed
conditione relative to conventional fusion (but not necessarily witl: respsct to
more conventional energy systems in general), the same safety margins would be
built {nto the compact systems, pussibly at a somewhat higher cost, to assurc e
overall plant availability and reliability that sre commenserate with aconomic
power plant operation. Detailed FPC relisbility analyses, based on generally
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unavailable radiation effscts information, remain to be performed in order to
relate the overall FPC stress state to failure probsbility (frequercy), which in
turn should be coupled to studies of maintenance/repsir/replacement times to

determine the total plant availability. Thie remains an {important area of

future work.

4.2.3. MAGNET SYSTEMS

The magnet requirements for the three compact approaches listed in Table I1
differ widely. For those systems requiring large toroidal (tokamak) or helical
(OHTE, perhaps high-beta stellsrators) fields, resistive coils positioned at or
nes7 the first wall may be required when force and/or plasma 1inductive-couplirg
conaiderations are taken into account. For these cases of relatively cool coils
positioned near the first wall (i.e., OHTE and Riggatron reactcors), the systeu
energy balance can be seriously legraded. The dominsnce of poloidal field for
plasma pressure containment iu the self-reversed RFP, on the other hand, allows
the use of exo-blanket coils operating with low fields, small amounts of atored
energy, and Ohmic losses that can be made a small fraction of the total fusion
power. For all compact reactor cases, however, these resistive coils must
operate in high neutron and gamma--ay radiation fluxes, requiring the use of
inorganic (e.g., powdered MgAly0; or Mg0) electrical insulation end relatively
low-temperature alloyed copper (or aluminum) conductors that are water cooled.
In addition to insulator damage, radiatiom-induced changes in copper resistivity
and neutror-induced swelling of both conductor and insulator must be better
quantified (Sec. 4.2.7.). Although i.he toroidal-field coils dominate :he
compact tokamak magnet system, the Ohmic-heating/poloidal/equilibrium coils
dominste the CRFPR design, and the first-wall helical coils dominate the OHTE
reactor, the questions of divertor colls and feedback/position-control coils
remain to be resolved for all compact concepts, Generally, the uce of polotdal
divertor coils in these high-cutrrent devices appears to be unattractive be-ause
of the high currents and associated Ohmic losmes incurred within these divertor
coils. The coil design and lifetime prognoses for the high~field systens .i.e.,
Riggatron) 1a further complicated by (he need for additional inner-coil
structural support (e.g., stainless steel). Generally, the engineer!ng
requirements of high-radiationflux copper-coil design and operation for most

compact reactor spproachas should be wimilar to requirements of hybrid magnets
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for the TMR design® or tokamak designs requiring equilibriumfield coils
poeitioned near the plaswa; even fcr the high-field coils, however, the
engineering development needs are judged to be considerably reduced from those
r2quired of the large superconducting coils envisaged for the conventional
fusion reactors.

For those compact systems that propose a long-pulsed operatic:i, the method
adopted for power/energy transfer and storage (PETS) can present an important
cost !ssue that depends intimately on key physics issues related to plasma
startup, volt-second requirements, and plasma processes occurring during
approach to ignition. Ideally, transfer times and total anergy requirements
that are most suitable fo- direct drive from the electrical grid would be
preferable. The greatest demand on magnet and PETS systems occurs during pl-sma
startup, a demand that will be strongly deteruined by as yet poorly understood,
fundamental plasma processes occurring during the stertup transient. The amount
of flux-drive required for long-pulsed operation or current-drive power needed
for steady-state operation is aleo closely related to the degree to which the
resistivity of the burni.ig plasma is anomalous; anomaly factors in excess of
approximately ten at burn ronditions can seriously c2grale the overall plant
performance in terns of ".TS cost and added recirculating powar requirements.
Anomalously large energy losnes incurred during the startup phase when the
stable magnetics configuration is established within tha plasma will also impact
the degree to which the first wall is thermally stressed as ignitiorn {e
attained. PFor both the CRFPR and OHTE systems, field reversal per se would be
schieved in a low-temperature/low-deneity plasma with the expenditura of orly a
snall fraction of the initial investment of magnetic field energy; the
subeequent current rampup and ignition would be achieved on a longer time scale
to minimize the startup power and perhapa o allow more realistic considerations
of drawing a significant portion of the startup energy directly from the
electrical grid.

4,2,4, REMOTE MAINTENANCE SYSTEMS

A major goal of the compact ujproaches is to achiavy FPC mass utilizations
wiliin or heiow the range of 0.3-1.0 tonne/MWt. At the lower limit, a 4000-MWt
power plant would be driven by an FPC that weighs less¢ than 1500 tonne. This

mass 1s equiva art to at most a few of the many toroidal-field coils envisaged
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for some of the more conventional MFE approaches. In the case of the Riggatron
the first wall and coil set are surrounded by a fixed blanket structure, the
former replaceable unit weighing only 25 tonne (Table III). It is, therefore,
conceivable that the entire FPC could be replaced as a single or at most a few
units during scheduled maintenance period (annually Zor the CRFPR, every four
months for the OHIE, and monthly for the Riggatron). Typicelly, the complete
FW/B/S system for this approximately 1000-MWe power plant would weigh 200-400
tonne, and at the 15-20 MW/m? first-wall neutron loading would be subject to
annual replacement., This annual replacement rate generally is comparable to
that for the conventional fusion systems, which on the average would replace
only a frection of a larger FW/B mass each year. These mass replacement rates,
of course, do not include the myss of coolant or the recycle of key blanket
components (i.e., multipliere, shields, etc.). Both conventional and compact
approaches to MFE «oculd essentially "burn” FW/B aystems at comparable rates
(200-400 tonne/y for an approximately 4000-MWtr plant) and, therefore, would be
tubjected tc similar operating costs. Equally if not more importantly, a more
rapid and reliable FW/B replacemant scheme beged on block mai~tenance approach«s
could enhance overall plant availability, which 1in turn can counteract
potentislly lower operational reliability tha. may be associated wirh these
higher—pe«rformance systems. The concept of block wnaintenance, wherein the
entire FPC or at least the FW/B/S is replaced ss a single unit, offers s new and
innovative maintenance approach for both scheduled and .‘nscneduled outages. As
noted in Sec. 4.,2.2., however, the exo-blanket coolant ducting for mcst compact
vyetems will bhecome a more dominant feature of the FPC, and the impact of this
dominance on the overall maintenance scheme remains to te evaluated ty detailed

conceptual engineering designs.

