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ABSTRACT

The U.S. heavy-ion fusion (HIF) research program is ori-
ented toward development of multiple-beam induction linacs. Ov-
er the last two years an assessment has been performed of the
potential of HIF as a competitive commercial electric power
gource. This assessment involved several technology performance
and cost issues (e.g., final beam transport system, target man-
ufacturing, beam stability in reactor cavity environments, and
reactor cavity clearing), as well as overall power plant systems
integration and tradeoff studies. Results from parametric anal-
y8es using a systems code developed in the project show cost of
electricity (COE) values comparable with COEs from other magnet-
ic fusion and inertial confinement fusion (ICF) planu studies;
viz, 50-60 mills/kWh (1985 dollars) for 1-GWe plants. Also,
significant COE insensitivity to major accelerator, target, and
reactor parameters was demonstrated.

1. THE HIFSA PROJECT

The Heavy-Ion Fusion Systems Assessment (HIFSA) is a
study of the prospects for successful commercial heavy-ion fus-
ion 2lectric power generation using induction linear accelerator
(linac) drivers. Led by Los Alamos National Laboratory (LANL),
the project team also included Lawrence Livermore National lLab-
oratory (LINL), Lawrence Berkeley Laboratory (LBL), Stanfora
Linear Accelerator Center (SLAC), the University of Wisconsin
(W), and McDonnell Douglas Astronautics Co. (MDAC). Funding
for the project hes been provided by the US Department of Energy
(USDOE) and the Electric Power Research Institute (EPRI). The
HIFSA project is guided by an advisory board drawn from several
of the organizations listed above.

Many of the existing ICF reactor and balance-of-plant
(BOP) concepts developed for laser fusion apparently require
only minor modifications for HIF. There are also a few reac-
tor concepts developed specifically for HIF. Much effort has
been devoted to development of these concepts over the past dec-
ade. These considerations led to councentration of limited HIFSA
project resources on:

O innovations and cost/performance modeling for HIF target, ac-
celerator, and final beam transpcert concepts; and



O an HIF commercial power plant systems code to identify key
cost/performance issues, explore significant tradeoffs, quen-
tify parameter sensitivities, and search for global optima.

The principal figure of merit used in the HIFSA studies
to characterize commercial HIF power plants is unit cost of el-
ectricity. The total capital cost, which largely determines COE
in capital-intensive HIF power plants and thus is a measure of
the difficulty of financing the construction of an HIF plant, is
an important secondary HIFSA figure of merit.

The HIFSA project is only about two years old and is a
small part of the US HIF program. which is largely devoted at
present to accelerator R&D. However, much of the work on tar-
gets, reactors, and other systems in both US and and non-US las-
er and light-ion fusion programs is directly applicable to HIF.
Although the HIFSA project is small compared to other fusion
prograns, the results of the HIFSA studies are expected to play
a vital role in providing guidance for HIF program planning
through identification of promising commercial plant subsystem
concepts and operating perameter space.

Perhaps the best prior overall design studies of commer-
cial HIF are the HIBALL studies {1,2]. During the HIBALL stud-
ies, a technically credible commercial HIF power plant scenario
with competitive projected COE was developed. The results of
the HIBALL study, while not entirely satisfactory because of the
plant scale (4000 MWe) required for campetitive COE, are widely
viewed as having established the technical feasibility of com-
mercial YIF, provided high-gain targets and affordable target
mass production methods are also demonstrated. In particular,
the HIBALL radio-frequency (rf) driver appears to require little
new fundamental technology. Of course, considerable development
will be required to qualify reliable, affordable coumercial sys-
tems. Also, some details of accelerator design, beam merging,
final focus, etc., may be different than presently envisoned.

Once technical feasibility is established and economic
promigse is indicated, support for the R&D required to realize
the potential of HIF must be provided. HIF is faced with the
uame cruel dilemra confronting all of fusion in the US today --
srveral {actors have diminished, at least for the present, the
interest of government, the public, and public utilities in
long-range new energy technologies. These include: (1) intense
competition for federal R&D funding; (2) perceptions of fusion
as too difficult, too far in the future, Loo big, and too expen-
pive; (3) the cost of the next generation of R&D facilities; (4)
the problems of fission; and (5) temporary easing of the energy
"crisis."

