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The critical technical issues, evaluation and comparison of two inertial fusion energy (IFE) r~actor design concepts 
developed in the Prometheus studies are presented. The objectives of this study were (1) to identify and characterize the 
critical issues and the R&D required to resolve them, and (2) to establish a sound basis for future IFE technical and 
programmatic decisions by evaluating and comparing the different design concepts. Each critical issue contains several key 
physics and engineering issues associated with the major reactor components and impacts key aspects of feasibility, safety, 
and economic potential of IFE reactors. Generic critical issues center around: (1) demonstration of moderate gain at low 
driver energy, (2) feasibility of direct drive targets, (3) feasibility of indirect drive targets for heavy ions, (4) feasibility of 
indirect drive targets for lasers, (5) cost reduction strategies for heavy ion drivers, (6) demonstration of higher overall laser 
driver efficiency, (7) tritium self-sufficiency in IFE reactors, (8) cavity clearing at IFE pulse repetition rates, (9) performance, 
reliability and lifetime of final laser optics, (10) viability of liquid metal film for first wall protection, (11) fabricability, 
reliability and lifetime of SiC composite structures, (12) validation of radiation shielding requirements, design tools, and 
nuclear data, (13) reliability and lifetime of laser and heavy ion drivers, (14) demonstration of large-scale non-linear optical 
laser driver architecture, (15) demonstration of cost effective KrF amplifiers, and (16) demonstration of low cost, high 
volume target production techniques. Quantitative evaluation and comparison of the two design options have been made 
with special focus on physics feasibility, engineering feasibility, economics, safety and environment, and research and 
development (R&D) requirements. Two key conclusions are made based on the overall evaluation analysis: (1) The 
heavy-ion driven reactors appear to have an overall advantage over laser-driven reactors; and (2) However, the differences in 
scores are not large and future results of R&D could change the overall ranking of the two IFE concepts. 

1. Introduction 

Two commercial central station electric power plants 
have been conceptually designed and analyzed in the 
Prometheus [1] study led by McDonnell Douglas 
Aerospace. These plants use inertial fusion energy 
(IFE) technologies by employing the latest advances in 
KrF excimer laser and heavy ion drivers. Both of these 
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two drivers are integrated with an advanced reactor 
cavity concept to offer power plants with the highest 
level of safety assurance and a low level of environ- 
mental impact. Advanced thermal conversion systems 
are employed to yield high efficiency plants capable of 
high reliability and a high capacity factor. Current 
target technologies are extrapolated in both perfor- 
mance and manufacturing capabilities. Fuel cycle sys- 
tems are built upon a solid foundation of existing 
technologies. The two IFE power plant designs repre- 
sent a wealth of information to help assess and develop 
a strategy and technical plan for the development of 
commercial fusion power plants based on inertial con- 
finement. 
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In this paper, critical techmcal issues identified 
during the development of these two designs and the 
research and development needed to resolve them are 
presented. Each critical issue contains several key 
physics and engineering issues associated with the ma- 
jor reactor components and impacts key aspects of 
feasibility, safety, and the economics potential of IFE 
reactors. The critical issues identified in the study are: 

1. Demonstration of Moderate Gain at Low Driver 
Energy 

2. Feasibility of Direct Drive Targets 
3. Feasibility of Indirect Drive Targets for Heavy Ions 
4. Feasibility of Indirect Drive Targets for Lasers 
5. Cost Reduction Strategies for Heavy Ion Drivers 
6. Demonstration of Higher Overall Laser Driver Ef- 

ficiency 
7. Tritium Self Sufficiency in IFE Reactors 
8. Cavity Clearing at IFE Pulse Repetition Rates 
9. Performance, Reliability and Lifetime of Final 

Laser Optics 
10. Viability of Liquid Metal Film for First Wall Pro- 

tection 
11. Fabricability, Reliability and Lifetime of SiC Com- 

posite Structures 
12. Validation of Radiation Shielding Requirement, 

Design Tools and Nuclear Data 
13. Reliability and Lifetime of Laser and Heavy Ion 

Drivers 
14. Demonstration of Large-Scale Non-Linear Optical 

Laser Driver Architecture 
15. Demonstration of Cost Effective KrF Amplifiers 
16. Demonstration of Low Cost, High Volume Target 

Production Techniques 
In general, the critical issues identified here are for 

the two reactor design concepts developed in the 
Prometheus study. However, many of the issues tend to 
be generic and independent of the specific selections 
made here. These critical issues are examined in Sec- 
tion 2. 

Evaluation and comparison of the two design op- 
tions have been performed to help assess IFE program 
goals. An evaluation methodology was developed based 
on five major areas of evaluation. These include: (1) 
Physics Feasibility; (2) Engineering Feasibility; (3) Eco- 
nomics; (4) Safety and Environment; and (5) Research 
and Development Requirements. Each category is 
quantified through a system described in Section 3. 
The results of the evaluation processes for the two 
laser- and heavy-ion-driven reactor concepts developed 
in the Prometheus study are also summarized. Al- 
though the methodology is discussed and applied here 
for comparing the two IFE designs, methodology 

framework is general enough to allow extension in the 
future for comparing other options, e.g., comparing 
inertial and magnetic fusion reactors. 

l. 1. Sys tem descript ion 

Both of the Prometheus IFE power plants were 
designed to supply a net power output of 1000 MWe. 
The key parameter lists for the two power plant de- 
signs are presented in Table 1. The laser driver is less 
efficient than the heavy ion driver in producing the 
required energy to the target, which raises the thermal 
power, gross electric power, and recirculating power 
requirements for the laser-driven plant. The nominal 
pulse rate is 5.65 Hz. The type and number of laser 
amplifiers are chosen to enable the achievement of a 
nominal plant availability of 79.4%. The cost of elec- 
tricity for this laser-driven plant is estimated to be 72.0 
mil ls /kWh expressed in 19915. 

The system efficiency for the heavy ion driver is 
higher in producing the required energy delivered to 
the target. This effect translates into a lower recirculat- 
ing power requirement, small physical sizes, and lower 
capital costs in most cost accounts. The nominal pulse 
rate for the heavy ion plant is 3.54 Hz. The heavy ion 
driver has an advantage in inherent availability which 
raises the plant availability to 80.8%. The resultant 
cost of electricity is estimated to be 62.6 mil ls /kWh 
expressed in 19915. 

The power plant designs were based upon today's 
known technology and physics extrapolated some 20-3(I 
years into the future. Safety and environmental attrac- 
tiveness were key design requirements to enhance the 
public's perception of fusion. Technical credibility was 
stressed in order to gain acceptance of the fusion 
community. Innovative concepts were encouraged to 
help foster and nurture developmental areas which 
may enhance the overall economics of fusion. 

A single type of reactor cavity concept was judged 
acceptable for serving both the laser and the heavy ion 
reactor power plants. To provide low activation and 
safety enhancement, SiC was chosen as the major 
structural material within the high radiation environ- 
ment of the reactor cavity. The first wall is protected 
by a thin film of liquid lead which is evaporated by 
each microexplosion and is recondensed on the wall 
surface between explosions, thus providing protection 
and vacuum pumping. The first wall is constructed as 
tubular panels of porous composite SiC structure, which 
is cooled with liquid lead. Behind the first wall, a 
lithium oxide solid breeder is cooled with a low pres- 
sure, high temperature helium coolant. A low pressure 
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Table 1 
Major design parameters and features of the Prometheus plants 

Parameter Prometheus-L Prometheus-H 

Net electric power (MWe) 
Gross electric power (MWe) 
Driver power (MWe) 
Auxiliary power (MWe) 
Cavity pumping power (MWe) 
Total thermal cycle power (MWt) 
Blanket loop power (MWt) 
Wall protection loop power (MWt) 
Usable driver waste heat (MWt) 
Usable pumping waste heat (MWt) 
Thermal conversion efficiency 
Recirculating power fraction 
Net system efficiency 
Fusion power (MW) 
Neutron power (MW) 
Surface heating power (MW) 
Thermal power (MWt) 
Thermal power to shield (MWt) 

Cavity radius (m) 
Cavity height (m) 
First wall protection/coolant media 

(in/out temp.,°C) 
Breeder material 
Structural material, wall and blanket 
Blanket heat transfer media 

(in/out temp.,°C) 
Cavity pressure (reTort, Pb) 
Neutron wall load, peak/ave (MW/m 2) 
Energy multiplication factor 
Tritium breeding ratio (TBR) 

Target illumination scheme 
Number of beams 

Driver output energy (M J) 
Overall driver efficiency (%) 
Ion accelerated 
Charge state 
Final energy (GeV) 
Type of accelerator 
Type and number of KrF amplifiers 
Beam combining technique 
Pulse compression technique 

Final beam transport efficiency (%) 
Target gain 
Target yield 
Repetition rate (pps) 
Plant availability (%) 
Cost of electricity (mills/kWh, 19915) 

972 999 
1382 1189 
349 137 
36 28 
25 25 
3264 2780 
1782 1597 
1267 1162 
193 N / A  
22 21 
42.3% 42.7% 
30% 16% 
31% 36% 
2807 2543 
2027 1818 
780 725 
3092 2797 
43 38 

5.0 4.5 
15.0 13.5 
liquid lead liquid lead 
375/525 375/525 
LizO pebbles Li 2 ° pebbles 
SiC SiC 
1.5 MPa helium 1.5 MPa helium 
400/650 400/650 
3.O 10 
6.5/4.3 7.1/4.7 
1.14 1.14 
1.20 1.20 

direct drive, symmetric indirect drive, two sided 
60 18 in LINAC (12 MAIN 

+ 6 in 2 prepulses) 
4.0 7.8 (7.0 transmitted to target) 
6.5 20.6 
N / A  lead 
N / A  + 2 
N / A  4.0 
N / A  single beam LINAC 
electric discharge, 960 N / A  
Raman accumulators N / A  
stimulated Brillouin N / A  
scattering 
100 90 
124 103 
497 719 
5.65 3.54 
79.4 80.8 
72.0 62.6 
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helium purge extracts the tritium generated in thc 
breeder material. The tritium breeding ratio is 1.2. All 
the lead and helium coolant piping within the bulk 
shielding is a SiC low-activation material. The opera- 
tional lives of the wall and the blanket are five and ten 
years, respectively. The peak to average neutron wall 
load is 6.5/4.3 and 7.1/4.7 for the laser and heavy ion 
reactors, respectively. 

A cylindrical reactor cavity was selected to maxi- 
mize the maintainability of the first wall and blanket 
while keeping a reasonable balance of peak to average 
neutron wall loading. A trade study was conducted to 
determine the proper cavity aspect ratio. Modular con- 
struction and support techniques were analyzed to 
assure development of a maintainable design. Detailed 
calculations were performed to determine the nuclear 
performance of the first wall, blanket and the shield. 
The bulk shield was analyzed for both a concrete and a 
composite shield of B4C, Pb, SiC, AI, and H20.  The 
composite shield was chosen to provide a lower and 
more predictable activation level. In the case of the 
laser, the beamlines are protected by shielding beyond 
the final optics. The heavy ion final focus coils are also 
protected by shielding. 