4,2.5. OTHER SUBSYSTEMS AND ISSUES

4.2.5.1. Disgnostics, I/C, and Euvironmnent

Technology R&D needs in the area of diagnontics and instrumentation/control
(I1/C) systema are not fully underatood, even for the conventional approaches to
MFE. In terms of :iotal rate of radicnuclide generation, ‘itrle difference 1is

expected b~twean conventional and compact approaches. The quality of this
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radionuclide production, as measured by the post-shutdown decay and biological
hazard potential, depends primarily on material selention and not directly on
the compact versus conventional issue. For & given tritium solubility in a
Li-Pb blanket, the compact systems are sexpected to operate with reduced
inventories of "vulnerable" tritium. Although the cc.pact device will store
considerably 1less magnetic energy in a registive ruther than a superconducting
magnet set, the density of radionuclide gemeration and the related nuclear
af terheat problem will gcale with the increased system power density. Given
that each unit mass of FW/B will generate s’uilar amounts of total energy for

both approaches, the structural radwaste problem is expected to be similar for

both conventional and compact approaches,

4.2.5.2, MFE Deveiopment

The major goul of the MFE prcgram is to acnieve economic commercial fusion
prwer by the shortest, least-costly development path. This path may be
optimized by using the unique characteristics and advantages of the compact
fusion approaches thut generally require the extension of existing engineering
technologies ratner than the development of new ones. More rapid-paced,
higher-risk development appears to be more ammenavle to MFE approaches that
represent modest tcchnological extensions of systems that have the flexibility
associsted with smallness in size, stored e:ergy, and total R&D costs. Most
compact systems provide such a high-risk/high-payoff opporturity. The savings
in R4D time and dollars allowed by integracing technology development needed for
the generation of technological data bases thiuvugh the major experimentsl
confinement devices should allow a more rapid development of the zompatt optioa.

Lastly, 1t 4s recognized that the plasma performance for most AFCs, as
measured by plasma temperature, confinement time, Lawson parametar, or Lawson
parameter times temperature, is below the corresponding measures for the tokamak
mainline. Nevertheless, for those AFCs that scale to the reactor regime by
increasing current rather than size, or that rely on well-proven heating schemes
({.e., Ohmic heating, compressional heating, cr both) significant improvement in
plasma performance is expected to occur at 3 considerably en‘anced pace when
compared to past experience that relied primacily on size scaling and the

developmant of exotic heating methode. 1In short, time scales .hat are

[ ————
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considerably less than decades are anticipated for significant, "reactor-like"

plasma performance for most AFCs that promise a compact reactor option.

4$.2.6. PULSED VEKSUS STEADY-STATE OPERATION

Like the mainline tokamak, most systems being consi{idered for the compact
reactor option i{ntrinsically would opearate in & long-pulsed mode. The thermal
power delivered to tée blanket, the primary coolan:z, and the turbine, as well as

the electrical energy generated by the turbine/generator systems, however, would

always be steady - ‘e; only the plasma, and to some extent the first wall,
would be cycied i~ 3-pulsed system, Furthermore, careful tailoring of
the startup/burn; .8t cycle can significantly minimize <¢he first-wall

temperature cycle and extend considerably the low-cycle fatique 1life. A
high-beta S/T/H (e.g., heliac??), however, would be intrinsically steady ftate,
although crucial and interrelated geometric, stability/equilibrium, and beta
issues remain to be resclved. A high-duty-cycle, long-pulsed operating mode for
RFPs, OHTEs, and high-field tckamaks can be mads to rezemble closely a truly
steadr—gtate Opération, particularly if the startup/shutdown schedules are
engineered to minimize thermal transients both at the first wall and within the
blanket. Generally, for long-pulsed systems that minimize thermal c¢_:ling and
r2lated transients the dwell or off-time should be minimized, which in turn will
influence the rate at which the OH coils are back-biased and will also determine
the means by which pumpout is achieved. Like the tokamak, 3 steady-state current
drive for both RFPs and OHTEs can also be prOpoaed.36 Although this current
drive for the RFP should require only low-frequency oscillations of the toroidal
and poloidal field circuits rather than high-frequency rf, this F-9 current
drive remains to be experimentally demonstrated.

Generally, the attraction of '"steady-state operation"” wust be weighed
against the added engineering/technology/physice development needed to achieve
this goal. In addition to new and often difficult requirements of steady-state
current drive for those devices requiring toroidal currents to be sustained
inductively beyond appreximately 100 s, the 1issue of active refueling and
impurity/ash control contributes to the uncertainty of that approach. Embracing
inherently steady-state confinement schemes (EBT/NBT, S/T/H, TMR) brings equally
serious uncertainties of beta/stability/equilibriwm (2BT/NBT, S/T/H),
applicability or compatibility of the magnetic divertor (EBT), and overall
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system efficiency (EBT/NBT electron ring lusses, TMR enu losses). Superposed
onto those uncertainties 18 the tendency of any closed-field-line steady-state
plasma to estabtlish radial electric fields that may enhance the trapping cof
helfum ash and ©possibly impurities, thereby  necessitating peziodic
(approximately 30 s) plasma shutdown for ash prrge. Lastly, efficient plasma
operation in relatively -mall compact systems may bring advantages that
subjugate the 1ssue of long-pulsed versus sieady-state reactor operation,
particularly 1f fatigue problems can be further reduced through better control
of the total burn cycle; the tradeoffs must be more clearly understood before
establigshing a priority for the many future engineering needs of MFE, only one

of which being a desire for steady-state plasma operation.