Past and present US HIF Program R&D funding levels have
been adequate for investignting beam transport. and accelerator
physics and design issues theoreticaily, with some small sup-



porting experiments. The present level of funding is not ad-
equate for extending the experiments for examination of the par-
ameter space for commercial applications of HIF or for engineer-
ing and constructing large prototype accelerator components.

For ICF the short-term answer to the funding dilemma is
the development of less-costly concepts for the next generation
of R&D facilities. For the longer term, the attractiveness of
ICF with respect to cost, reliability, and safety nust be even
more firmly established. To enhance the attractiveness of HIF
relative to other approaches to ICF:

O accelerator capital cost, which is still the largest contrib-
utor to COE for an HIF power plant, must be reduced;

O commercial plant scale for competitive COE must be reduced
below the 4000-MWe level of the HIBALL studies; and

O the projected efficiency and reliability advantages of heavy-
accelerators over otihier drivers should be verified.

2. HIFSA ACCELERATOR STUDIES
2.1. Heavy-Ion Induction Linac ?gchnology

The proposed technology for commercial-applications
heavy-ion induction linacs is an extension of well-established
electron induction linac technology developed at LBL, SLAC, and
elsewh2re. High repetition rates, high current transport, and
operational reliability have been demonstrated for electron in-
duction linacs. HIF induction linac design is complicated by
non-relativistic particle velocities that change significantly
throughout the acceleration of the ions. The accelerator com-
prises a high-brightness ion source, a high-current injector, a
low-energy accelerating section, a main induction accelerating
section, and a final pulse compression section. The main accel-
erating section is the most costly, with the cost of the other
sections about one-fourth of the total. In the proposed con-
cept, multiple bramlets are accelerated by common induction
cores, allowing a ‘larger total current to be transported within
1 single accelerating structure.

The ion =source may be either a conventional, albeit
large-pulse, multiple-beamlet source with electrostatic focusing
or an advanced metal vapor source of the type developed and
tested at LBL during the period of the HIFSA study. These new
metal-vapor sources can provide intense beams of multiply
charged ions, with high selectivity in some cases. The injector
and low-energy section of the accelerator match the ion source
to the main induction accelerntor section through the use of
pulsed drift tubes.

The main aoccelerator section includes a series of induc-
tion cores that operate at a fixed voltage satep per module and



are driven by pulsers whose pulse duration decreases as ion vel-
ocity increases. In simple terms, the ion beam acts as one side
of a trensformer with a single turn and the induction cores as
many turns on the other side. The pulse length vaiies from a
few microseconds to about 100 ns and the design of the induction
cores ard pulsers must vary from one end to the other of the
main accelerator section. The inductor core material may be
ferritic steel, iron, or metallic glass (metglas), with the op-
timum selection based on considerations of module performance
and cost. Rapidly decreasing metglas costs have made cost-ef-
fective the use of this material for induction linacs. The
shape of the voltage pulse applied at each acceleration step is
approximately trapezoidal with a slight voltage “tilt“ that ap-
plies a longitudinal compressive force to the ion pulse.

At the high-energy end of the main accelerator section, a
final "kick" must be given to the back end of the ion pulses so
that they will be compressed during final transport to the tar-
get. The ion pulse energies exiting the main acclerator section
are typically 5 to 15 GeV, with pulse lengths of 60 to 100 ns
decreasing to approximately 10 ns at the target. The compres-
sion section consists of induction modules that provide the ap-
propriate voltage pulse profile to compress the ion pulse.

More details of the induction 1linac technology studied
during the HIFSA project are published elsewhere [3]. Estimated
costs and performance over wide ranges are also given.

2.2. Accelerator R&D Issues

For purposes of the !IFSA study, principal accelerator
design parameter values were allowed to vary over ranges believ-
ed reasonable and achievable. The systems integration code de-
scribed below was used to create a database that was then
searched for optima. These parameters (and ranges) included
pulse energy (1 to 10 MJ), ion species (130 to 210 amu), number
of beamlets in the accelerator (4 to 16), and output emittance
(15 to 30 microrad-m). Other accelerator design parameters were
fixed at values regarded as near optimum or reasonable. For ex-
ample, undepressed tune (the phase angle between a single ion
passing through an inductor and the accelerating electromagnetic
wave) was set at 609 and depressed tune (phase angle for a large
ion pulse as determined by collective space-charge effects) at
89, In effect, the greater the tune depression with stable
transport, the greater the current that is being stably acceler-
ated. In the past, theoretical analyses indicated that a dep-
ressed tune angle of 24° was the minimum that could be expected
with stable transport. Experiments conducted at LBL during the
period of the HIFSA project demonstrated stable transport at a
depressed tune of 8°. Improvements to the theoretical analysis
gave agreement between theory and experiment. The suggestion
has been made that beginning with larger undepressed tune an-
gles, perhaps 85°, uould permit even higher tune-angle depres-
sions and acceleration of even greater charge in o single beam



line. This topic has been identified as an R&D need that should
be assigned modest priority.