An elevation view of both the Laser Driver Building 
and the Reactor Building is shown in Fig. 1. The 
Reactor Building is 86 m in diameter as determined by 
the length of the shielded beamlines. The Driver Build- 
ing containing all the laser systems surrounds the Re- 

actor Building. The laser driver option uses 960 electric 
discharge lasers to provide a highly reliable power 
amplifier system. Non linear optical laser elements 
provide the beam combining and compression func- 
tions to provide high quality beams to the target. The 
laser driver delivers 4.0 MJ of 250 nm wavelength 
energy in sixty beams symmetrically onto a 6 mm 
diameter target. The beams are combined and the 
beam quality is enhanced with Raman Accumulator 
cells with an 88% conversion efficiency. The beams are 
compressed with Stimulated Brillouin Scattering (SBS) 
cells. Optical delay switch yards maximize the utiliza- 
tion of the unused energy in the SBS to provide a 
proper prepulse shape for the target. The sixty beams 
pass through optical foci at neutron pinholes to mini- 
mize neutron activation in the driver building. The 
final two optical elements in each of the 60 beamlines 
are final focus mirrors to focus, turn and point the 
beams. A grazing incidence metal mirror (GIMM) is 
the final optical element which lies in the direct line of 
sight of the center of the cavity for each beamline. 
Innovative design and choice of materials offers the 
possibility of an increased life of plant for the GIMM 
in a high radiation environment. This is especially 
difficult as this component is only 20 meters from the 
center of the cavity. The residual vapor pressure of the 
lead in the cavity is in the range of 3 mTorr or less for 
the laser beams to propagate through the cavity to the 
target. 
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Fig. 1. Prometheus-L reactor building provides space for shielded beamlines. Driver building surrounds reactor building (all 
dimensions in meters). 
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An innovative design was chosen for the heavy ion 
driver. Heavy ion LINAC drivers have previously been 
thought to be very capital intensive, resulting in an 
unattractive cost of electricity. Several developments 
are being investigated to reduce the driver costs. The 
proposed design is a single beam LINAC which is 
rapidly pulsed a number of times. Eighteen beams are 
accelerated to 4 GeV and then are stored in storage 
rings for a time less than a millisecond. At  the appro- 
priate time, the beams are extracted and sent to bunch- 
ers to compress the beams. Six of the 18 beams are 
designated as prepulse beams to prepare the target for 
the remaining 12 beams. The beams are divided into 
two sets to be delivered to two sides of the reactor 
cavity for 2-sided target illumination. (A single-side 
heavy ion driver geometry was also developed). This 
final focus system is displayed in the elevation view of 
the heavy ion Reactor Building shown in Fig. 2. The 
main pulse beams are arranged in a 10 ° conical array 
with the precursor beams on axis. All beams are ballis- 
tically focused down to a focal spot size of 3 mm radius 
at the back of the blanket. The two precursor beams 
establish 3 mm radius, self-focused transport channels 
across the cavity to the target. This channel transport 
concept has the obvious advantage of minimal penetra- 
tions through the blanket, affording full and uninter- 
rupted blanket coverage. 

Two entirely different target concepts are used in 
the two studies. The laser driver is using a direct-drive, 
symmetrically-illuminated target with 60 beams. The 
direct-drivetarget capsule is roughly 6 mm in diameter. 
The beams are focused beyond the target to fully 
illuminate the target and provide a 1% illumination 
uniformity. The target is a CH plastic shell with beta- 
layered, solid DT on the interior surface. The gain of 
the target is expected to be 124. The direct drive target 
is protected with a sabot during the injection process 
with an electromagnetic injector. The target is sepa- 
rated from the sabot prior to passage into the reactor 
cavity. 

The heavy ion, indirect-drive target uses a similar 
DT capsule, but it is enclosed in a radiation case. The 
case is cylindrical with an energy converter region in 
each end to convert the heavy ion energy into X-rays 
bathing the interior of the case and the DT capsule. 
The case has high-Z material (lead) to enhance the 
capture and distribution of the X-rays. The two heavy 
ion beams are focused on the two end energy convertor 
regions. The gain is expected to be 103. The indirect 
drive target is injected with a pneumatic injection sys- 
tem without the use of a sabot. 

The energy conversion system used for both systems 
was chosen to be an advanced Rankine cycle. Two 
coolant streams, lead from the first wall and helium 
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from the blanket are utilized. To improve the laser 
system efficiency, the waste heat from the KrF ampli- 
fier gas flow system is utilized in the energy conversion 
process. Steam-driven helium circulators are employed 
to minimize the power required to circulate the he- 
lium. 

2. Prometheus reactor design study critical issues 

Purpose 
Although significant progress has been made in 

inertial fusion energy research during the past decades, 
the field is still in its early stage of research and 
development, and the present data base is severely 
limited. Therefore, many uncertainties exist in the ac- 
tual performance and operation of present fusion reac- 
tor conceptual designs. The expected consequences of 
these uncertainties vary in magnitude: On one ex- 
treme, the uncertainties are so large that the feasibility 
of the reactor design is at stake, and, on the other 
extreme, the uncertainties may simply require moder- 
ate redesign, reduce performance, or increase cost. In 
viewing this, the study attempted to identify the key 
physics and engineering issues for the IFE conceptual 
reactor designs developed in Prometheus and deter- 
mine the research and development ( R & D )  needed to 
resolve them. 

In order to provide a brief summary of the most 
important issues, a smaller number of issues, called 
critical issues, were identified. A critical issue is broader 
in scope than a key issue; each critical issue may 
encompass several key issues. This section presents the 
critical issues for the two reactor design concepts de- 
veloped in the Prometheus study. The major compo- 
nents and technical areas addressed are target, the 
laser and heavy ion drivers, vacuum system and evacua- 
tion, tritium processing system, reactor cavity, materi- 
als, safety and environment, balance-of-plant systems 
and subsystem interaction. Although some of the criti- 
cal issues are specific to the Prometheus design con- 
cept, many of them tend to be generic and are fairly 
independent of the specific selections made here. 

2.1. Critical issue 1: Demonstration of moderate gain at 
low driver energy 

The U.S. National Energy Strategy [2] envisions 
three major facilities for I F E / I C F  applications devel- 
opment: a Laboratory Microfusion Facility (LMF) for 
high gain target performance characterization and ad- 
vanced military applications development; an Engi- 

neering Test Facility (ETF) to provide high pulse rate 
capability supporting fusion energy technology devel- 
opment and testing; and a Demonstration Power Plant 
(DPP) to validate long term economic, reliability, avail- 
ability and maintainability issues for IFE. The total 
development cost associated with this plan will bc 
formidable because each facility will likely cost more 
than $1B. It is therefore worthwhile to consider devel- 
opment paths that might enable a single facility to 
address both LMF and ETF research and development 
needs. Hogan discusses the prospects for such a facility 
in a recent paper [3]. Target experiments could be 
carried out in a separate, single-shot cavity. Engineer- 
ing development would be conducted in another cavity 
with the target design and driver pulse rate selected to 
produce relatively tow yield and fusion power. This 
approach would dramatically lower the cost of IFE 
development potentially leading to a more near-term 
DPP. 

Reactor design studies have typically focused on 
high-gain, multi-megajoule incident energy target con- 
cepts that are appropriate for economic power produc- 
tion. However, engineering development, is usually cost 
limited. It therefore is worthwhile to consider if target 
designs that provide moderate gain (20-50) at low 
drive energy (1-2 MJ) are justified. Such targets would 
lower the facility cost associated with IFE engineering 
testing and fusion power demonstration. Target design 
studies for the Nova Upgrade have identified condi- 
tions under which the ignition "cliff" is shifted to much 
lower drive energy with the penalty of lower gain. This 
is illustrated in Fig. 3 which compares the projected 
gain for two different sets of implosion velocities and 
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controlled. (Figure Courtesy LLNL). 
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associated hohlraum temperatures to that projected for 
the LMF conditions. (The shaded region at the low 
energy end of the curves represents the uncertainty in 
the location of the ignition "cliff" due to uncertainty in 
the capsule surface finish). 

As indicated, the alternative target designs coupled 
with a driver comparable to the Nova upgrade (1-2 
MJ) would be above the ignition cliff and repeatably 
produce the output distribution (neutron/debris/x-ray 
split) and energy spectra of higher gain targets. Reac- 
tor component development testing could thereby be 
conducted at low drive energy with a cavity radius 
scaled appropriately to duplicate the relevant reactor 
parameters. In principle, this should provide the capa- 
bility to achieve most of the ETF goals at relatively low 
power levels with full thermonuclear effects in a mod- 
erate cost facility. 

Issue Resolution Strategy - To help identify the 
region of gain space that is attractive for reducing IFE 
development costs, the Prometheus driver, reactor and 
balance-of-plant design/cost scaling relations were 
used to project curves of target gain versus driver 
energy for a fixed capital cost facility. A 100 MWe 
demonstration power plant was chosen for illustration 
purposes. The costs are for a first-of-a-kind plant and 
include only direct construction costs. A summary of 
the cost elements included in the study and their 
scaling with yield (Y in MJ), pulse repetition rate (RR 
in pps), thermal power (Pth in MW), recirculating and 
gross powers (Pr and Ps in MWe) and driver energy 
(E d in MJ) is presented in Table 2. 

Table 2 

Summary of  Demonstration Power Plant direct cost scaling 
used in required gain curve study 

Cost element Cost scaling 
relationship (MS) 

KrF laser driver (NLO) 
Single-beam LINAC (4 GeV) 
Multiple-beam LINAC (4 GeV) 
Single-beam LINAC (2 GeV) 
Multiple-beam LINAC (2 GeV) 
Land and structures 
Reactor plant 

Turbine plant 

Electric plant 
Miscellaneous plant 
Target factory 

113+163 E d 
288 + 76 E d 
292+117E  d 
218+35 E d 
244+ 116 E a 
60 + 150(Pf/500) °.3 
50 + 480(Pth/3000) 0.5 

+ 320(Y /500)  °5 
13 + 176(P s /1000)  0"8 

+ 20(eth/2860) 
+ 59((eth _ Pg)/1860) °'8 

71.5 + 67(Pg / 1000) 
57(P n//1000) °'3 
50 + 100(RR/5.6) °'7 

7 * *  

6 * *  . . . .  i . . . . . .  i . . . . . .  i . . . .  

, , * *  . . . .  ! . . . . .  i . . . .  . - . - : ~ i  . . . . .  ~ . . . . .  i . . . . . .  i . . . . . .  
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Fig. 4. Projected cost scaling for small-sized KrF laser and 
heavy-ion LtNAC drivers. 

The resulting driver cost variation with output en- 
ergy is shown in Fig. 4 over the energy range of 
interest. This figure shows that projected laser costs 
are typically less than those for a multiple-beam LINAC 
but more than those for the 2 GeV single-beam system. 
The multiple-beam LINAC efficiency, however, is much 
higher than that for the other two driver options which 
offsets its higher cost. 

Efficiency plays a key role in minimizing the reactor 
and balance of plant costs for small plants where the 
net power is comparable to that required by the driver. 
This is because the recirculating power is equal to 
Pth/(M ~Td G) where M is the blanket energy multipli- 
cation (1.1-1.4). If the recirculating power exceeds the 
gross power (r/thPth) , no net power is generated. Con- 
versely, if M "qdG exceeds 1/Vth by more than a factor 
of two, the reactor and balance-of-plant costs are de- 
termined primarily by the net power requirement. As a 
result, in a cost-limited scenario, the gain (hence yield 
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Fig. 5. Projected efficiency scaling for small-sized KrF laser 
and heavy-ion LINAC drivers. 
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and associated plant cost) required to produce net 
power scales directly with driver efficiency. Figure 5 
shows the projected efficiencies for the drivers consid- 
ered in this study. The 10% Prometheus-L system 
efficiency may ultimately be increased to 15%, but 
both values are well below the 30% efficiency possible 
with a multiple beam (MB) LINAC. This makes the 
MB LINAC an attractive option in spite of its higher 
capital cost. 