4.2.7. ANTICIPATED FPC RADIATION EFFECTS AND INFLUENCE ON SYSTEM PERFORMANCE

The previous discussions of technology needs for compact fusion reactors
have necessarily been qualitative because of the generic approach adupted Wby
this study, as well as a general absence of quantitative design &nd/or
experimental informatf{on. A LiPh» »lanket design bhas been proposed for the
CRFPR; this FPC layout, however, uses a 20-mm-thick copper first wall and exo~
blanket coils. The results of neutronic computations based on this
~ 0.,6-~m-thick "model" blanket are representative of systems that have either
first—wall or exo~blanket coils. This blanket 1s shown schematically in Fig. 9,
with the "second wall" being PCASS and the "third wall" being e O.i-m-thick
region of a B4C/W composite. -

Table VI summarizes for this model FPC the key neutronic responses per unit
of first-wall neutron loading as well as responses that would be typical of a
20 MW/m? first-wall neutron loading. These results can be used to project the
FPZ performance in terms of pacing (materials) technology issues 1f sufficient
radiation effects information were available. Present understanding, however,
permits only the generation of implications. For instance, the swelling of
candidate electricai imaulator-':,"2 MgO and HgAlzoa, has been wmeasured after
near-room-temperature {irradiation to fluences of 2.1(10)2% n/m? and neutron
energies above 0,1 MeV (2.8 /nd 0.8 v/o, respectively). For a first-wall
neutron loading of 20 Mw/mz, extrapolation of this data would predict swelling
of 11 v/o per year for H3A1204, at the first wall, if no saturation occurred.
For the same material and first-wall flux, interposition of a 0.6-m-thick
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blenket would reduce the predicted swelling to 0.09 v/o per year. A tendency
toward saturation 1is 1likely, however, and would greatly decrease the high
fluence swelling while possibly increasing this value somewhat at low fluence.
In additioa, the electrical conductivity of many inorganic electrical insulators
is increased by roughly an order of magnitude for every o72der of magnitude
increage in dose rate. For the relatively low-voltage applications envisaged,
however, the increased leakage current and Ohmic loss should be tolerable in
most cases, although more detailed coil designs are required to assess fully
this potential problem.

Increases in the electrical resistivity of first—wall or exo-blanket copper
coils 1s anticipated from the 1introduction of point lattice defects ({i.e.,
vacancies and 1interstitials), dislocations, voids, transmutation—induced
impurities, and magnetoresistivity effects. The contribution of point defects
to the enhanced electrical resistivity of copper 18 expecte. to saturate at
~ 0.0034 uf-m at 300 K.“3 This contribution to the increased resistivity will
saturate at a considerably lower value at elevated temperatures because of the
reducti~mn in point defect content. Since the starting resistivity 1{is
~ 0,02-0.04 uf~m, the effect of point defects on increased resisitivity should
be quite small.,

A high dislocation density in the copper conductor may result from plastic
deformation or from the formation of radiation-induced dislocation loops.
However, even for a density of 1016 dislocations/m?, which 1s unlikely to be
sustained &t operating first-wall temperatures, the resistivity would be
increased by only a few percent.** The resistivity contribution from this
source, therefore, is expected to be insignificant. Furthermore, voids or large
defect aggregates ghould not have an 1important effect on rzesistivity.
Similarly, the resistivity contribution from magnetoresistivity for fields in
the range 2-3 T and temperatures of 400-600 K 18 estimated to be a few percent
at most and more likely will be less than one percent,

The nigh 14-MeV neutren first-wall flux will generate a significant
concentration of metallic {mpurities through (n,2n) reactione. Similarly,
transmutation ¢f exo-blanket coil conductor will also occur at a reduced level,
Both Ni and Zn impurities will be generated (Table VI). Assuming the formation
of only the former element, which will have the greater effect on the electrical
resistivity, the predicted resistivity increase will be slightly exaggerated.
The rate of {mpurity formation would be 2.6X per year at the first wall and {is
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reduced to 0.022% per year outside a O.6-m~thick blanket fo~ a first-wall
pneutron lvading of 20 MW/m2. Using two sets of data for Cu—Ni alloy,“S the
respective (average) resistivity increases at a first-well or exo-blanket coil
woull bYe 100-200% per year and 0,7-1.4% per year, respectively. Both the
insulator swelling and transrutatfon-related resistivity increases in a first-
wall copper coil will require coil changeouts more frequently than once a year
(3 times a year for OHTE and 12 times a year for Riggatron). The dramatic
decrease in radiation effects when a ~ 0,6-m—thick blanket {8 interposed between
the plasma and coll points to significant henefits of locating even a thin
(6.10-0,15 m) neutron absorbing/moderating region between the plasmz and the
coil; the OHTE reactor design in fact 1s pursuing t' .s approach.

Since thermal conduction in copper takes place primarily by the motion of
electrons, an increase in electrical resistivity will alsc result in a decrease
in thermal conductivity. To a first approximation the changes in electrical and
thermal resistivities may be assumed to be proport:‘i.otmall"6 (Wiedemann-Franz law).
Consequently, changes in +the thermal properties of a copper first wall ar:
expected over the lifetime, perhaps 1leading to higher temperatures, grenter
thermal gradients, and increcsed stresses as end-of-life 1s approached.

Electrolytic tough-pitch copper (standard electrir~al wire s ade) coatains
Cuy0. Heating of this metal {n hydrogei. cbove ~ 775 K results 1in {internal
formation of steam which causes embrittlement.”"’ Maximum first-wall temperatures
envisaged for most compact systems, therefore, are sufficiently low to avoid
this problem 1in the presence of mnle:ular hydrogen. The presence of atomic
hydrogen isotopes at the first-wall surface and the presence of transmutatiom
induced hydrogen within the lattice (Table VI), however, amay result in
embrittlement at “he operating temperature. It may be desirable to onpecify
oxygen-free high-conductivity (OFHC) copper for this application, although this
would not be fully consistent with the use of a solution-hardened, high-strength
copper alloy.