Examination of cost/benefit for different ion charge
states, particularly the intermediate +2 state and higher charge
states up to at least +4, with medium priority is indicated be-
cause, as is discussed in the section orn integrated-plant stud-
ies, 8 change from +1 to +3 significantly reduces accelerator
capital cost and COE. The principal reason is that +3-charge
ions can be accelerated to the same energy in roughly one third
the length of main accelerator required with +l-charge ions if
the voltage increment per accelerator module is the same.

The practicality of acceleration of higher charge states,
previously thought to involve severe limitations on the current
that could be stably transported, has been demonstrated in re-
cent experiments. However, the vacuum requirements in reaction
chambers for focusing and transport may be more stringent and an
examination of this question with medium priority ie indicated.

Adequate higher-charge-state ion sources are also neces-
sary if higher-charge-state commercial HIF induction linac driv-
ers are to be practical. Requirements include a large fraction
of ions generated with the desired charge and low emittance.
Therefore, if higheir-charge-state HIF is Lo be pursued, then de-
velopment of suitable sources must be accorded high priority.

Although HIF could be made to work without beam neutrali-
zation, the cost/performance benefits of neutralization for foc-
using and final transport are very large. Neutralization be-
comes even more important if higher icn charge states are used.
For the HIFSA studies, neutralization sufficient to obtain the
anticipated benefits at negligible additional cost was assumed.
Because of the impcrtance of this issue, R&D to develop and dem-
onstrate cost-effective charge neutralization is assigned high-
est priority.

Estimated COE tor commercial HIF power plants doe: not
seem to be very sensitive to ion mass over the broad range 130
to 210 amu for fixed ion charge atate. It would be interesting
to extend the range of ion masses studied to lower values to es-
tablish the practical limits. More important, ions with charge
+1 and of mass much lower than the lower erd of the range exam-
ined in the HIFSA study may meet target requirements nearly as
well as 210-amu ionz with +3 charge. The difference can be com-
pensated for by small improvements in accelerator beam emit-
tance. For low ion masses, beam ncutralization is crucial for
cost-effective final beam transport and focusing. If cost bene-
fits similar to those estimated for going from +1 charge to +3
charge with 210-amu ions can also be achieved by going to +1-
charge, 70-amu ions, problems that might arise in developing
higher-charge-state ion sources could be avoided. High priority
for experiments and analyuis of this alternative is recommended.



The optimum number of beamlets varies with position in
the accelerator as ion energy changes. Development of low-cost
methods tor splitting and combining beamlets with small beam en-
ergy losses could permit modest reductions in accelerator cost.
The HIFSA project team conciuded that development of better un-
derstanding of beam transport and bending through simulation and
experiment is required with medium priority. The team members
are also of the opinion theac substantial! additional cost reduc-
tions and performance imporvements for inductor cores, pulsers,
and insulators are possible and recommend further R&D in these
areas with high priority.

In multipulsing, two or more ion pulses are accelerated
through the linac close together in time, with the interval de-
termined by the time required “o reset the induction cores. The
pulses are simultaneously delivered to the target along beam-
transport lines of different lengths. The potential modest ben-
efit is accelerator cost savings due to halving of the current
that the linac is required tc accelerate plus potential improve-
ments in efficiency as a result of higher duty factors. Offset-
ting these benefits in part are increased cost for additional
beam transport line length and some loss in efficiency resulting
from the requirement for fast reset of the induction cores.
With two-sided or more symmetric target illumination, the addi-
tional beam transport line length required for double-pulsing is
not very great.

In multipassing, the same ion pulse is passed through the
nain accelerator more than once to achieve the final ion energy.
The savings in wacczlerator cost due to reduction in length seem
potentially larger than those resulting from redvction in cur-
rent for multipulsing. Higher duty factors can he.p efficiency.
Efficiency loss resulting from the requirement for fas{ reset of
the induction cores and the cost of extra beam-transport-line
length will offset some of the potential gain. In addition,
pulsing circuits for each inductor must be designed to acceler-
ate ions at different energies in s8uccessive passes. Higher
cost and/or reduced efficiency may be associated with these in-
creased .equirement3. On the other hand, length scaling of ac-
celerator is expected to more favorable than current scaling. A
thorough assessment of this design option requires rerources
greater than those availsLle fcr the HIFSA project.