It is also worthwhile to note that as driver energy 
increases, there eventually is no gain which will sup- 
port both the recirculating and net output power re- 
quirements in a fixed-cost facility. The driver portion 
of the cost becomes too large. The required gain curves 
thus asymptote to infinity at some driver energy which 
is a function of the specified capital cost. 

These simple power balance and cost relations were 
used to define curves of required gain versus driver 
output energy for different fixed direct capital costs. 
Figure 6 shows the result for a 100 MWe power plant 
based on the Prometheus-L driver design at 10 and 
15% efficiency. It should be noted that the target 
design windows for cost-limited development are the 
important consideration here not the projected capital 
costs. Absolute costs may change, but the parametric 
scaling should result in similar design windows. To 
assess whether the design windows are feasible, Figure 
6 compares the gain requirement curves to possible 
optimistic and pessimistic physics limitations ort target 
gain for indirect-drive targets suggested by Hogan [4]. 

The figure shows that target gains of 30-50 at a 
drive energy of 1-2 MJ provide a possible DPP design 
window for either 10 or 15% laser efficiency. Improved 
efficiency enlarges the design window (or conversely 
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Values indicated only include direct costs. 

reduces the cost). But the gain required for a 10% 
efficient laser is less than conservative limits on possi- 
ble target gain, with only $300M in additional funding 
beyond that needed to provide any design window. 
Therefore, there is significant motivation to develop 
target designs appropriate for this region of gain space. 
This is reinforced by the fact that such designs could 
likely be validated on Nova Upgrade. 

The simple power balance and cost relations were 
also used to evaluate the gain space appropriate for 
heavy-ion drivers. Figure 7 shows these results for a 
comparable 100 MWe power plant with a single-beam 
(SB) LINAC driver based on the Prometheus-H design 
configuration. To assess the feasibility of such designs, 
Figure 7 again includes possible optimistic and conser- 
vative limits on gain suggested by Hogan [4]. This 
figure shows that SB LINAC power plants only require 
gains of 20-30 at a drive energy of 1-2 MJ due to the 
higher driver efficiency. This is greater than the con- 
servative limit on gain scaling would suggest, but it is 
well below the optimistic gain scaling limit. A driver 
with 2.5 MJ output is required to surpass possible 
conservative limits on gain. 

It is also worthwhile to note that the 2 GeV option 
may provide an extremely attractive development path. 
As indicated in Fig. 4, this driver costs ~ 60% of the 4 
GeV system because it is half as long. At driver ener- 
gies above 3 MJ, the number of beams becomes exces- 
sively large (greater than 40) for a 2 GeV system. 
However, if viable target designs are possible in the 
1-2 MJ energy range, this option provides a very 
low-cost driver (<  $300M) with a number of beams 
comparable to that proposed for the Prometheus-H 
power plant. Further characterization of heavy-ion tar- 
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space windows for a multiple beam LINAC driver. Values 

indicated only include direct costs. 

get designs in this region of gain space thus is clearly 
justified. 

Figure 8 shows these same gain space design win- 
dows for a 100 MWe power plant with an MB LINAC 
driver. This option eliminates the core recycling and 
storage rings required for the single beam design, which 
leads to efficiencies between 20 and 40% as indicated 
in Fig. 5. This makes the MB LINAC an attractive 
option for a DPP in spite of its higher capital cost, as 
indicated in Fig. 4, since recirculating power is signifi- 
cantly lower. This is highlighted in Fig. 8, which shows 
that the required gain curves for an MB LINAC are 
actually lower than those for the SBL once funding is 
large enough to get over the hump of its higher capital 
cost. Gains of 10-20 at driver energies between 1 and 2 
MJ are all that is required to build a small DPP using 
an MB LINAC driver. 

The figure also shows that the 2 GeV design may 
once again offer an attractive development pathway. 
The cost advantage of a 2 GeV system is reduced for 
the MB LINAC driver, as indicated in Figure 4, but its 
efficiency is comparable to that at 4 GeV. Further- 
more, target performance will likely be improved at 
this energy because of the shorter ion range. A 2 GeV 
MB LINAC may therefore prove to be the best option 
for a heavy ion DPP. The SBL capital cost is signifi- 
cantly lower, but this is offset by reduced BOP costs 
for the higher MB LINAC efficiency for a small DPP 
where there is little excess "0G. 

It, therefore, is critical that the Nova upgrade be 
implemented in a timely manner. Target experiments 
could then be conducted to characterize the location of 
the ignition cliff and the height of the gain curves for 
advanced target designs. This will establish a database 
for designing the E T F / L M F  facility. An early ~ 2000 

demonstration of low drive energy (1-2 MJ) target 
designs with repeatable gains comparable to those pro- 
jected by this study would also provide strong justifica- 
tion for a lower-cost IFE development pathway utiliz- 
ing such moderate-gain targets. This could provide the 
impetus to accelerate the engineering development and 
commercialization of IFE technology. 

2.2. Critical issue no. 2: Feasibility o f  direct drive targets 

Description o f  the problem - There are strong incen- 
tives to consider direct-drive (DD) targets because of 
higher gains. However, the feasibility and performance 
characteristics of DD targets are presently uncertain. 
The fundamental driver architecture of the Prometheus 
IFE Reactor Design is strongly influenced by the di- 
rect-drive (DD) target illumination requirements given 
by the project Target Working Group (TWG) *. Un- 
fortunately, the specified TWG requirements may con- 
tain some serious inconsistencies with published plasma 
physics requirements for efficient l ase r / t a rge t  cou- 
pling. The laser driver spatial intensity profile in the 
target plane provided by the TWG is not consistent 
with the Fresnel number of the beam at the location of 
the target. In addition, there are concerns that the 
long, 80 ns precursor pulse may produce significant 
deleterious effects, such as generation of non-linear 
scattering processes which may lead to target preheat, 
thereby preventing an efficient DT implosion from 
occurring. Designs for DD targets appear to have been 
anchored on experiments conducted on miniature DD 
targets illuminated with only a few kJ of laser energy. 
Large reactor sized, multi-MJ DD targets apparently 
require entirely different illumination scenarios. For 
reactor operation, the DD targets must also be accu- 
rately injected into the target chamber with a track- 
ing /  alignment system capable of meeting the illumina- 
tion uniformity requirements set forth below. 

Review of  target illumination requirements supplied by 
TWG - The TWG has provided direct drive target 
illumination requirements which include the following 
elements: 
(1) > 60 beam illumination with +1% illumination 

homogeneity of a 6-mm diameter target, 
(2) 80 ns precursor pulse containing 30% of energy, 

followed by 6-ns main pulse (long prepulse gener- 
ates underdense plasma atmosphere 3.2 cm deep 
prior to arrival of main pulse, thereby risking gen- 

* The Target Working Group consists of senior individuals 
advising the Prometheus study (see ref. [1]). 
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Fig. 9. Diagram of tangential direct-drive target illumination geometry at start of main pulse. 

erations of SBS, Stimulated Raman Scattering 
(SRS), hot electrons, and resonant absorption 
mechanisms) 

(3) UV wavelength (<  300 nm) with approximately 5 
MJ of energy, 

(4) Tangential illumination (beam diameter at target 

= target diameter); no mention of focal zoom; 
beams are circular in cross-section, (very wasteful 
of laser light, excimer laser beams are square, may 
encourage resonant absorption in underdense plas- 
mas) 

(5) The spatial intensity distribution of the incident 
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laser beams in the target plane is described by 
/target(x) = (s in2x) /x  2 (inappropriate apodization 
for homogeneous illumination and efficient ex- 
cimer laser extraction) 

There were, however, no TWG specified require- 
ments on beam polarization, bandwidth, or beam qual- 
ity, all of which are important parameters in laser/  
target interactions. During the 6 ns main pulse dura- 
tion, the direct drive (DD) target implodes from an 
initial 6 mm diameter down to 3 mm, which corre- 
sponds to an implosion speed of 2.5 × 107 cm/s.  Ap- 
proximately 30% of the DT fuel is fused during the 
resulting implosion. 

Physics o f  target implosion - Using the TWG crite- 
ria, the DD target is assumed to be a 6-mm CH 
spherical shell containing a layer of frozen DT. The 
initial laser photons incident on the CH shell blow off 
an underdense plasma from the CH shell to permit the 
main pulse to interact primarily with the plasma atmo- 
sphere. The intention is to drive a symmetrical implo- 
sion of the DT fuel to at least 20 times liquid density. 
A diagram of a single beam (one of many) tangentially 
illuminating a spherical direct-drive target at the start 
of the laser pulse is shown below in Fig. 9. 

A precursor pulse this long produces an underdense 
atmosphere 3.2 cm deep by the arrival of the main 
pulse, thereby providing a long gain length for non-lin- 
ear processes which can cause target pre-heat. During 
the resulting implosion occurring at a speed of approxi- 
mately 2.5 × 107 cm/s,  the target compresses to ~ 50% 
of its original diameter. Unless the laser beam focal 
spot sizes are also reduced ("ZOOMED")  by 50%, a 
significant amount of laser light would consequently 
miss the target. A diagram illustrating this problem is 
shown in Fig. 10. 

Recapitulation o f  published plasma physics target 

coupling requirements - Uniformity of target illumina- 
tion for multiple beam geometries is essential for pre- 
venting the growth of Rayleigh-Taylor instabilities. 
However, it is also important that the angle of inci- 
dence, q, between the incoming laser beams and the 
target be minimized in order to absorb the incident 
beam efficiently into the critically-dense plasma atmo- 
sphere blown off from the target. According to Kruer 
[5], the fractional absorption, fA, for a linear plasma 
density profile is given by the expression: 

( 32veiL ) 
fA = 1 -- exp 15c cos50 , (1) 

which, as indicated, depends upon cos 5 0. Here, vei is 
the plasma collision frequency evaluated at the critical 
density, ncrit. In addition, since an obliquely incident 
optical wave reflects from the plasma at a lower den- 
sity than the critical density, less collisional plasma is 
traversed by these waves, further decreasing the cou- 
pling fraction. Calculations were carried out using this 
absorption function using the geometry shown below in 
Figure 11. Using this geometry and Eq. (1), the target 
coupling efficiency was calculated assuming that fA = 1 
for 0 = 0 with a top hat apodization; the results are 
plotted below in Fig. 12. 

For a linear density profile averaged over the implo- 
sion time, these simulations estimate that only 15% of 
the laser light incident on the target will be absorbed. 
Since the actual beam shapes from the excimer lasers 
are square, a further reduction in target absorption 
efficiency of ~-/4 occurs. For an exponential electron 
density profile in the plasma (n c = ncrit e x p ( - z / L ) ,  the 
fractional absorption, )cA, is given by the expression: 

8Vei L xt 
fA = 1 -- exp - -'-"g'-S--cos30/, (2) 

r?~ 2 - 
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Fig. 11. Geometry fo r  comput ing angular-dependent l i gh t /p lasma coupl ing efficiencies. 
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which, as indicated, depends upon cos 3 0. Calculations 
were also carried out using this absorption function 
witla a top hat apodization. In this case, 28% of the 
energy incident on the target would be absorbed. 