Irradiationinduced swelling of copper occurs in the tewmperature range
between ~ 500 arid 825 X, depending on the bombarding particle, damage rate,
damage level, and gas content of the metal.“® For "gars " copper subjected to
neutron irradiation at damage rates of 6(10)~7 DPA/s (18.3 DPA/y), the swelling
range 18 shifted to ~ 500-775 K, with a maximum occurring at 625 K. The
initial neutron—induced swelling rate at 775 K corresponds to ~ 0.4 v/o per

DPA.“7 A copper first wall may have a high gaz co:tent because of transmutation—
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irduced H and He and is expected to suffer a damage rate that 1s greater than
the above value. A high initital swelling rate, therefore, is indicated, but
saturation may occur, and the effects of alloying on swelling 18 not known.
Possible constraint by the stainless steel structure backing the copper first
wall may also be considered. Temperature differences between inner and outer
first-wall surfaces will also result in a varlation of the swelling rate through
the thickness. Some variation may also result from different displacement and
gas generation rates at inner and outer surfaces. These separate effects remain
to be integrated into a composite estimate of first-wall 1life based on a
detailed engineering desizn. Ultimately, reliable materials models of an
integrated nature must be used to set the first-wall operating temperature.
Generally, 1ittle or no data are available on the effect of alloying, the effect
of neutron fluence (above ~ 1 DPA), or the effect of temperature except on pure
copper at < 1 DPA.

Irradist{on damage often results in strengthening and embrittlement of
metals as a consequence of microstructvral changes. Copper is strengthened by
irradiat{on, at least up to 400 K,“7, and, although experimental results showing
enbrittlement or decreased stress-rupture lifetime for this metal 1s not
available, these effects are likely consequences of the formation of a damage
microstructure. At temperatures below approximately half the melting point and
in fast neutron fluxes greater than 10!7 n/m2s, metals typically show an
snhanced creep rate compared to that cbserved for the unirradiated material.“?
This enhanced creep results from the generation of point defects during
irradia. fon. Since a copper first wall mist desirably operate from 0.40 to 0.45
ti~z5 the melting temperature {in a high fast neut.ron flux, accelerated creep can
be expected. The interaction of enhanced creep and embrittleuent processes in a
high-radiation-flux first wall 418 largely unknown, however, particularly for
solution-hardened alloys.

venerally, the radiation responses of both alloyed copper counl:ctor and
candidate electrical i{nsulator are poorly known, potential problems ca.. he
envisaged that limit both the life and performance of first-wall and exo-blauket
coils, and similar problems can De envisaged for copper—alloy first walls.
Although operation of first wall coils with a 1life that is comparable to that
projected for a PCASS blanket (i.e,, 10-15 MWy/m2) seems improbable, addition of
even 0.10-0.15 m of blanket between coil and plasma promises significant

improvement. Furthermore, it 1is expected that a copper-alloy high-heat=flux
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first wall may have to operate at temperatures that are below the blanket
coolant, thereby reducing the overall plant thermal efficiency. The impact on
overall plant efficiency of both {irst-wall temperature and thickness, as well
as the influence of the average blanket temperature and whether or not an
intermediate heat exchanger (IHX) s used between the blanket and the sgteam
generator 18 1llustrated in Fig. 10; the tradeoff of nry with these key system
variatles 18 clearly {llustrated. Generally, considerably mcre wovk is required
to define a fully-optimized FPC design that operates reliably at high power
density while assuring that each major FPC couponent (i.e., FW/B/C)
simultaneously achieves an acceptable end-of-1ife expoaure before replacement.
Lastly, it i{s again emphasized that both conventional and compact reactors
ideally would consume nominally the same FW/B mass, and for the FW/B mass
throughputs being considered for compact fusion the mujr Impact on COE 1is
through reduced availability ({.e., scheduled downtime) rather than increased
operating cost.

5. SUMMARY AND CONCLUSIONS

The assessment prc :ented above 1is summarized in Table VII. Although
FPigs. 7 and 8 attempt to place th. engineering needs of compsct fusion in
perspective with actual and projected reality, the nature of a technology
assessment of the generic class of compact systems precludes a more quantitative
comparison to reality without becoming device specific. An attempt to add a
quantitative flavor to this assessment, howevar, was made in Sec. 4.2.7. by
adding a specfic FPC example. On the basis of this qualitative assessment,
however, no surprises arise with respect to the key areas of engineering needed
for the compact approaches relative to the betier defined needs of the
conventional mainline tokamak. Specifically, the future engineering needs of

both mainline and compact approaches lies primarily in the following arecas.

¢ Plasma engineering (auxiliary and/or startup heating, impurity/ash/fuel
control, current drive versus long-pulsed operation).

® First-wall/limiter weystems (transient thermal effacts, sputtering,
radiation effects, tritium permeatior 1cteniion/recycle, end~of-11fe
mcchanism(s) and lifetime, maximum operating temperature and overall plant
efficiency).

-
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® Blanket/shield (materials compatibility, radiation damage, solid-breeder
properties versus liquid-metal breeder containment).

® Magnets (thermomechanical/electromechanical properties, radiation effects
"9 conductors and {ineulators, reliablility, maximum fields and hybrid
«agnets, size/modularity).

# Remote maintenance (better definition of maintenance schome and downtime,

-axd for less massive modules, quantify relative merits ¢ block versus

v t¢ch maintenance FPC reliability analysis).

the basic difference between the conventional and compact approachas is
+%at the latter extends directly existing technologies while newer and sometimes
exotic technologies are required tur the former approach., The compact systems,
however, are more highly "stressed", although it must be recognized that in
terms of heat fluxes and power densities the compact option 18 only attempting
to retrieve for MFE a level of system performance that is already achieved and
deemed necessary for fission power. Furthermore, application of similar
engineering design criteria to the more highly stressed compact systems should
retain acceptable plant reliability/availability, albeit potentially at a
somevhat increased cost.