3. HIFSA REACTOR/BALANCE OF FLAN1 (BOP) STUDIES

Only adaptation of a few existing leser fusion concepts
with which HIFSA team members have substantial experience was
considered. For lack of effective advocates on the HIFSA team,
other promising concepts (1,2,4-6] developed for laser fusion
and/or specifically for HIF were not included in the HIFSA stud-
ies. A combinntion of concepts providing 4 wide range of reac-
tor repetition rates, capable of accomodating a wide range of
target yield, and compatible with both conventional steam cycles
and advanced power generation was desired to permit thorough ex-



ploration of the attractive characteristics of heavy-ion induc-
tion linac drivers -- high pulse repetition rates at little ad-
ditional cost and high efficiency.

HIFSA reactor/BOP studies foéused on:

O identification and quantification of additional design re-
quirements for HIF, areas where HIF requirements are less
constraining, and required interfaces between HIF reactors
and drivers, fuel cycle, and BOP;

O identificaticn ard quantitative exploration of significant
tradeoffs between reactor and driver, fuel cycle, and BOP
design requirements and desirable features; and

O formulation of cost/performance models suitable for incorpor-
ation in the commercial HIF power plant systems code.

All reactor plant and BOP tructures, interfaces, and equipment
were treated.

Four classes of ICF reactor plant/BOP concepts were sel-
ected for the HIFSA studies: (1) a granular-wall concept (a var-
iant of the LINL CASCADE concept [7]); (2) a liquid-metal-jet
concept (a variant of the LLNL HYLIFE concept (8]); (3) a wet-
ted-wall concept (a variant of the LANL wetted-wall concept
(91); and (4) a magnetically protected dry-wall concept (a vari-
ant of the LANL magnetically protected concept (10]).

The first of these includes first-wall protection by a
thick bed of solid perticles in a rotating vessel for structure
protection from all target emissions, a high-tewperature, high-
efficiency (55%) Brayton cyclz, minimal containment, a pulse
repetition rate up to 10 Hz, and two-sided target illumination.
The second concept uses a thick array of liquid-metal jets to
protect reactor structure from all tar~get emissions, a conven-
tional steam cycle, and conventional containment and is limited
to about 2 Hz and few-sided illumination. The third reactor-
plant/BOP concept employs thin liquid-metal films injected tan-
gentially at high speed onto inexpensive, easily replaced curved
reactor cavity walls to protect from target x rays and debris
ions and allow scparation of reaction chamber and blanket func-
tions, a conventional steam cycle, and conventional containment.
It provides up to 10-Hz repetition rates and few-sided through
gsemi-symuetric illumination. The last concept involves a very
large dry-wall reaction chamber with diversion of target-debris
ions away from exposed surface through direct-conversion systems
for higher efficiency and removal, a cunventional steam cycle
for blailici energy conversion, and conventional containment to
provide repetition rates up to 20 Hz, allow symmetric target il-
lumination, and low neutron damage rates.

- The HIFSA reactor-plant/BOP studies were not intended to
be a final contest between concepts. The concepts studied in-



volve different degrees of optimism. The differing degrees of
optimism were retained to permit exploration of the potential
benefits and/or penalties, To a large extent, differences in
state of development of the concepts were ignored.

4. HIFSA FINAL BEAM TRANSPORT ANALYSIS AND MODELING
4.1, Introduction

The technological requirements for transport of heavy-ion
beams from final focusing magnets to targets in HIF reactor cav-
ities have been analyzed as part of the HIFSA project. FExces-
sive disiuption of focused beams will limit driver energy deliv-
ered appropriately to targets and hence target performance.
Conversely, for specified target performance, constraints may be
placed on allowable values for other HIF system parameters, such
as (1) beam emittance, momentum tilt, pulse energy, and peak
pwer; (2) ion energy, mass, and charge; (3) cavity radius and
gas density; (4) number of beams and beam port radius; and (5)
target spot radius. An important factor that drives beam dis-
ruption is the growth of instabilities resulting from interac-
tions of the beam with gas in the cavity. Meaningful cost/per-
formunce analysis requires a thorough understanding of the
tradeoffs involved.