Resonance absorption calculations - The energy ab- 
sorbed by resonantly driven fields in the plasma is 
described by the expression [6]: 

Eabs= f (  v( (E*Er))  ) r2 dr sin O dO (3) 

where E~ is the radial electric field of the laser beam. 
Near the critical density, the expression for E r is given 
by: 

l ( l  + 1) 
E r at(1 - ot2)l/4ell(CoS O) 

(iek2r 2) 

i~ 4'20"t) 
)<cos (b e 27ryc~,  (4) 

where a t is given by the expression: 

~/TU + 1) 
al kR~ ' (5) 

(where R c is the radius of the plasma critical density) 
and where q52(r t) is the absorption function for the lth 
mode. The fraction absorption of the lth mode, fRA, is 
given by: 

f R A -  2 ~  4 - a 2 ,  (6) 

so that the total power absorbed from the laser beam 
as a consequence of resonance absorption is given by: 

PI 2 / 
PRA = £ 2"-~ (~1 (q)~/1 - a 2 , ( 7 )  

1 

where P/ is the laser power in the lth mode. The net 
result of performing the integral in Eq. (3) is to show 
that resonance absorption generally depends upon 
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Fig. 13. Resonant absorption contours on spherical DD target. 
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(cos O o) [6]; the implication is that tangential target 
illumination proposed by the TWG would favor reso- 
nant absorption over inverse Bremsstrahlung for large 
angles of incidence. Perhaps a more serious result of 
these analyses [6] is that the spatial absorption distribu- 
tion function is not uniform over the target sphere. 
The calculated RA distribution for a vertically polar- 
ized laser beam is shown in Fig. 13. 

As shown, resonance absorption is predicted to 
produce two symmetrical "hot spots" of absorption at 
mid-latitudes on the sphere when illuminated with 
linearly polarized light. This may constitute an absorp- 
tion uniformity problem because this process occurs 
even when the sphere is uniformly illuminated. How- 
ever, by using A = 248 nm laser radiation, the deleteri- 
ous effects of resonance absorption are expected to be 
reduced relative to inverse Bremsstrahlung. 

DD target injection, tracking, and alignment problems 
- The 6-mm DD target is assumed to be injected into 
the target chamber with speeds of the order of 200 
m/s .  Owing to the vagaries of mechanical a n d / o r  
electromagnetic injection methods, tracking of the tar- 
get and alignment of the 60 beamlines to the antici- 
pated location of the target is mandatory. If tangential 
illumination is used, beams need to be aligned with an 
accuracy of + 500/z (corresponding to an angle A~ = 25 
mrad as seen by the GIMM) relative to the target. If 
pyramidal apodization is used, much more accurate 
target alignment is required (estimated to be +5 /~ 
[corresponding to an angle Aa = 0.25 mrad as seen by 
the GIMM]). In order to achieve the requisite align- 
ment accuracy in this case, a reflective "shine shield" 
on the direct drive target is strongly recommended. 
Although DD target injection, tracking, and alignment 
present technological challenges, it is believed that 
these problems can be solved using careful engineer- 
ing, parallel dedicated computer processing, and ad- 
vanced metrology techniques. 

Summary - Present specifications for the DD target 
illumination requirements such as those provided by 
the TWG, are based upon work performed at only a 
few kJ of laser energy. Elementary plasma physics and 
optics calculations suggest that the current TWG DD 
target illumination specifications are seriously flawed. 
It is essential that DD target results obtained at hun- 
dreds of kilojoules to megajoules be carried out as 
soon as possible to permit realistic DD target driver 
requirements to be generated. Such experiments could 
be performed using the Nova Upgrade laser proposed 
to be built at the Lawrence Livermore National Labo- 
ratory [7,8]. Using advances in laser technology to- 
gether with SDIO tracking technology, it is anticipated 

that high gain DD targets could be developed which 
require only a few MJ of laser energy to achieve 
optimum performance. These large reductions in the 
requirements for laser energy can lead to significant 
reductions in COE as well as an increase in reliability. 
More importantly, the development steps will have 
facilities of much smaller size and modera te  costs. 

2.3. Critical issue no. 3: Feasibility o f  indirect drive 
targets for heavy ions 

Description o f  the problem - The feasibility of the 
indirect drive (ID) targets for the heavy (HI) ion driver 
is, in part, linked to: (1) the properties of the method 
used to transport and focus the HI beam to the target, 
(2) the accuracy and reproducibility of the repetitive 
HI target launch system which injects the ID targets to 
the center of the target chamber, and (3) the ability of 
the high-Z hohlraum cavity to efficiently convert and 
smooth the radiation incident on the DT capsule. This 
study is involved with finding innovative solutions only 
to the first and second tasks. 

In the approach being investigated for the 
Prometheus-H IFE Reactor Design, a number of HI 
beams are focused onto a stripping foil or cell placed 
in front of a pre-ionized channel. The HI beam(s) are 
then completely stripped, yielding mega-ampere cur- 
rents which overcome space charge repulsion to self- 
focus the beam(s), thereby trapping the ions in a small 
diameter (a few mm) channel whose direction is accu- 
rately determined by the pre-ionizing beam. This self- 
focused, small diameter beam is subsequently directed 
to the convertor regions of the moving hohlraum target 
capsule. The target has been injected to arrive at the 
center of the reactor target chamber synchronously 
with the arrival of the HI beam(s). 

Two types of indirect drive, heavy ion fusion targets 
were considered: 
(1) Single energy convertor ID hohlraum targets de- 

signed for single-sided target irradiation (SSTI), 
and 

(2) Dual energy convertor ID hohlraum targets de- 
signed for dual-sided irradiation (DSTI). 

The feasibility of efficiently imploding both of these 
ID targets depends upon the solution of a series of 
technical problems, including: 
(1) Providing return paths for the 13.3 x 106 A current 

for the SSTI beam and for 6.7 x 106 A for each 
beam for the DSTI case. 

(2) Successful injection and self-pinching of the HI 
beams passing through the stripping foil(s) into a 
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self-focused, small diameter beam directed at the 
SSTI or DSTI ID target. 

(3) Accurate pointing of the pre-ionized channel(s) at 
the energy convertor(s) of the ID target. 

(4) Precise launching of the HI ID targets to arrive 
repeatedly at the center of the target chamber and 
synchronized with the arrival of heavy ion beams. 

ReL, iew o f  target irradiation requirements supplied by 
TWG - The TWG has supplied the project with sev- 
eral unclassified documents [9,10] which were used to 
design a suitable HI driver design. The following gen- 
eral HI driver requirements were determined from the 
TWG recommendations: 
(1) Tightly focused HI beams containing approxi- 

mately 5 MJ of energy are to be delivered in a 
main beam pulse duration of 6 ns, 

(2) The incident HI beam diameters need to be ~< 6 
mm at the 1 / e  2 points, 

(3) The HI beams must intercept the convertor regions 
with an accuracy of +0.5 mm. 

Physics o f  single-sided HI  ID target irradiation - Key 
to both the HI ID target irradiation of both single-sided 
and double-sided targets for the Prometheus IFE reac- 
tor is the collapse of all the separate HI beams into a 
single, pre-ionized channel of small dimensions. In the 
Prometheus IFE reactor design concept, this feat is 
accomplished by focusing the separate, bunched beams 
with large quadrupole magnets down to a common 
focus coinciding with a thin stripping foil. A schematic 

of this configuration is shown in Fig. 14. Background 
gas is present to permit autoneutratization of the focus- 
ing beams. Immediately prior to the arrival of thc 
bunched beams, a non-bunched, precursor HI beam is 
precisely directed through the foil to the predicted 
location of the HI target. The target moves approxi- 
mately 10 mm while the beams cross the cavity. Care 
must be taken to avoid damaging the HI ID target with 
the non-bunched beam. A dilute gas (Pb vapor) at a 
pressure of ~ 100 millitorr is present in the target 
chamber. The non-bunched precursor HI beam forms 
an ionized channel in the dilute lead vapor from the 
foil to the HI target. 

Following the arrival of the bunched HI beams, 
each + 2 ion is stripped to an ~ +80 charge state, 
thereby increasing the current to a level of approxi- 
mately 6 MA. This beam current is more than an order 
of magnitude larger than is necessary to self-pinch the 
combined beams, thereby leading to a trapped, self- 
focused HI beam precisely directed to the energy con- 
vertor of the single-sided HI target. The diameter, d, of 
the self-pinched beam oscillates transverse to the beam 
direction with an amplitude determined by the original 
beam emittance and a period of approximately 20 cm. 

Physics o f  double-sided HI  ID target irradiation - 
The technical problems associated with double-sided 
HI ID target irradiation are similar to those described 
above for the single-sided HI ID target case. An addi- 
tional constraint is that the two HI pulses must not 
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Fig. 14. Schematic of Prometheus approach for heavy ion single sided ID target irradiation. 
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only arrive near simultaneously at each of the target 
energy convertors, but they must also be accurately 
aligned spatially. A schematic of the double-sided HI 
ID target irradiation geometry is shown below in Fig. 
15. 

As noted above, key to the Prometheus HI ID 
double-sided target irradiation concept is the collapse 
of the two sets of separate HI beams into each of the 
two pre-ionized channels of ~< 6 mm diameter. In this 
case, the non-bunched precursor HI beams create the 
ionized channels in the low pressure (100 millitorr or 
less) lead vapor prior to the arrival of the HI ID target. 

In a manner similar to that described above for 
single-sided irradiation, following the arrival of the 
N / 2  bunched HI beams, each + 2 ion is stripped to a 
~ + 80 charge state, thereby increasing the current to 
a level of approximately 6 MA. This is sufficient to 
self-pinch the combined beams, thereby leading to a 
pair of colliding, self-focused HI beams precisely di- 
rected to the energy convertors of the double-sided HI 
target. Previous work performed with heavy-ion beams 
has shown that high degrees of precision can be 
achieved with regard to both timing of pulse arrival as 
well as intercepting a small aperture, providing the 
divergence associated with non-compensated space 
charge have been overcome. 

ID H I  target transport problems - The problems 

asociated with transport of the indirect drive heavy ion 
beam target relates to two general categories: 
(1) Protection of the cryogenic target from thermal 

radiation, primarily emanating from the cooling 
interior of the reactor chamber, 

(2) Accurate delivery of the indirect drive, heavy ion 
beam target to a location where the beams can 
successfully illuminate the target. 

Indirect drive targets by their very nature are rela- 
tively fragile and difficult to accelerate rapidly. In 
general, accelerations greater than 100 m / s  2 are to be 
avoided. Target velocities should be in the range of 200 
m / s  to minimize the transit time across to the center 
of the chamber. Since the cryogenic DT capsule is 
relatively well protected from the thermal radiation 
present in the target chamber, the HI ID target is 
predicted to less prone to heating. Because of the 100 
mtorr residual lead vapor pressure, the effect of vis- 
cous drag and turbulence on the motion of the target 
in the chamber must be determined. 

Summary - In the Prometheus IFE reactor concept, 
the feasibility of indirect drive heavy ion targets is 
largely based upon the successful and efficient collaps- 
ing of a large number of low ionization state particles 
into one or two single, highly ionized, self-pinched ion 
beams that are accurately guided to the energy conver- 
tor(s) of a suitable heavy ion indirect drive hohlraum. 
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Fig. 15. Schematic of double-sided heavy ion ID target irradiation geometry. 
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Since the TWG specifications for HI ID targets were 
vague, the Prometheus IFE reactor concept has neces- 
sarily incorporated a great deal of flexibility in the final 
focus and transport portions of the heavy ion driver 
design. 

It is important to demonstrate the validity of the 
Prometheus heavy ion final focus and self-pinched 
propagation physics experimentally. Since these experi- 
ments must be performed at full scale, it will be neces- 
sary to construct a substantial heavy ion driver machine 
in order to demonstrate the concept. It is strongly 
recommend that this be accomplished within the next 
decade. 