The ability of any MFE concept to project tu the compact regime will depend
on the fulfiliment of future engineering needs that may not automatically emerge
from D&T programs put in place to suppert the more conventinal approaches.
Nevertheless, the conventional mainline approaches are expected to supply
important eugineexring information for the compact options in the area of
high-heat-flux firgt walls (pumped limiters for tokamaks, direct convertor
surfaces for tandem mirrors, neutral-beam dumps, rf tube alectrodes, etc.), and
radiation-resistent resistive coils (equilibrium coils for tokamaks, high-field
hybrid magnets for the tander mirror axicells), as well as pulsed power/energy
trangfer and atorage (rokamak startup). Al)l these requirements are considered
to represent long-term development items for the meinline approaches, however,
wvhereas many of the related engineering problems for the compact options must be
addressed experimentally on a much shorter time acale; in terms of heat fluxes,
power densitjes, and mechanical stress levels, the compact options generally
fcrce development of devices to operate nearer to anticipated reactor conditions
than do the more conventional approaches. For those reasons many of the
extended technologies required by the compact systems will have to be developed
in the course of understanding tle fundamental physics of the reapective

approaches. If a single important future engineering need can be {dentified
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from this survey it would call for a concerted effort to understand the degrea
to which existing technologies can ba extended to accomodate the needs of the
compact option, compared to the reduction or elimination of the need for more

advanced technologies required of the conventional MFE approaches.
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Table 1. Summary of Xey Parametars for a Mmmber of Receat MFE Reactor Studies

Theraal Net Dait Direct

Cycle Overall Rlectric Quotad Uait Cost Normalized to .o Systea Power(d) Mass(®)

Efficiency Rffictency(®)  (iie) Direct Cost Py = 1000 M Focle) Demstty Utilizstion
Device - n = wy(i-c} Py eaPyy (1980,3/kue)  (1980,8/kve)(P) (s /a?) (tosme/Mit)
stanrie’ .35 0.30 1,200 1,440 1,550 0.56 0.3 3.9
¥ITANIR-13 0.42 0.39 1,530 1,350 1,600 0.76 0.24 11.0
o3l 0.35 0.30 1,214 1,740 1,880 0.68 0.24 10.8
sz 12 0.35 0.32 1,53 1,550 1,840 0.65 0.26 2.0
135 Tad 0.30 0.25 750 1,320 1,180 0.45 0.50 3.7
carm!3 0.35 0.30 1,000 900 $00 0.35 15.0 0.37
34,35 0.33 0.30 1,000 930 900 0.25 15-20 0.33

(8)¢ 15 the recirculatiag power fractiocs.

()pifferences dus to ecomomy of scale removed: [$/kile 1000 Mis] = [Reported $/kWe] [P (Mie)/1000}7°4

(¢ipas1e of Resctor ?last Equipmest (RPE) costs (Accoumt 22) to the Total Direct Cost (TLC).

($)pae1, of total thermal pounr to the volume esciosed by and including the coils, where eszo-blanket/shield coils are presumed.

(222210 of the 7PC masce (Fi/3/3/C) to tha total thermal powsr, where the ccolsat ductisg, piping, asd manifoldisg are either aot
presumed sasll ia mess compered to cthe FPC, or are located ocutside the FPC.

included, are



Table IXI. Summary of Key Parameters for Compact High-Power-Density
Toroidal Fusion PReactors

STARFIRES CRFPR!3  onTE(f)1%  RIGGATRON!S
Plasma radius (m) 2.38 0.71 0.67 0.32
Major radius (m) 7.0 4.3 5.91 0.80
Flasma volume (m3) 781. 42,7 52.1 2.0
Average density (1020/m3) 0.8 3.4 10.0(8? 20~30
Average temperature (keV) 22 20(@) 5-6(8J 12-20
Average beta 0.067 0.20(1)  0.43(D) 0.20
Plasma power density (MW/m3) 4.5 72.4 64.0 500,
Plasma current (MA) 10.1 18.5 12.4 3-4
Plasma current density (MA/m?2) 0.57 11.7 8.8 7.2-9.6
Magnetic field (T) 5.8 3.3(b)  11.2(0) 10.-16. (@)
Neutron current (MW/m2) 3.6 19.5 19.5 5R.4
Thermal power(¢) (MwWt) 4033. 3350, 2740. 1225.
Net power (MWe) 1200. 1000. 904. 355,
Systenm power density(d) (Mwt/m3) 0.30 15.0 3.2 5.2(k)
Mass utilization(e) (tonne/MWt) 3.9 0.37 1.45(3) 0.28
Thermal convergsion efficiency 0.35 0.35 0.40 0.41
Recirculating power fraction 0.167 0.15 0.3% 0.33
Net plant efficlency 0.30 0.30 0.24 0.27

(')Flat temperature profile, Jg(ur) de; 31ty profile.

(b)Peak fielde at toroidal field coil.

(c)rotal useful thermal power.

(d)Banad on volume enclosed by and including the coils and total thermal power.
(®)paged on total thermal power and total muss of FW/B/S/C.

() Ret. 14, electrical power plant.

(8)profiles given by [1 - (r/r )2]%, whexe a =~ 2 for T(r) snd 0.25 for n(r).
(h)Pcnk fields at Ohmic-hcating coil during initiation of dimcharge.

(1)Tot¢1 fusion power is 3795 Mwt.

()of the 5500 tonne for FW/B/S/C, this particularly heavy (LiPb) blanket weighs
3200 tonne. An unusual heavy OH coil ims also used to minimize losses during
startup.

(k)Tho pover density within volume defined only by the Riggatron coil set 18
160 Mvt/m3.

(I'Poloidnl betaw ovnluntcd at the plasma xadius, which nearly e jusls the total
beta.

(-)n-.b £8ald vumdomew b dumdtdmm codobh ohe BE?3 b e .af. A _ 2. Ao .