4.2, Beam Disruption By Streaming Instabilities

Heavy-ion beams traversing HIF reactcr cavities stream
through gas that remains after the cavity is cleared in prepars -
tion for injection of the next target. The residual gas may
comprise target debris, fusion neutron transmutation products,
and materials evaporated and sputtered by target emissions,
Some of the residual gas becomes ionized through collisions with
the beam ions. The ion-heam/cavity-gas system is dynamically
unstable and charge clumps start to grow. Growing electric
fields drive the ion beam to expand radially.

The principal objective of the analysis briefly described
below was estimation of ion beam, reactor, and target parameter
value ranges for which heavy-ion beams would not be unacceptably
disrupted by interaction with residual cavity gas. The first
step in the analysis was development of an improved model for
beam evolution in time as heavy ions traverse a reactor cavity.
The heavy-ion charge state distribution, the ion density in the
background gas around the ion pulse, and the density and veloc-
ity distributions of the electrons liberated by the interactions
of the heavy-ions with the background gas are treated. This
mod~1l includes the application of Maxwell’s equations, kinetic
equations for charge transfer, and a continuum fluid-dynamical
model for the electron motions. The radial electric fields
driving instability growth are computed. A dispersion relation
is solved for growth rates of the streaming instabilities as
functions of mode number, time, and position. Finally, the per-
turbation of the beam ion distribution at the target is calcu-



lated to obtain the fraction of the beam energy deposited on the
target as a function of the parameters listed above.

4.3, Summary of Computed Results

Fig. 1 shows ithe final transport length (distance from
final focusing quadranole to target) for which 9¢% of an 0.5-MJ
pulse of 10-GeV ions inj~cted through a quadrapole of 10-cm bore
will be deposited on a 2.0-mm-radius target as a function of
cavity gas (lithium vapor) number density. Efficient beam
transport is alzo assured for any smaller transport distance.

These results suggest that streaming instabilities are
much less disruptive to transport of heavy-ion beams through HIF
reactors than previous studies had indicated. The instabilities
simply do not grow fast enough to disrupt the beams as they tra-
verse the cavity. Constraints on reactor, accelerator, and tar-
get design can be relaxed in several directions. The density of
gas remaining in reaction chambers after cavity cleuring could
be increased substantially, resulting in higher pulse repetiiion
rates. Some reactor concepts that otherwise could not be effic-
iently used for HIF (e.g., thnse with high-vapor-pressure mater-
ials in the reaction chamber) would become more attractive.
Transport at lower ion energy, higher ion charge, and/or higher
beam emittance is also an option that could significant reduce
accelerator cost. In particular, a combination of (1) backgound
gas densities as large as 10!5/cm? (corresponding to equilibrium
of pure lithium at 550 °C), (2) ion charge as great as +4, and
(3) ion energy as low as 4 GeV may be feasible.

Details of the beam transport model and additional com-
puted results have been published elsewhere [12-13]. Experimen-
tal verification of the predictions of the new beam transport
model in the near future is important.

5. HIFSA TARGET OOST/PERFORMANCE MODELING

With the exception of targets with spin-polarized fuel,
no fundamentally new, credible target cuncept seems to have been
described in nearly a decade. Therefore, only calculations to
exterd the credible target design parametcr spuce to give accel-
erator designers as much freedom as possible was done foir HIFSA.
Concepts that were considered in greatest depth involve single-
shell and double-shell fuel capsules with symmetric, two-sided,
and single-sided illumination. High—lensity ablators and tam-
pers, magnetic insulation, and spin-polarized fuel were studied
less intensively.

The approach adopted for the HIFSA studies was to fit
with simple polynomial expressions existing best-estimate gain
curves computed using detailed target-physics codes (gain/ dri-
ver--pulse-energy relationship with a function of spot size and
ion range as a parameter), such as those in Fig. 2 [14]. Best
estimate gain curves were adjusted parametrically to reflect



different degrees of optimism concerning target physics. Best
agtimate variations about the reference gain curves were per-
formed using the scaling relationships of the Meyer-ter-Vehn
model [15) and an alternative formulation developed during the
HIFSA target studies for some of the target concepts [16]. In
some instances, arbitrary assumptions were made concerning pot-
ential future advances in materials properties.