2.4. Critical issue no. 4: Feasibility o f  indirect drh, e 

targets for  lasers 

Description o f  the problem - As in the case of the 
indirect drive heavy ion fusion target, the indirect drive 
(ID) laser fusion target being considered by the 
Prometheus IFE Reactor Design is a symmetric, two- 
sided hohlraum design. The feasibility of efficiently 
imploding this ID laser target has difficulties arising 
from three major sources: 
(1) Plasma closure of the two entrance apertures to 

the hohlraum, 
(2) Accurate target tracking and pointing of the multi- 

ple laser beams to coincide with the two entrance 
apertures of the moving ID target, and 

(3) Accurate and reproducible indirect drive target 
propagation from the pellet injector to the center 
of the target chamber. 

Significant misalignment of the laser beams could 
damage the radiation casing of the target capsule and 
cause a target misfire. 

Review o f  target irradiation requirements supplied by 
TWG - As in the case of the heavy ion indirect drive 
targets, the Target Working Group (TWG) has sup- 
plied the team with unclassified documents. In the 
original inertial confinement fusion driver guideline 
document [9] supplied, all references to indirect drive 
laser targets had been removed. A second document 
[10], obtained much later, has some information con- 
cerning indirect drive laser targets. After careful exam- 
ination of the information in these documents [9,10] 
from the TWG, the following laser driver requirements 
were surmised: 
(1) Using the Nova Upgrade laser plan of 288 inde- 

pendently pointed beams arranged in three or four 
rings of beams on each side of the target with the 
beams distributed in angles ranging from 30 ° to 60 ° 

from the target axis, the indirect laser target illumi- 
nation requirement is achieved. It should be possi- 
ble to reduce the total number of beams to approx- 
imately 50. This would require an energy balance 
between beams of 5%. (Achieving a 5% balance of 
power among the laser beams is significantly easier 
than the 1% illumination uniformity required for 
direct drive laser targets) 

(2) Nearly diffraction-limited laser beams are required 
with essentially all of the ~ 2.5 MJ in each of the 
two beams being contained inside a 1.5-mm diame- 
ter spot. Pulse durations range from around 8 ns at 
a 5 MJ energy level to 10 ns at 10 MJ of 6 ns. (This 
is readily achieved since the focal spot size from a 
1-m aperture mirror located 20 m from the target 
chamber can achieve a 15-p.m spot size). 

(3) A laser wavelength is needed for which efficient 
inverse Bremsstrahlung can be achieved [UV 
Wavelength ( < 300 nm)]. 

(4) A precursor laser pulse containing 30% of the 
energy and having a duration of 40 to 50 ns is 
required. 

In general, these requirements are easier to meet 
than those specified for the laser direct-drive target. 
There are, however, some additional pr6bt'ems associ- 
ated with ID laser targets which may seriously affect 
performance. 

ID Laser target transport problems - As noted, indi- 
rect drive laser targets are relatively fragile and diffi- 
cult to accelerate rapidly. In general, accelerations 
greater than 100 m / s  2 are to be avoided. Since the 
cryogenic DT capsule is relatively well protected from 
the thermal radiation present in the target chamber, 
the laser ID target can survive for longer periods in thc 
target chamber (i.e., the propagation speed of the laser 
ID target need not be as great as that required for the 
laser direct drive target owing to this protective fea- 
ture). See Section 2.3 for a list discussion of similar 
problems. 

Summary  - The feasibility of indirect drive laser 
targets is largely based on overcoming a number of 
potential technical problems: (1) directing 50 nearly 
diffraction limited laser beams accurately to the en- 
trance apertures of the target and (2) reliably trans- 
porting the indirect drive target to the center of the 
target chamber with adequate precision. A great deal 
of flexibility in the final laser beam focus and transport 
portions of the laser architecture was incorporated to 
accommodate the range of specified requirements. As 
in the case of the direct drive target, technical develop- 
ment of high speed tracking and laser pointing systems 
are required in order to assure that all laser beams 
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would be properly positioned on the entrance aper- 
tures of the ID target. 

2.5. Critical issue no. 5: Cost reduction strategies for 
heavy ion drivers 

Description of  the problem - The attraction of the 
Heavy Ion (HI) approach to IFE has always been 
related to the fundamental technical feasibility of 
building a system with the required properties to drive 
a pellet to ignition. The basic accelerator technology is 
well developed, the beam physics is tractable, and 
existing accelerator systems have exhibited 25-year life- 
times with 95% availabilities. A system to provide the 
required average power could have been built ten years 
ago. The problem is cost. A 10 GeV linear accelerator 
built with today's technology would cost billions of 
dollars. There are two key issues associated with HI 
driver cost reduction: 
(1) Space charge limited transport of a bunched beam, 

and 
(2) High current storage rings for heavy ion beams. 

Each of these issues is briefly discussed below. 
Space charge-limited transport of  a bunched beam - 

Experiments and computer simulations have shown 
that transporting beams for several kilometers at their 
space charge limit should be possible, with little emit- 
tance growth. However, this HI beam transport has 
only been demonstrated with low energy, low power, 
unbunched beams. 

If the HI beams have to be transported at currents 
lower than the space charge limit, then the accelerator 
will have to have a longer pulse (in the case of an 
induction LINAC) or more quadrupole transport chan- 
nels within the same accelerator, thereby increasing 
the cost of the accelerator. 

High current storage rings for heavy ion beams - One 
of the characteristic properties of linear accelerators is 
their ability to run at rather high average powers and 
relatively high repetition rates. Since the clearing time 
in the IFE reactor precludes very high repetition rates 
for the DT pellet ignition, the LINAC is forced to 
operate at uneconomical repetition rates. This problem 
can be eliminated if the beams for the LINAC can be 
stored for a short period of time. By operating the 
induction LINAC in the burst mode, the induction 
cores are used over and over, and of course, each core 
is therefore smaller in diameter. 

The issue here is one of demonstrating that a HI 
beam of the required intensity can be stored in a 
storage ring for the requisite time, typically on the 

order of 1 to 2 ms. The issues are similar to those 
associated with bunched beam transport, but have the 
additional complications associated with closed orbit 
synchrotrons, such as betatron and synchrotron reso- 
nances, etc., which can give rise to emittance growth or 
beam loss. Furthermore, beam induced vacuum insta- 
bility is another problem which must be overcome. All 
of these issues can only be resolved with an experimen- 
tal ring with parameters reasonably close to what is 
required. 

2.6. Critical issue no. 6: Demonstration of  higher overall 
laser driver efficiency 

Description of  the problem - The excimer laser driver 
system has a number of components which can individ- 
ually be optimized to yield high efficiencies. The 
achievement of high efficiency is viewed as a crucial 
requirement for the laser driver. In addition, however, 
to the achievement of high efficiency is the correspond- 
ing goal of highly reliable components. The Prometheus 
laser driver consists of the following four major ele- 
ments: 
(1) The excimer laser amplifiers, 
(2) The Raman accumulators, 
(3) The SBS pulse compressors, and 
(4) The computer controlled and self-aligning optical 

train which directs the laser beams through the 
various optical components and down into the tar- 
get chamber. 

The latter three elements require some additional 
development and testing before they can be judged 
adequate to be incorporated into a mature laser driver 
design. The major problem to be addressed here is the 
first element, the excimer laser amplifiers. The funda- 
ment of an efficient, reliable Prometheus laser driver is 
the successful design, construction, and testing of ex- 
cimer laser amplifier modules. 

During the past five years, relatively little work has 
been carried out in the USA with regard to improving 
the efficiency and the reliability of moderate ( ~  5 kJ) 
sized excimer laser amplifiers. Some analytical studies 
[11] have been carried out on both electron-beam ex- 
cited excimer lasers (EBEELs) and electron-beam sus- 
tained electric discharge lasers (EBSEDLs) which of- 
fered (on paper) gross wall plug efficiencies as high as 
17%. These efficiencies, however, are more likely to be 
reduced significantly if incorporated into a large laser 
system architecture. The main concern is that no ex- 
perimental work in excimer amplifier development is 
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either currently in progress or planned by the Depart- 
ment of Energy (DOE). 

Work in the former Soviet Union with sliding dis- 
charge cathodes in CO 2 discharge lasers has produced 
some promising results which may offer alternatives to 
the EBSEDLs. The electric discharge lasers offer an 
inherently higher efficiency than the EBEELs since 
excitation of the excimer species occurs along the neu- 
tral channel, thereby avoiding the excitation of a large 
number of higher-lying states (which may contribute 
relatively little to the overall amplifier extraction effi- 
ciency). Moreover, by avoiding transmitting large beam 
currents through foils, hibachis, etc., the overall pump- 
ing efficiency may be significantly higher. 

Requ i red  f u t u r e  w o r k  on exc imer  laser ampl i f ier  m o d -  

ules - There are several problems with the electric 
discharge excimer lasers which require further experi- 
mental work. These include: 
(1) Characterization of the optimum excitation pulse 

duration and gas mixture to achieve efficient oper- 
ation with a matched, efficient, pulsed power sys- 
tem. 

(2) Sensing and prevention of the formation of arcs in 
the discharges. 

(3) Extension of the operating lifetimes of the ampli- 
fiers to reach levels of 109 to 101° amplifier firings 
between failures. 

(4) Control of color center formation and chemical 
attack of amplifier windows during the 109 to 10 l° 
shot operational periods. 

If these problems were analyzed theoretically and 
solutions found experimentally during a series of tech- 
nological development programs granted by DOE to 
industry, the workhorse of the Prometheus excimer 
laser driver could be developed to the point that it 
could be incorporated into a believable IFE reactor 
system by the year 2030. 

S u m m a r y  - The major obstacle to the development 
of a reliable, highly efficient excimer laser driver for 
IFE reactors is the lack of work previously performed 
or currently planned on moderate-sized (2-6 kJ out- 
put) excimer laser amplifier modules. We strongly rec- 
ommend that DOE support an aggressive excimer laser 
amplifier program with the goal of producing a 2 to 6 
kJ amplifier with a wall plug efficiency of 12% and a 
mean time between failures of between 10 9 and 10 ~ 
shots. 

Amplifier modules this size can fail in operation 
without producing a deleterious effect on the overall 
operation of the IFE reactor. Additional work would 
be needed on the Raman accumulators, SBS pulse 
compressors, and beam conditioning systems as well in 

order to achieve the objective of an efficient, reliable, 
operational IFE laser driver by the year 2030. 

2. 7. Crit ical issue no. 7." Tri t ium s e l f  suf f ic iency  in IFE  

reactors  

In t roduc t ion  - Fuel self sufficiency is a critical re- 
quirement for a renewable energy source. The first 
generation of fusion power reactors will operate on the 
DT cycle. Since tritium is not available in nature, 
tritium must be bred internally in fusion reactors using 
neutrons generated in the DT reactions. Therefore, 
careful analysis of the fuel cycle is necessary to evalu- 
ate the conditions that must be met in a fusion reactor 
design. These conditions must then be used as absolute 
criteria in selection among design concepts and in 
defining the range of acceptable performance parame- 
ters. Self sufficiency requirements must be included in 
a prudent plan for fusion research and development. 

Several characteristics of tritium and fusion reactors 
that make fuel cycle analysis complex are (1) tritium is 
a gas in the natural state, (2) tritium undergoes ra- 
dioactive decay with a relatively short half life, (3) 
tritium must be fed nearly continuously into the reac- 
tion chamber, (4) the fractional burnup, i.e. the frac- 
tion of the tritium atoms fed into the reaction region 
that undergo fusion reaction before they are removed 
out of the reaction region, is relatively low, (5) removal 
and processing of the fuel exhaust from the reaction 
region involve many physical, chemical and thermal 
processes and, generally, require a significant amount 
of time, (6) tritium bred in the blanket surrounding the 
reaction region must be extracted and processed 
through several processes that take time and, (7) the 
amount of tritium that can be produced in the blanket 
per fusion reaction is sensitive to the choices of partic- 
ular technologies of key reactor components (e.g. neu- 
tral beams vs. rf in MFE or laser vs. heavy ion beams in 
IFE) and to many of the specific design features and 
performance parameters for a given technology (e.g. 
penetrations associated with direct or indirect KrF 
laser driver). 