Table II1. Summary of Parameters Used to Assess Technology R&D
Needs for Compact Reactors Relative to STARFIRE

CONVENTIONAL COMPACT
STARFIREJ CRFPRI3 OHTE!4 Riggatronl5

Plasma Engineering Systems
® Average density (1029/md) 0.8 3.4 10.0 20~-30
® Plasma current (MA) 10.1 18.5 12,4 3-4
® Plasma current density

(MA/m2) 0.5 11.7 8.8  7.2-9.6
Nuclear Systems
® Limiters (MW/m?) 5.0 Nr(a) Nr(a)  yRr(a)
® First~wall thermal loading

(MW/m?) 0.9 4-5 5 20-50
® Blanket

- Average/peak power

density (MW/m?) 4.5/60. 28/260 27/120 3/18

- Breeder solid 14{quid liquid 14quid
Magnet Systems
o TF coit €) 11.1¢sc)(d)  3,.3(N)(c) 4(N)  10-16(N)
® OH coil (T) 8(s2) 2.6(N) 11.2(N) 30(N)
® Energy storage (GJ) 61(11)(d) 1.65 9 0.6
Remote Maintenance
® mass of unit replaced 6s5(e) 436(f) 164(h) 25(1)

(tonne)

® Annual mass usage

(tonne/y) 260(e) 2i6(8) 492(h) 900(1)
Safety
® afterheat (Mw/ma)(J) 2 12 10 (k)

T;)NR = not required in the sense that concentration of an already high
first-wall heat flux onto an extended limiter 1is not advisable; the
first-wall per se would serve as a limiter.

(b)SC = superconducting.
(C)N = normal magnet.
(d)ll GJ stored in the OH and equilibrium coil sets.

(°)Masa of largest unit replaced is 65 tonne, 16.7% of FW/B 1s changed each
year, which gives an annual rate of about 260 tonne/y. Accounting for
material recycle, the actual mass usage is 140-150 tonne/y.

(£)Inciudes mass of drained LiPb blanket (277 tonne total; 31 tonne FW(Cu),

23 tonne structure (PCASS), 223 tonne B,C/W/PCASS third wall) plus mass
of TF coils (159 tonne).

(S)Annual mass replaced related to FW/B. 1If BAC/W/PCASS third wall recycled,
FW/B masoc usage amounts only to 54 tonne/y. If the TF coils (159 tonne) must
be recycled, the annual mass usage would be 213 tonne/y.

(h)rw and helical coil changes every 4 months giving mass usage of 492 tonnel/y.
This change out period 1is dictated bLy the neutron transmutation rate in
the first-wall copper coil and the assoclated increase in electrical
resistivity, More recent OHTE re.ctor designa extcnd this FW coil life and
total system efficiency by interposing a 0,10-0.15 m thick semi-blanket
between the coil and the plasua.

(i)Thil unit 41s changed every 30 days. About 3 such units comprise a plant of
1000 MWe (net), given an annual mass usage of 900 tonne/y.

(j)anucn at t = 0 afte~ plasma shutdown and assumes afterheat proportional to
blanket power density.

(*)s--. as for conventional systems for the blanket, much higher in coils,
but yet to be determined.



Table IV. Compact Reactor Technology R&D Needs Evaluated
Relative to STARFIRE Projections(‘)

Steady-ftate Long-Pulsed

CRFPR!3 ORTE!* cCRFPR!3 OHTEM Riggatron!S

Plasma Engineering Systems

@ Current drive +(?) +(?) NR NR NR
e Auxiliary heating(b) NR NR NR NR NR
® Ash removal/impurity control 0 0 - - -
@ Fueling 0 0 0 0 0
Nuclear Systems
¢ Divertor(c) (¢)! - (?) - (?)
® First-wall (limiter)(c) + + + + ++
¢ Blanket
- Thermohydraulics + + + + -
= Breeding 0 + 0 + ++
e Magnet radiation shteld(d) NR NR NR NR NR
Magnet System
e TF coil - -(e) - -(e) 0
e OH coil - - - - 0
® Power/energy transfer and storage - - - - -
Remote Maintenance 4—Different——p @—Different————p
(block vs. patch) (block vs. patch)
Safety and Environmental Sxptems(f) 0 0 0 0 0

?;)NR = not required, (-) = less difficult, (0) = similar, and (+) = more
diffi{icult than STARFIRE.

(b)A small quantity of auxiliary heating wmight be needcd to reduce startup
losses for ignition.

(C)Conventional limiters that concentrate heat flux are not considered ior most
compact options operating already at high first-wall heat loads. Generally, the
entire first wall wust be considered a "limi{ter”. The use of a magnetic
divertor 1s generally considered desirable for these systemsa.

(d)Most compact systems use copper magnets that at most are shielded by the
high-temperature breeding blanket. FPassive, room-temperature radiation/thermal
shield per se of the kind needed to protect superconducting magnets is not
envisaged for thLe compact systems,

(')Thc toroidal field for OHTE would be generated by a first-wall helical coil
operating continuously at 4 T using normal copper conductor. This is judged to
make the "TF-coil" requirements for OHTE somewhst more difficult thar for CRFPR,
but easier than the baseline STARFIRE case.

(f)Afterheat povwer density i1s higher for compact systems, presenting a more
serious loss-of-coolant-accident concern.



Table V. Rankimg of Critica’ Techmolugy Issues for Coaventional and Compact
Pusiom Reactors from Ref. 37
CONVENT IOMAL COMPACT
STARFIRE _ﬂl RIGGATRON OHTE
1. Magmet Reliability 1. First Wall L. ¥irst Wall 1. Impurity Cuntrol Performsace
Pirst-tall Coating App.icatiom - fluence limit - fatigue
Ingurity Coutrol Performance -~ fatigue - heat/mechacical loads 2. Pirst Wall
Dagres of Remote Maintemance heat/mechanical loads - fluence
Magnetic Raliebility 2. FMirst Wall - heat/mechsaical luad
2, Tcitium Imventory Current/Time Svitchiag - fluence ¥agnet Insulator
Steam Generator Tritius Permeation - erosion Steam Generator Tritium Permesatioa
3. PIMrst-dsll Flueace Limit 1l Breeder Safety Pueling
Tritiwm Breedisg Ratio “ Magnet Insulators Naintenance-Removal of Large
Magaet Fie’d S:cength Componente
Magnet Plasms Cosmt.ol 2. First Wall Erceiom Rate . 3. 1&C
Maintesssce—Ramoval of Large Tritimm Inventory
Componsats 4. Power Supplias 3. First-Wall Rroeion dste
3. Breeder Safety Coolant/Breeder Compatibility Tritivs Inveatory
4. Shield Cost/Rifectivensss Tritios Breeding Ratio Maintenance-Removal of Large Magnet Radiation Damage
Supplemental Beating Power Level, Coolsat/Bresder Compatibility Components Divartor Plete Life
Frequency, Rfficieacy, Cost Degree of Remote Meintenance
Poel Bandling aad Storage Maintessnce-R~moval of Large 5. Magnet 4. Magnat Structurse
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Table VI. Implications of Compact Reactor for A '"Model” FW/B/C

VALUE FOR
® FIRST WALL (Cu/H,0) Ty = 20 MW/m?