An improved HIF commercial-applications target cost model
{17] has been developed through consultation with an ad hoc pan-
el of experts as part of the HIFSA projent. The model treats
significant differences in costs .or a wide variety of distinct-
ly different target concepts. Target costs are scaled with im-
portant ICF plant parsmeters such as driver pulse energy and
repetition rate and total fusion plant capacity. The generic
formulation can be conveniently interfaced with cost models for
other fusion plar.t systems. Although the emphasis ia HIFSA is
on HIF deuterium-tritium targets, the same general principles
and many specifics are directly applicable for laser and light-
ion fusion and other fuels.

In general, assumed suverior target vperformance with no
changes in target cost will lead to lower estimates of COE. For
different target designs with the same degree of physics optim-
ism, some of the improved performance of the more complex tar-
gets usually will be offset by increased cost of manufacture.
Comparisons of COE for various target designs are presented in
the section on integrated-plant systems studies. More details
of target performance are published elsewhere [18].

5. INTEGRATED-PLANT SYSTEMS STUDIES
6.1. Introduction

To permit efficient exploration of the large design para-
meter space, MDAC developed a commercial power plant systems
code for design tradeoff, parameter sensitivity, and cost opti-
mization studies [19-20]. This personal-computer code requires
inputs in the form of (1) computed results from a more detailed
indiction linac design/performance code (LIACEP [3]) developed
at LBL and fit with simple scaling relations by MDAC and (2)
target performance, fuel-cycle, and reactor design and cost
scaling relationships provided by LANL and LLNL.

6.2. Summary of Representative Cost/Performance Results

Except where otherwise noted, all nf the HIF power-plant
CCE estimates presented are for 1000-MWe, onc-reactor plants in
which single-shell targets are illuminated from two sides with
16 beams of +3-charge-state, 130-amu ions with fion range)X(spot
radius)3/2? = 0.03 g/omt/2,

Substantial reductions in optimum COE can be obtained by
switching from acceleration of +l-charge ions to acceleration of



+3-charge ions. The magnitude of the COE benefits are indicated
in Fig. 3. Also shown in Fig. 3 is the breakdown into contribu-
tions to total COE of major plant subsystems. The difference in
CCE for the two charge states is almost entirely due to the dif-
ference in driver cost. For such capital-intensive plants, COE
is largely determined by capital charges.

The scaling of COE with pulse repetition rate is illus-
trated in Fig. 4 for the four reactor-plant/BOP concepts includ-
ed in HIFSA studies. In general, the COE minima are both broad
and shallow. The minimum COE for none of them is prohibitively
large.

The inherent low-pulse-repetition-rate/large-target-yield
character of the liquid-metal-jet reactor concept restricts sev-
erely the operational parameter space accessible to it. This,
plus the large size of the reaction cavity, the complexity of
the reactor structure, and th e safety-related and electric-pow-
er-generation-related design conservatism of the reactor plant
and BOP result in relatively high COOE for this ccncept. The
magnetically protected dry-wall concept has near-optimum COE
over a velvy wide pulse-repetition-rate range. However, the very
large reaction cavity required even with small target yields,
plus similar safety-related and power-generation-related con-
servatism, result in a s8imilar minimum COE. The wetted-wall
and granular-wall reactor concepts also have relatively large
near-optimum pulse-repetition-rate operating ranges.

The wetted-wall concept assumes similar design conserva-
tism. Nonetheless, COE’'s significantly lower than those for the
first two reactor concepts are achieved through much smaller re-
action cavities and simpler construction. The results for the
granular-wall reantor concept illustrate the magnitude of the
savings in COE that can be obtained if expensive containment
structures and intermediate loops can be eliminated and higher
power generation efficiencies can be achieved. Success in es-
tablishing credibility for the advantageous modifications to
conventional ICF reactor plant and BOP designs embodied in the
granular-wall reactor plant concept clearly can be important for
economically attractive HIF power production. The other HIF
reactor-plant/BOP concepts appear to be compatible with some of
the improvements assumed for the grarular-wall reactor.

Optimum COE’s for the four reactor plant concepts for
single-shell, double-shell, symmetric-illumination, and advanced
targets are given in Fig. 5. The differences for the five tar-
get concepts are perhaps somewhat less than might have been pre-
dicted a priori, but as expected the two optimistic target con-
cepts (the range multiplier and the advanced) give the lowest
COE’s. The reason for this relative independence of target con-
cept is that for fixed wvalues of (ion range)X(spot radius)?/2,
the gain curves are relatively steep with similar slopes and
start at nearly the same driver pulse energy, so that the pulse
energy at which high gain is attained is nearly the same.