In previous work [12] fuel cycle analysis was per- 
formed and fuel self sufficiency conditions were de- 
rived for magnetic fusion reactors. There are substan- 
tial differences in the fuel cycle and in the reactor 
characteristics, and hence in fuel self sufficiency condi- 
tions and requirements between MFE and IFE reac- 
tors. The purposes of this work are (1) to develop a 
mathematical model for the fuel cycle in IFE reactors, 
and (2) to derive fuel self sufficiency conditions and 
requirements. Future work should compare the re- 
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quirements and potential for attaining self sufficiency 
in future IFE and MFE reactors. 

Sel f  sufficiency condition - T h e  tritium breeding 
ratio (TBR), A is defined as [12]: 

A = A[+/A[ - , (17) 

where _N+ is the rate of tritium production in the 
system (primarily, the blanket) and N -  is the rate of 
burning tritium in the fusion reaction chamber (i.e., the 
fuel target in IFE or the plasma in MFE). Defining two 
specific breeding ratios, the required TBR, At, and the 
achievable TBR, Aa; the condition to attain tritium self 
sufficiency in fusion reactors can then be written as: 

a a/> a r, (18) 

Since fusion is in a relatively early stage of R & D ,  
accurate and clear definition of A r and A a must he 

general enough to account for uncertainties in reactor 
system description and in predicting its performance. 

The required TBR (A r) in a self-sustained fusion 
power economy must exceed unity by a margin, G, 
necessary to (a) compensate for losses and radioactive 
decay of tritium during the period between production 
and use, (b) supply a holdup inventory in various 
reactor components, and (c) provide inventory for 
startup of other fusion reactors. 

The required Ar, as shown later, is a function of 
many reactor parameters as well as the doubling time, 
td, and the radioactive decay constant for tritium. Ex- 
amples of these parameters are the fractional tritium 
burnup in the target, and the mean residence time and 
tritium inventory in various reactor components such 
as the target factory, blanket, and tritium processing 
systems. Many of these parameters vary from one de- 
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sign to another;  and, for a given design, the prediction 
of  some of these parameters  is subject to uncertainties. 
We write: 

A r =  1 + G o + Z I G ,  (19) 

where G O is the breeding margin for a reference con- 
ceptual design based on a given est imate of  its perfor- 
mance parameters,  and where ZIG is the uncertainty in 
estimating the required breeding ratio (1 + Go). 

The achievable TBR,  Aa, is also a function of the 
reactor design with particularly strong dependence  on 
the first w a l l / b l a n k e t  design concept.  At  present, ac- 
curate prediction of A a suffers from two types of 
uncertainties: 
1) Uncertaint ies  in system definition: Fusion reactor 

design concepts are evolving. The choices for many 
of the design features, materials, and technology 
options have not been made. The  achievable TBR is 
strongly dependent  on many of these choices. 

2) Inaccuracies in prediction: For  a well-specified re- 
actor system, the predict ion of the achievable breed- 
ing ratio is subject to uncertainties. These are due 
to approximations or  errors in the various elements 
of  the calculations, e.g., in basic nuclear data, data 
representation,  calculational methods,  and geomet-  
ric representation.  We write the achievable TBR,  
Aa, as: 

Aa = Ac - ZIa, (20) 

where A c = T B R  calculated for a specified blanket in a 
specified reactor system, and A a = uncertainty in calcu- 
lating the achievable TBR: 

2 2 ZIa = ~/As q" ZIp, (21) 

where /t S = uncertainty associated with system defini- 
tion; i.e. the changes in A c due to probable changes in 
the system definition, and zip = uncertainty in predict- 
ing the breeding ratio (A c) for the specified system due 
to nuclear data uncertainties,  numerical  approxima- 
tions, geometrical  modelling, etc. 

In comparing the potential  to achieve tritium self 
sufficiency among various reactor concepts or among 
various blanket  options for a given reactor design, it is 
useful to define a "f igure of merit ."  One  such figure of 
meri t  is 

e = a a - a c = ( a c - A a ) - ( l + G o + Z I G ) ,  (22) 

Requ i red  T B R  - The analytic model  developed in 
ref. [12] was modified to describe the various elements  
of  the trit ium cycle in an IFE  reactor.  The model  is 

Table 3 
Abbreviations used in Figure 17 

A = tritium breeding ratio 

A?-~ = tritium burn rate in the target 
I i = tritium inventory in compartment i 

= mean residence time of tritium in compartment i 
e i = nonradioactive loss fraction of tritium 

in compartment i 
Z = tritium decay constant 
/3 = tritium fractional burnup in the target 
J~ = tritium fractional leakage to compartment i 
lg = constant flow rate of tritium recovered from waste, 

steam, and air processing units 
A c = l i l T  1 ( 1 -  fc) 

B,. = l l / T 1  f~ 

shown schematically in Fig. 16. A set of differential 
equations was written down to relate the tritium inven- 
tories in the various components  of Figure 16 to their 
operat ing parameters.  The equations were solved ana- 
lytically to derive explicit expressions for the functional 
dependence  of the tritium inventories. An exact ex- 
pression for the required T B R  as a function of the 
doubling time and the tritium cycle operat ing parame- 
ters was derived. A computer  program was written 
using these equations to calculate the dependence of 
the required T B R  on the key physics and technology 
parameters  of an IFE  reactor. Table 3 denotes the 
abbreviations used in Fig. 16. 

A set of reference parameters  was selected to rep- 
resent the present best estimate. This reference param- 
eter set is shown in Table 4. The calculated value of 
the required T B R  with this reference parameter  set is 
1.05. A sensitivity study was then performed to deter- 
mine the sensitivity of A r to variations in various 
parameters.  It was found that the required TBR is 
most sensitive to: 
- /3: tritium fractional burnup in the target, 
- T.~: the tritium mean residence time in the target 

factory, 
- tr: the number  of days of tritium reserve on site, 
- td: the doubling time. 

Figure 17 shows the variation of the required T B R  
with these most important  parameters.  It can be seen 
from this figure that the required T B R  can increase to 
~ 1.25. Figure 18 shows the variation of A r with simul- 
taneous change in the values of /3 and T~0. The re- 
quired T B R  increases dramatically, e.g. to ~ 1.5 if /3 
drops to 5% and 7"10 becomes 20 days. Such high T B R  
can not be achieved in a fusion reactor. 
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The achievable TBR is generally in the range of 1.1 
to 1.3 with about 20% uncertainty due to system defini- 
tion and prediction capability. Two important conclu- 
sions arise from this analysis: 
1. R & D  effort for IFE must aim at achieving certain 

range of parameters that have direct impact on 
tritium self sufficiency. For example, the R & D goals 
should be to achieve/3 > 20% and T10 < 10 days. 

2. Tritium self sufficiency is a critical issue in IFE, as it 
is in MFE. Demonstration of tritium self sufficiency 
must be a goal for early integrated test facilities. 

2.8. Critical issue no. 8." Cavity clearing at IFE pulse 
repetition rates 

Following each pellet explosion, the cavity fills with 
target debris and material evaporated or otherwise 
ejected from the cavity surfaces. This material must be 
removed from the cavity before the next target is 
injected. In the Prometheus designs, the cavity is 
cleared by recondensing the condensable gases onto 
the surface of the first wall, and by pumping non-con- 
densible gases out through large ducts. 

Operation of a power reactor requires continuous 
operation at several (i.e., ~ 5-10) pulses per second. 
For a fixed reactor thermal power, lower repetition 
rates require higher yields, which in turn produce 
unacceptably high driver energy requirements and ex- 
cessive loads on the surrounding components. In order 
to ensure that a feasible design window exists, the 
cavity pressure must be reduced to the level required 
for target and driver energy propagation. 

Evacuation requirements are based on propagation 
limits for both targets and driver energy. Base pressure 
requirements are important for two reasons: (1) the 
time to evacuate the chamber depends on the pressure, 
and (2) the level of protection to the first wall (and 
final optics) afforded by the cavity background gas 
depends strongly on the pressure. If a sufficiently high 
background pressure could be allowed, the survivability 
of the solid surfaces might be substantially enhanced. 

Driver propagation requirements depend on the 
type of driver. For the Prometheus-L design, the Pb 
pressure limit for laser propagation was estimated as 
~ 1 mTorr at 0°C. Above this value, gas breakdown is 
expected to occur, in which case the laser beams would 
be degraded. Target gain would start to decline. 
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Table 4 
Reference parameter set for tritium self-sufficiency calcula- 
tion 

Tritium consumption (burn in plasma), A~-- (kg/day) 0.3 
Doubling time, td(Yr) 5 
Tritium fractional burnup in plasma,/3(%) 30 
Time reserved for independent tritium supply, tr(day) 2 

Non radioactive losses (chemical tie-up 
in radioactive waste, etc.) in: 

Breeder processing, e2(%) 0.02 
Blanket coolant processing, e3(%) 0.001 
Fuel clean up and isotope separation units, e4(%) 0.0 
Reactor chamber and exhaust processing, E6(%) 0.05 
Driver region processing, E7(%) 0.1 
Wall protection processing, e8(%) O. 1 
Target fabrication processing, era(%) 0.1 

Tritium mean residence time in: 
Blanket, Tl(day) 1 
Breeder processing, T2(day) 0.1 
Blanket coolant processing, T3(day) 100 
Fuel cleanup and isotope separation units, Ta(day) 1 
Reaction chamber and exhaust processing, T6(day) 1 
Driver region processing, TT(day) 100 
Wall protection coolant processing, Ts(day) 100 
Target fabrication and target storage, Tin(day) 10 

Tritium fractional leakage from: 
Breeder to blanket coolant processing, re(%) 0.001 
Plasma to limter processing, fL(%) 0.01 
Plasma to wall protection processing, fF(%) 0.01 

Constant tritium flow returned from the waste, steam 
and air processing, 19(g/day) 0.01 

Due to the innovative, heavy-ion channel transport 
mechanism used in Prometheus-H, a much higher base 
pressure is considered acceptable. In this case, the 100 
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Fig. 19. Cavity vapor pressure and temperature histories fol- 
lowing the blast. 

mTorr limit is determined also by target transport. 
Target propagation limits depend on the target design. 
Indirect drive targets are generally more robust than 
direct drive, and can propagate at higher base pressure 
with less degradation. In order to resolve this aspect of 
the issue, accurate estimates of maximum allowable 
base pressure need to be determined for each target 
and driver design to be pursued. 

Under idealized conditions, achievable cavity clear- 
ing times can be estimated by analyzing mass and 
energy transport within the cavity. Figure 19 shows the 
results of such a calculation. Cavity vapor temperature 
and pressure histories are plotted for a Pb wetted-wall 
cavity design. In this case, approximately 3 kg of Pb are 
evaporated by direct energy deposition from the X-rays 
which reach the first wall. The initial average cavity 
vapor pressure and temperature are estimated as 49 
kPa and 3 eV, respectively. A much larger amount of 
Pb is subsequently evaporated due to rapid radiation 
cooling of the cavity vapor. Before the recondensation 
phase begins, about 80 kg of Pb (10/xm) is evaporated. 