14,1-MeV neutron current, Jw(n/mzs) - 4.43(10)171w 3,3(10)18

- Neutron flux, éy(n/m>8) = 4.43(10)18 I 8.8¢(10)!?%
- Total FPY(a) fluence, ¢ r(n/n) = 1.40(10)261 2.8(10)27
- Radiation dose rate, R(rad/s)
neutrons, R (rad/s) = 8.2(10)4 I, 1.6(10)6
gamma ray, R (rad/s) = 1.3(10)° I, 2.6(10)®
- DPA/y = 11 I, 220.
- He appn/y = 31 I, 620.
- H appm/y = 93 I, 1860.
-~ Average transmutation rates
NL(2/y) = 0.13 I, 2.6
Zn(X/y) = 0.11 I, 2.2
- Heat flux, Io(MW/n) < I./4 5.
- Average power density, Qw(Mw/m3) =10 I, 200,
@ BLANKET (4b = 0.6 m, L1Pb/B,C/W)
- Peak power density, QB(Mw/m3) =13 1, 260. (in .iPb coolant)
- Average power density, <QB>(MW/m3) = 1.4 I, 28.
- Average DPA/y = 2.3 L, 46.
- Average He appm/y = 26.7 I 534,
- Average H appn/y = 7.7 I, 154,
® EX0-BLANKET COIL (Cu/H30)
- Peak neutron flux, ¢c(n/m23) = 3.4(10)16 I, 6.8(10)17
- Radiation dose rate, R(rad/s)
neutrons, P (rad/s) = 1.2(10)2 Iy 2.5(10)3
gramma rays, Ry(rad/s) - 1.1(10)3 I, 2.2(10)4
- Peak DPA/y = 0.063 I, 12.6
- Peak He appm/y = 0.027 I, 0.54
- Peak H appm/y = 0.13 I, 2.6
= Average transmutation rates
N1(X/y) = 1.1(10)73 1 9.022
zn(x/y) = 0.5(10)73 1, 0.010
- Peak power density, Qc(Hw/m3) = 0.1 I, 2,0(nuclear)
0.8(0Ohmic)

(2)ppy = Full-power year.
(b)For CRFPR fully-cost-optimized design.l3



Table VII. Summary of Compact Reactor Technology

Kequirements

Plasma Engineering Systems

Operate with high toroidal current density (D> 10 MA/mz) in a dense plasma
to achieve DT ignition by Ohmic ﬁeating alone, possibly with
auxiliary-heating boost or plasma preconditioning in oxder to ninimize
volt-gsecond consumption while attaining ignition.

Understand means to provide fueling, impurity/ash control, and steady-state
current drive in dense plasma.

Plasma edge control, dehse gas blanket, isolation of plasma from IW.

Examine potential of compact options for contfinement systems that operate
with currentless plasma.

Nuclear Systems

High heat-flux (3-5 Mw/mz) FW and high-power-density breeding blanket (100
MWt/m3 peak, 50 MWt/m average) precludes use of PCASS at the FW and solid
tritium breeders within the blanket.

Control/understand FW sputter erosion through use of magnetic divertor,
dense gas lblankets, and/or tailoring of plasma edge conditions.

Interrelationship between FW temperature, FW 1life-limiting mechanisms,
max{mum blanket temperature, blenket thickness, and overall plant
efficiency needs better resolution.

Single/few-piece FW/B/S construction for purposes of '"block" maintenance
requires careful resolution, particularly with respect to coolant and
vacuum ducting.

Better resolve tradeoff between reduced inner coil shield thickness and
increased biological aud exo-FPC equipment radiation shielding.

Better resolve interrelationghips batween overall system &trxess,
reliability, and availability.

Magnet Syctems

Very high-field (30 T) resistive OH coils required by Ohmically-heated
compact tokamak reactor (Riggatron).

Most compact systems raquire resistive coils to operate in high radiation
field. Need exists to undevstand response of such coile (conductor and
f1sulation) and 1life-limiting mechanisms (swelling, resistivity change,
structural integrity, etc.).



e Certain compact options successfully tradeoff higher recirculating power

and BOP cost for reduced shield &nd coil costs; this tradeoff requires
additional study.

Remote Maintenance

e The bdasic maintenance approach differs considerably from the conventional
mainlin= and AFC concepts; total "block" maintenance of the FW/B/S (200-400

tonne) 1is proposed. The merits of '"block" versus "patch" maintenance
requice further examination.

e The topology of coolant and vacuum ducts, the size of which should not
change for a given total power output, and the FPC, which is decreased in
volume by a factor of 10-30, must be resolved and reconciled with the
"block" maintenance approach.
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Fig. 1. Graphical display of relative sizes of fusion power cores (FPCs) for
the concept listed in Table I. :
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Plot of UDC versus RPE/TDC data from Table I for a range of fusion
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RPE/TDC = 0.25), the "analytic” curve of Ry = (UDC) pys1on/ (VPC) F18810N
is also shown as a function of RPE/TDC under the n.numpvion of nearly
equal BOP cost for comparable fusion and fission power plants.




sor i imrE ENGINEERING,
CONSTRUCTION
MANAGEMENT,
ETC.
TOTAL 1
DIRECT
CAMTAL "“"E:: COST OF MONEY.,
rruc:ml umuu mwmnon TOME,
| ) § i
Y RECIRCULATING
CAPITAL FIXED POWER
INVESTMEKT CHARGE CAPACITY FRACTIONS
o) RATE iwe) we)
l t
OPERATION. @ RELIABILITY
ANNUAL FUEL AMNNUAL FIXED MAINTENANCE NET OPERA CAPACITY
EXPENSE CHARGES AND OTHER ouTPUT w"u"c | FACTOR | MANITENANCE
84y ($Hyv ’ EXPENSES ) SCHE P - y
$h) ENVIRONMENT
ANNUAL
GENERATING ANNUAL
cosTs {kWeh/yr)
{S/yr)
PRESENT VALUE |
‘ ™ ano Leveuizmg [
FACTORS
LEVEUZED
COE
mills/iWeh

Fig. 3. Logic diagram illustrating the means by which the levelized generating
cost of electri;itr (COE) 1is computed.