The optimum COE values for different ion masses and (ion
range)X(spot radius)?/2 values in Fig. 6 irdicate that the de-
pendences of optimum values of OOE on these two parameters are
relatively weak. The results of the 'systems study showed disap-
pointingly small difference in COE for single-pulse linacs com-
pared to double-pulse linacs. Costs for additional beam trans-
port lines and the relatively flat scaling of linac cost with
beam current are the principal causes for this result. Up to
1500 MWe, the maximum plant size for which the cost data base is
considered to be accirate, one reactor is optimum. At very
large plant capacity, more than one reactor will be cptimum.

Scaling of COE with plant net eiectric power is illus-
trated in Fig. 7 for the wetted-wall reactor-plant/BOP concept
and +3 ions. Using scaling relationships consistent with those
used ir the HIFSA studies, the +1-ion HIBAT.L-II plant was scaled
down to 1000 MWe from the original 4000-MWe point design and
corresponding COE values are also plotted in Fig. 7. The strong
economy of scale displayed depends on the assumptions that con-
struction time does not increase with plant size and that other
factors do not erode the projected zconomies of scale.

6.3. Near-Optimum Parameter Ranges

One of the most encouraging results of the HIFSA studies
is that unexpectedly broad design parameter ranges for which COE
is near the minimm were found. Ranges of values for some key
design parameters for which calculated COE was within 5% of the
mimimum COE are listed in Table I for the case of one-reactor,
1000-MWe plants with targets illuminated by +2, 130-amu ions.
It is important. to reccgnize that arbitrary combinations of par-
ameter values within the listed ranges are not always feasible.
However, if one paramcter value is set arbitrarily, then some
val s within the listed ranges for each of the other parameters
is cunsistent with the sapecifi-d value. This result suggests
that if for som: unforeseen reason some part of design parameter
space turns out o be inaccessible or unattractive, then other
feasible or attractive designs can be found.

7. SUMMARY OF HIFSA PROJECT ACCOMPLISHMENTS,
RECOMMENDATIONS, AND PROJECTIONS

Key technical issues in the design and cost/performance
modeling of inducticn linacs, reactors, targets, beam transport,
BOP, and integrated commercial HIF power plants have been ident-
ified. A commercial power plant. systems model that runs on per-
sonal computers was developed to facilitate wide-ranging trade-
off, sensitivity, and optimization studies. This model has been
used to measure the relative value of improvements in physics
understanding, conceptual designs, and technology- Limited only
by the present understanding of HIF and the imagination of the
project team, promising commercial HIF power plant configura-
tions involving different degrees of optimism have been devel-



oped. Some of the insights gained in the development of cost/
performance models have applicatior to ICF in general. Some of
the models are directly applicable to laser and light-ion fu-
sion. Also, extensive interactions between reactor, accelera-
tor, and target scientists and engineers have led to better un-
derstanding of the requirements and issues.

A consistent commercial HIF induction linear accelerator
concept has been developed that incorporates the latest physics
understanding and technological advances. A comptehensive, de-
tailed cost/performance code has been used to develop a wide-
ranging, multidimensional accelerator cost/performuance database.
Substantially lower linac capital costs than those estimated in
previous studies are projected as a result of advances in induc-
tion linac science and engineering, materials, and industrisal
capability in recent years. The driver capital cost is now com-
parable to the sum of reactor plant and BOP capital costs for
1000-MWe plants, rather than completely dominating plant capital
cost. The data has been fit with simple expressions to permit
its incorporation into an integrated power plant systems code
for performing design-tradroff, parameter-sensitivity, and op-
timization studies. The integrated plant studies have revealed
saveral important trends, including near-optimum COE’s over wide
ranges of 1linac design perameter values and substantial cos*
savings by operation with +3 charge state.

Accelerator-related R&D needs have been identified and
priority recommendations have been made, with charge neutral-
ization being assigned the highest priority and high priorities
assigned to pulse shaping and compression and the use of much
lighter ions with +1 charge. Additional opportunities for sig-
nificant reductions in nccelerator costs were identified.