Based on this analysis, the cavity pressure drops 
below 1 reTort before the next shot. However, the 
actual physics of energy and mass transport and vapor 
recondensation is very complex under the extreme con- 
ditions following a target explosion. The cavity gas is 
partially ionized, and subject to highly time-dependent 
processes such as hydrodynamic shock waves. Non-ideal 
effects such as liquid droplet formation and effects of 
penetrations provide additional uncertainties. 

While many uncertainties exist, there arc also vari- 
ous design solutions which can be adopted to improve 
the cavity clearing rate. For example, condensing sur- 
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faces (or cold jets) could be added. Some design pro- 
posals use large slugs of cold liquid to evacuate the 
chamber. More research is needed to better under- 
stand clearing requirements, the recondensation pro- 
cess, and to develop design solutions to this critical 
issue. 

2.9. Critical issue no. 9: Performance, reliability, and 
lifetime o f  final laser optics 

Description - In this study, successful conceptual 
mirror designs were introduced. These designs in- 
volved both the dielectric turning and focussing mirror 
and the final optical component; the Grazing Inci- 
dence Metal Mirror (GIMM). Analysis of the proposed 
design indicated that, with proper selection of materi- 
als and mechanical configuration, the GIMM lifetime 
can be very long - on the order of the plant lifetime. 
Clever shielding designs, and materials selection for 
the dielectric elements can likewise lead to great im- 
provements in the overall laser reactor concept. In all 
previous studies of laser fusion so far, it has always 
been concluded that the the final mirror will have to be 
at distances in excess of 30-40 m away from the cavity 
center, and that the lifetime and reliability will be 
small. Preliminary analyses of the Prometheus design 
approach indicated the mirror could be a life-of-plant 
component and yet be located 20 meters from the 
cavity center. An in-depth study of the performance, 
reliability and lifetime of the final optical components 
is necessary. Advances in this area will undoubtedly 
lead to significant improvements of the entire concept, 
and will likely benefit other technological areas which 
rely on the reliable performance of large laser mirror 
systems. 

Analysis 
Turning mirror - As  far as the turning mirror is 

concerned, two categories of research will be pursued: 
(1) Shielding design of a neutron dump, and pinhole 

for minimization of the damage caused by ionizing 
radiation (i.e. neutronic and photonic). 

(2) Materials selection and data base analysis for the 
optimum choice of dielectrics with the minimum 
amount of damage. In this area, rate theory would 
be used to compute the accumulation rates of color 
centers, and their impact on the optical properties 
of the dielectric. To our knowledge, this approach 
has not been attempted so far. A model with these 
capabilities can actually lead to the development of 
annealing strategies for the elimination or reduc- 

tion of the effects of radiation on the optical prop- 
erties of the dielectric materials. 

Grazing Incidence Metal Mirror (GIMM) - The de- 
sign of a reliable, long-life GIMM is critical to the 
success of the laser fusion concept. A detailed thermo- 
mechanical design involves the following features: 
(1) Decoupling between the optical and structural 

functions of the mirror. A high strength aluminum 
alloy is deposited on top of a composite SiC stiff- 
ened support structure. A very thin graphitic shear 
layer would be desirable, such that the larger ther- 
mal expansion of the aluminum surface does not 
lead to buckling patterns on the mirror's surface 
which would degrade the optical quality of the 
laser beam. 

(2) A low activation, zero swelling composite structural 
support of the aluminum surface. Thermal defor- 
mations of the surface are corrected by uniform 
end moments. These correcting moments can be 
induced by clamping the structural support to a 
rigid concrete shell, which would also give only one 
or two degrees of freedom for thermal expansion. 
Design of mechanical sl iding/bolt ing systems must 
be demonstrated in order that the deflections 
caused by the small temperature gradient across 
the mirror's surface can be completely eliminated. 

(3) Detailed structural analysis of the aluminum opti- 
cal layer, the supporting composite structure, and 
the graphitic shear layer. 

(4) Determination, and analysis of the possible modes 
of damage to the mirror. This would involve fatigue 
and creep damage assessments. It is to be borne in 
mind that fatigue analysis of the composite struc- 
tural substrate does not follow the established rules 
for metal systems. On the other hand, fatigue of 
the surface aluminium layer (a few mm thick) can 
also be minimized, or perhaps eliminated, if more 
effort is directed towards stress redistribution in 
between the optical aluminum layer and the struc- 
tural substrate. 

(5) Investigation of the possibility of piezoelectric, or 
other error detection and correction mechanisms, 
for final mechanical control of the optical quality 
of the mirror's surface. 

2.10. Critical issue no. 10: Viability o f  liquid metal film 
for first wall protection 

In the Prometheus designs, a thin liquid metal  film 
wets the first wall in order to prevent the solid struc- 
tures from rapidly degrading due to the extremely high 
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instantaneous heat and particle loads. To prevent liq- 
uid from entering the cavity, the thickness of the film is 
maintained as small as possible. For this scheme to be 
successful, all structures exposed to the blast must be 
covered. Analysis of dry spots suggests that operation 
for periods of time greater than 10-15 minutes will 
cause irreparable damage to the first wall. 

While a great deal of research has been carried out 
on film flows, the materials, configuration, and envi- 
ronmental conditions for fusion are unique, and little 
effort has been expended in the IFE community to 
determine how films will behave under these condi- 
tions in a real engineering system. The major uncer- 
tainties include: 
- Film feeding and thickness control 
- Blast effects 
- Flow around geometric perturbations (such as beam 

penetrations) 
- Protection of inverted surfaces. 

The film thickness must be relatively uniform in 
Prometheus because the surface power conducts 
through the film. The local film thickness determines 
the local surface temperature, which strongly influ- 
ences the condensation rate. Even for very thin films, 
the flow becomes turbulent and instabilities are likely 
to develop. Therefore, better understanding of the 
nature of instabilities and possible remedies are criti- 
cal. Good wetting between the solid surface and liquid 
film is very important. 

Explosive effects resulting from the blast may lead 
to further problems. Several effects are present: 
(1) A large impulse is imparted to the film following 

rapid evaporation at the surface. 
(2) Additional shock waves strike the wall as the cavity 

vapor responds to the blast. These shocks cause 
motion of the solid structures which could eject 
liquid into the chamber. 

(3) Rapid "isochoric" bulk heating of the liquid cre- 
ates high pressures, which can cause fragmentation 
of the liquid film. 

The problem of wall protection with films is particu- 
larly difficult near inverted surfaces (such as the upper 
hemisphere or tops of beamlines) or at penetrations 
and nonuniformities in the cavity interior. Dripping is 
likely to occur from inverted surfaces, so that the 
concept of slow porous flow may need to be supple- 
mented with alternate methods, such as inertial jets or 
magnetic guiding. 

Figures 20 and 21 show the jet velocity required, 
and the film thickness and minimum flow rate required 
for film attachment on the upper hemisphere. The 
velocity and thickness can be high, leading to large 

8 

' 3  

_o 
g 4  

i I = I I I I 

0 1 2 3 4 
Distance from the upper i~emlsphere top (m) 

Fig. 20. Minimum velocity required for film attachment on the 
upper hemisphere. 

flow rates. The option of using MHD guiding has been 
shown to be capable of resolving this problem, but 
adds design complexity to the device. 

2.11. Critical issue no. 11: Fabricability, reliability, and 
lifetime of  SiC composite structures 

Description - The viability of using SiC structures in 
the first wall and blanket is a key consideration of the 
laser and heavy ion designs. If these concepts are to be 
believable, efforts should be made to assess the factors 
involved in determination of acceptable lifetimes, and 
to determine the appropriate manufacturing methods 
and their economics. Anticipated lifetimes for F W / B  
components are not well known. Limited resources 
allocated to this area precluded a realistic assessment 
of the anticipated lifetimes. Without this knowledge, 
system reliability, maintenance and economics would 
be seriously challenged. In order to perform this task, 
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Fig. 21. Turbulent film thickness and minimum flow rate 
required for film attachment on the upper hemisphere. 
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several investigations need be considered. It is too 
simplistic, and perhaps misleading, to use the accumu- 
lated fluence, or displacements per atom, to make 
projections of lifetimes. The determination of such 
lifetimes would need knowledge of the various effects 
of radiation. The most prominent of those are neutron 
induced swelling, embrittlement, fiber shrinkage, and /  
or detachment from the matrix, creep crack propaga- 
tion at high temperatures, and crack bridging mecha- 
nisms during irradiation. 

On the other hand, the technology to process and 
manufacture SiC composites is in its infancy. An evalu- 
ation of manufacturing methods, potential, and costs is 
needed. Manufacturing methods are classified into fiber 
production techniques and matrix processing technolo- 
gies. A variety of possibilities exist, with potential con- 
sequences on both economics and design. 

Analysis 
(1) Radiation effects on the properties of SiC com- 

posites: The relevant effect of irradiation to be investi- 
gated are: displacement damage production in various 
neutron spectra; swelling rate dependence on tempera- 
ture, fluence and porosity; irradiation induced creep; 
irradiation embrittlement by amorphization; high tem- 
perature crack nucleation and propagation under static 
and dynamic conditions. 

(2) Lifetime assessment of the FW: A realistic de- 
termination of FW lifetime would require analysis of a 
number of material and structural properties of the 
first wall. The data base accumulated under item (1) 
above would have to be phenomenalogically modeled 
in the form of appropriate design equations. These 
equations will include crack growth under cyclic load- 
ing at high temperature, radiation creep rate, thermal 
creep rate, and swelling rate. These mechanical prop- 
erty equations will then be used in a structural analysis 
code for determination of stress and strain fields under 
time-dependent loading conditions. The lifetime of the 
F W / B  structure will be dictated by: 
(a) fatigue crack growth, 
(b) maximum allowable inelastic deformations, 
(c) maximum stress/strain criteria under the complex 

multiaxial loading situation in the structure, 
(3) Manufacturing and reliability: Existing manu- 

facturing techniques involve Chemical Vapor Deposi- 
tion (CVD), Chemical Vapor Infiltration (CVI) and 
Hot Isostatic Pressing (HIP) technologies for the ma- 
trix. A wide range of fibers and architecture are also 
possible. The structural performance, lifetime and reli- 
ability are all dependent on the manufacturing method 
of the composite. In addition, cost is an important 

factor, which will be also determined by the manufac- 
turing technique. 

2.12. Critical issue no. 12: Validation o f  radiation shield- 
ing requirements, design tools, and nuclear data 

Radiation shielding must protect both personnel 
and sensitive reactor components. Components with 
the most stringent protection requirements include the 
final optics in a laser-driven fusion reactor. Other 
components with important radiation protection re- 
quirements include magnets in the heavy ion driver, 
instrumentation and control. Two important require- 
ments must be imposed on the radiation shield in 
order to enhance attractive environmental and safety 
features of IFE reactors. First, the bulk shield (im- 
mediately surrounding the blanket) must be designed 
so that the long-term activation in reactor components 
outside the cavity and inside the reactor building is 
minimum. Such components include the heat transport 
system, heat exchanger a n d / o r  steam generators, and 
a variety of auxiliary systems and constitute a large 
material inventory that would tremendously increase 
the waste disposal problem if allowed to be highly 
radioactive. Second, the IFE shield should be designed 
to permit some personnel access to the reactor build- 
ing outside the bulk shield within days after shutdown. 
Although full remote maintenance should be planned 
for, having personnel access capability after shutdown 
is deemed necessary in a number of foreseen cases and 
unforeseen events. 