1

'

\\%

I N
E (5] AT
\\ A 3°° / ﬂﬁ:% \
0

.

{ oordooos?

D
METERS
Fi c ura

ompact RFP Reacto




TURE
STRUC

' /SHIELD

! m

/ JLA

)
We
M
55
(3

n

io

t

a

T

u

ig

f

n

(o]

[

4

o]

React

'3

kama

to

1d

ie

1 4

h-

ig

h

n

ro

t

g8

4

Ri

6.

ig.

r



HEAT FLUX

L B

R 53! d

Fig. 7- BKange of surface

SUMMARY OF MFE HEAT FLUXES
MEAT FLUX
a/m?)
IE— —a
- 3 PLASMA AT TMR
ASURF " J=— garRiERCOIL
DISPUPTION ~amlis }' N
TEST o 90? ]
SURFACE OF SUN 3 3}~ v oucr rowen penstry
PEAK INTOR NBI ~—— [ 3
- Ja—— sTARFmE DISRUPTION®
HIGH-POWER ELECTRODE L J
VACUUM TUBES
ASURF =~ 10" —c{<——— JET NBI CALORIETER (100}
LIWTER TEST LE_ 3 :
MIRROR VIRECT - 3 umumm
ECTORS o - STARFIRE
coLL ' . [ ] JT-80 NBI DUMP AND GRIDS
" TETA LIMITER, INTOR NB! DUMP
E- 7 "Je— staneme rmsTwarL
o
r
e 901

9920 MJ depositd in WO ms evar 30% of the 800-m? {total) surface sres

engineering, and MFE systems.

heat fluxes encountered in natural, general



POWER DENSITY
(MW / m?®)

10% e DITONATING NIGH
E a EXrLOSIVE

100 GUN PROPELLANT
TUNGSTEN LAMP
> " FILAMENT (30,000)
KCVER AEACTOR
P T L ANNANANANRNNY
(2000—3000)
© PRESSURE VESSEL
(800) : PWR
\\ ® PUEL (700)
CRFPR AND OHTE ® ACTIVE CONE (9¢)
FINST WA ® PRESIURE VESSIL (18)
(20 Mw/m¥) PRESSURE VESSEL PLUS
. CYLINDER OF STEAM QENIRATOR
INTERNAL ACHTYLANE FLAME
COMBUSTION ENGINE
{TIME AVERAQED) CRFPR AND OMTE PLASMA
STARFIRE NEUTRON
CRI?PR BLANKE .o MULTIPLIER
AVERAGL GAPPR SYSTEM
A DENSITY
«—CONVENTIONAL FUSION PLASMA
10°
conventionat £
FUSION | KA
weanptsceny_ B STEAM BOILENS
LIGHT QULS A
7]
to-‘/
GOLAN
COLLECTOR

Fig. 8. Range of power densities encountered in & variety vf natural, general
engineering, and MFE systems.



SSVId %0t
) XU

av +32)
Le0

96
sz

g1l
IvQI0T0d

(50744 D34y 5 2Ly 4 My Nl MgV = % AONIID1443 LIANVE

Ma/(Mia+ 39+ Mg+ My 2 My NOILLYSITGILTON AOHINS LIXNNVIE
8y
g w NS
ED& > > o o= Iﬂ
‘ - P o ooun f
4
ssvad %0t [/ cGi%er | ssvoaxor | ofnusz
RN08  VSEVOdAG8 | M9d%08  lssv.4w0m QI0A
av+880 [/ av+aco | avesuo SLL'0 &0 !
0i'0 S000 | la3iNvARY | 500D £C
I oy " ” s
sz z o¢ z 5
100} 1ivam ' 2INNV1E VM (QI0A)
IvaioyoL [/ auiHL aNoo3s wSY U

T40OW SOINOHLNIN 48D

NOLLISOGINOO

(W) SMGvY

() SSINDIHL ~VIOVY
HSIN JALLYTNNND
SINIOd HSIW

Q! NOI93H

neutronic and

exanmine
typical FPC envisaged for a compact

to

Schematic diagram of "model" blankec uaed

Fig. 9.

of a

responses

radiation-damage
fusion reactor



«0.9)
0.41 - Wew 0 S
K K
oa0} SN NIRRT
'\i\"\ -0 070 % 0t 0%
< IR et RAERXRRKS

K § =< °C * b & X OK) ".‘ .

0. <\ ) 5“ OF‘ ’.‘...’.,

‘ —\ 1“‘* “w S ’. » . ." P

Y/ "" ’ i "
KR EKILRRLSE ,«,0.:.: Yo%

P X @, 2 /

v%éﬁ?%d%ﬁ%ﬁﬁi*ﬁ‘éﬁ‘”" max~ 838 C

.‘ @, O O .” / (1M°F)

SO ‘.’,’.«’.’ o\t

LRI 0

ORIk HEF

KSELSBAA

oledelelede

0. 0,.0,0.2
2o

0.35 [~

0.37

THERMAL CONVERSION EFFICIENCY, nyy
o
«
(-]

0.33

0.32] IHX FLUID: HB40 -
RE-HEAT: THREE STAGES
TURBINE EFF: 88%
0.31 PUMP EFF : 76% -
0.30 SUSENES TSGR USSP Y WU R W— S E—
180 200 220 20 260 280 300

FIRST-WALL COOLANT TEMPERATURE, °C

Fig. 10. Dependence of plant thermal ecfficiency on first-wall coolant
temperature, blanket temperature, first-wall thickness (§, with f
equal to the fraction of total fusion energy delivecved to first w.11§?
and use of an i{ntermediate heat axchanger (IHX).