Although grest advances in target design did not result
from HIFSA target studies, important benefits were obtained
nonetheless. In particular, HIFSA target studies led tc the
formulation of turdget-performance models that relate important
accelerator/reactor/target. pcrformance parameters for a wide
variety of target concepts in simple, convenient, accurate ways
to facilitate integrated HIF power plant studies. These models
and the HIFSA target cost model are useful for laser fusion an'
light-ion fusion as well.
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Table I. Design parameter value ranges for which estimated COE
is within 5% of mimimum COE (one-reactor, 1000-MWe-ret-
electric plants with targets illuminated by +3 ions).

Magnetically Liquid-Metal Granula-- Wetted-
Protected Jet Wall Wall

Repetition Rate (Hz)

Single-Shell 9-19 1-2 3-9 3-9
Double-Shell 7-19 1-2 3-9 3-7
Symmetric 13-19 NA NA 3-9
Range-Multiplier 9-19 1-2 3-9 3-9
Advanced 7-19 1-2 3-9 1-9
Target Gain
Single-Shell 20-45 125-200 50-125 50-150
- Double-Shell 25-50 125-175 50-100 50-120
Symmetric 25-50 NA nNA 50-100
Range-Multiplier 50-75 175-200 50-125 75-150
Advanced 50-100 175-375 75-150 75-400
Pulse Energy (MJ)
Single-Shell 2.25-5.00 7.25-11.25 3.00-7.25 3.50-8.00
Double-Shell 3.25-6.00 7.00-9.00 3.50-8.00 4.00-8.75
Symmetric 2.75-4.75 NA NA 4.00-11.00
AdV&nCed 2000_4050 4075—8050 2000—6000 2025—7050
Ion Energy (GeV)
Single-Shell 6-12 8-15 6-~12 6-13
Double-Shell 5-11 8-14 5-12 5-12
Symmetric 7-9 NA NA 5-11
Range-Multiplier £-13 8-14 7-12 6-13
Advanced 5-10 6-14 5-11 65-12
Number of Beams
Single-Shell 10--80 16-50 12-50 12-52
Double-Shell 8--30 8-20 8-36 8-40
Symmetric 22-50 NA NA 18-60
Range-Multiplier 8-50 15-49 12-30 12-50
Advanced 10-44 10-60 12-52 10-60
(Ion Range)X(Spot. Radius)?3/t (g/cm!/%)
Single-Shell 0.01-0.03 0.02-0.04 0.01-0.04 0.02-0.04
Double-Shell 0.01-0.03 0.01-0.03 0.01-0.04 0.01-0.04
Symmetric NA NA NA NA
Range-Multiplier 0.01-0.04 0.03-0.04 0.02--0.04 0.C2-0.04
Advanced 0.01-0.02 0.02-0.04 0.01-0.04 0.01-0.04
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Table I. Design parameter value ranges for which estimat=d 7OE
is within 5% of mimimum CCE (one-reactor, 1000-MWe-net-
electric plants with targets illuminated by +3 ions).

Magnetically Liquid-Metal Granular-

Protected

Repetition Rate (Hz)

Single-Shell 9-19
Double-Shell 7-19
Symmetric 13-19
Range-Multiplier 9-19
Advanced 7-19
Target Gain
Single-Shel. 20-45
Double-Shell 25-50
Symmetric 25-50
Range-Multiplier 50-75
Advanced 50-100

Pulse Energy (MJ)

Single-Shell 2.25-5.00
Double-Shell  3.25-6.00
Symmetric 2.75-4.75
Range-Multiplier 1.75-4.00
Advanced 2.00-4.50
Ion Energy (GeV)
Single-Shell 6-12
Double-Shell 5-11
Symmetric 7-9
Range-Multiplier 6-13
Advanced 5-10
Number of Beams
Single-Shell 10-50
Double-Shell 8-30
Symmetric 22-50
Range-Multiplier 8-50
Advanced 10-44

Jet

— —
! 4 !
[ S Sl S o)

125-200
125-175
NA
175-200
175-375

7.25-11.25
7.00-9.00
NA
7.00-9.£0
4.75-8.50

8-156
3-14
NA
8-14
6-14

16-50
8-20
NA
15-49
10-60

(Ion Range)X(Spot Radius)?3/? (g/omt/2)

Single-Shell 0.01-0.03
Double-Shell 0.01-0.03
Symmetric NA
Range-Multiplier 0.01-0,04
Advanced 0.01-0.03

0.02-0.04
0.01-0.03
NA
0.03-0.04
.02-0.04

Wall

Wetted-
Wall