These critical requirements on the shield combined 
with the fact that the shield is one of the largest (in 
volume and weight) and more expensive components in 
an IFE reactor necessitate careful shield design. So- 
phisticated capabilities for predicting the radiation field 
and associated radiation response in materials are re- 
quired. Although advanced capabilities exist, uncer- 
tainties in accuracy remain due to modelling complexi- 
ties, nuclear data uncertainties, limitations of calcula- 
tional methods in void regions and deep radiation 
penetration problems, and time dependent behavior of 
materials and components. For example, it is likely 
that components will deform during operation, which 
may lead to unpredictable streaming paths. Improve- 
ments in methods, data and experimental verification 
of prediction capabilities are needed. 

Establishing accurate radiation protection require- 
ments is necessary, particularly for components whose 
shielding is either physically difficult (e.g. final optics 
in laser driver) or results in substantial economic 
penalty. Thus, quantitative and reliable knowledge of 
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the effect of radiation on materials and components is 
required. 

2.13. Critical issue no. 13: Reliability and lifetime o f  laser 
and heavy ion drivers 

Description o f  the problem - The reliabilities and 
lifetimes of excimer laser and heavy ion driver systems 
profoundly affect the operating characteristics of an 
inertial fusion energy (IFE) reactor. Although both the 
excimer laser and the heavy ion are powered with 
somewhat similar pulsed power systems, the critical 
issues associated with these two drivers are sufficiently 
distinct that they should be considered separately. 
There are presently no known technical problems which 
could keep either of these driver types from perform- 
ing reliably as IFE drivers. 

Reliability and lifetimes o f  excimer laser drivers - 
Two general types of excimer laser amplifiers have 
been considered for IFE: 
(1) Direct electron-beam pumping through a foil, and 
(2) Electric-discharge pumping. 

The first category can be constructed in larger sizes 
(and hence output energies) than the latter. Theoreti- 
cal simulations suggest that the electric-discharge laser 
may be more reliable than the e-beam pumped laser. 
There are, in addition, a number of similarities which 
these two types of excimer lasers share. First of all, a 
key parameter for each of the lasers is the small signal 
optical gain, G O given by the expression: 

G o = exp(o-NL), (23) 

where (r is the stimulated emission cross-section for 
the excimer laser transition, N is the inversion density 
of the excimer laser amplifier, and L is the length of 
the active excimer gain medium. Typically, G o must be 
less than some fixed number (such as 20-30) in order 
to avoid unwanted parasitic oscillations in the amplifier 
volume. A somewhat higher limit is set by the superflu- 
orescent limit which defines.a relationship between the 
amplifier solid angle, J2 a, and the small signal gain, G o. 
A simplified expression [13] for the superfluorescent 
limit on amplifier gain is given by the expression: 

Co 
4 <J2~, (24) 

{ ( c o -  1) 3 

where the amplifier solid angle is given approximately 
by d 2 / L  2 for a rectangular amplifier (where d~ is the 
amplifier aperture). Since ~r is nominally a fixed pa- 
rameter, in order to keep G o below the parasitic limit, 

L a n d / o r  N must be adjusted. The difficulty here is 
that the excimer inversion density, N, is related to the 
inversion energy, E~, in the medium given by the 
expression: 

Es = NhuLd~,  (25) 

where, as before, d a is the amplifier aperture, h is 
Planck's constant, and u is the laser frequency. An 
important parameter for laser amplifiers is the inver- 
sion energy per unit volume, Ps = E s / V  = Nhu. In opti- 
mizing amplifiers, frequently Ps is maximized in order 
to obtain the highest output energy/cm 3 form the 
excimer amplifier gain volume. A typical limit for p~ is 
20 J / l ,  or more typically 10 J / l  [13]. Thus, in order to 
keep G o below either the parasitic limit or the super- 
fluorescent limit, it is easiest to adjust L, the gain 
length. In carrying out these optimizations at constant 
cr and N, the results tend to reduce the size of the 
excimer laser amplifier to dimensions of the order of 
50 × 50 × 200 cm with a volume of approximately 500 
liters. Amplifiers this size tend to produce less than 5 
kJ of output energy, an amount of energy which is only 
0.1% of the total driver energy of 5 MJ; this is an 
important factor in performing the overall Prometheus 
failure mode analyses. Designers of e-beam pumped 
lasers, however, have produced designs for much larger 
amplifiers, theoretically producing output energies of 
hundreds of kilojoules. 

Each of these two types of excimer lasers is briefly 
described below: 

E-beam pumped excimer lasers - Direct electron- 
beam pumping permits large volumetric excitation of 
the excimer gain media (typically a mixture of noble 
gasses plus a halogen). All of the pumping energy 
delivered to the gas is delivered by the e-beam. This 
excitation scheme has been attractive for the construc- 
tion of large excimer lasers since it is readily scalable 
to large apertures (~  100 cm), energies, and volumes 
(thousands of liters). 

The e-beam is generated under hard vacuum condi- 
tions (10 7 torr or better), whereas the excimer gain 
medium has a density of approximately 1 amagat (cor- 
responding to a gas pressure of 760 torr). A thin foil is 
used to separate the high vacuum e-beam from the 
corrosive halogen atmosphere inside the laser ampli- 
fier. Since the excitation area is given by the product 
daL, a relatively large foil area in a typical e-beam 
pumped excimer laser amplifier (such as the LAM [14] 
with a ~ 100 × 200 = 2 x 104 cm 2 area) is exposed to 
the vacuum interface. In order for the thin (several 
micron) foil mechanically to support the force exerted 
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by the 760 torr differential pressure, a mechanical 
bridge-type structure (often referred to as a Hibachi) 
which may block a portion of the incident e-beam is 
installed to stiffen the foil structure. In operation, the 
high power e-beam is accelerated through potentials in 
excess of 106 V, and upon traversing the foil, some 
fraction (30-50%) of the electron beam energy is lost. 
The action of this large amount of energy is deposited 
into the small volumes of the foil and Hibachi, thereby 
greatly stressing these elements, particularly the foil in 
cases in which the beam current density is not uniform. 
The problem increases significantly in repetitive opera- 
tion since it necessitates water-cooled Hibachis. In 
some cases, the repetitive operation of an e-beam 
pumped excimer laser has hitherto been unreliable 
because of periodic foil ruptures. In order to overcome 
this problem, e-beam pumped excimer lasers have re- 
ceived a considerable amount of technological develop- 
ment. 

Even with the greater energy capabilities of EBELs, 
a substantial number, n, of EBELs is required to 
generate the ~ 5  MJ of energy required for the 
Prometheus laser driver. (The required laser energy on 
target is 4 MJ but, owing to optical inefficiencies 
associated with beam combination, propagation, and 
pulse compression, the output energy from the EBELS 
needs to be at least 25% greater than the desired net 
energy). Assuming that each of the n optimized e-beam 
pumped excimer amplifier produces an output energy 
= 5 M J / n  (which is presumably more than 1% of the 
total driver output energy), the mean number of ampli- 
fier firings between failures must be at least n × 108 if 
the IFE reactor operation is not to be interrupted 
between annual maintenance periods. 

Electric-discharge excimer lasers - Much less experi- 
mental work has been carried out on electric discharge 
excimer lasers. In this case, excitation of the excimer 
gain medium occurs on the neutral channel with rela- 
tively low-lying energetic species being produced. This 
can enhance the efficiency of the laser amplifiers. 
Unlike the e-beam pumped excimer laser, the full 
pumping power does not flow through a foi l /Hibachi  
structure, and predictions are that this design could be 
made more reliable following an intensive development 
effort. 

Owing to the nature of the electric discharge, the 
available pulse duration is shorter than that for the 
e-beam (200 ns compared with ~ 500 ns). Electric 
discharge lasers for which d a > 30 cm appear to have 
serious discharge stability and efficiency problems. As 
a consequence, using the scaling relations outlined 
above, the electric discharge lasers tend to optimize at 

energies of a few kilojoules. For energies this small, the 
overall reliability of the IFE reactor would not be 
impaired if several electric discharge amplifiers failed. 
Assuming such amplifiers could readily be replaced by 
robotics, the impact of discharge amplifier failure on 
reactor operation is regarded as minimal. As a conse- 
quence, if failed electric discharge excimer lasers can 
be replaced more rapidly than they fail, then the mean 
time between failure characteristics of the IFE reactor 
will be independent of the excimer amplifiers. 

Reliability and lifetimes o f  heavy ion drivers - The 
fundament of an efficient, reliable Prometheus heavy 
ion driver is the successful design, construction, and 
testing of a full scale accelerator suitable for operation 
in a burst mode ( ~  50 kHz) to fill storage rings with 18 
beamlets at a rate of ~ 360 pulses/s .  Accelerators can 
be made to be very reliable if great care is taken with 
regard to the control of the magnets, particularly in the 
(recommended) case of superconducting dipoles, 
quadrupoles, and triplets. A large amount of data is 
available on the failure modes of linear accelerators 
(LINACs), and there are no serious technical problems 
which would render this design unreliable. The key 
element for long, reliable operation of the LINAC is a 
very fast, highly automated control system which can 
sense beam mispointing before superconducting mag- 
nets are either heated sufficiently to make them go 
"normal" or be damaged by the beam. Under compe- 
tent computer control, the heavy ion driver would only 
require attention during regular IFE reactor mainte- 
nance intervals (possibly every two years). A key ele- 
ment in this HI driver reliability assessment is the 
development of an adequate computer control system 
employing the latest developments in artificial intelli- 
gence, parallel processing, and expert systems (see ref. 
[1], Section 6.5.3.3). 

Accurate simulations of the dynamics of the LINAC, 
the filling of the storage rings, the bunching, the rapid 
expansion to the triplet focusing magnets, the focusing 
down into the pre-formed channels, the complete strip- 
ping of the heavy ions, and the dynamics of self-focused 
heavy ion beams propagating down the channels to the 
target are too difficult to attempt presently, and the 
results, even if favorable, would require experimental 
verification to be trusted. Thus, the major emphasis on 
demonstrating the feasibility of heavy ion drivers should 
be experimental. 

It is essential that a carefully planned heavy ion 
driver developmental program be designed to test each 
of the key elements of the proposed Prometheus-H 
IFE heavy ion driver in order to create a design data 
base sufficient to permit suitable modifications allow- 
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ing the driver to reach its full reliability potential. In 
particular, experimental results on beamlet accumula- 
tion (without emittance growth) for ms time scales in 
storage rings, self-focused beam stabilities, locking the 
focused beams into a pre-formed channel, etc., are 
crucial for developing this promising driver concept. 

2.14. Critical issue no. 14: Demonstration o f  large-scale 
non-linear optical laser driver architecture 

Description o f  the problem - The fundament of the 
Non-Linear Optical Subsystems proposed for the 
Prometheus-L driver is based upon the very strong 
experimental and theoretical bases of non-linear op- 
tics. Since both proposed subsystems are simply large 
optical cells filled with H 2 and SF 6 respectively, there 
are very few components present which can fail. The 
primary question is how well the system will function 
properly on the first pulse. If the electro-optical subsys- 
tems can be tailored to achieve first time operation, 
the overall architecture should prove to be as reliable 
as other state-of-the art, high speed, high voltage elec- 
tronics. A balance must be struck between the ex- 
tremely high gains (and concomitant high conversion 
efficiencies) of which these systems are capable. Thus, 
the reliabilities and lifetimes of the two types of non- 
l inear  opt ica l  subsys tems p r o p o s e d  for the  
Prometheus-L IFE reactor design hinge primarily on 
the support optical equipment that is associated with 
the non-linear optical (NLO) devices. The two NLO 
devices are: 
(1) the Raman accumulators, and 
(2) the SBS pulse compressors. 

Numerous key non-linear optical (NLO) subscale 
experiments and analyses have been performed in the 
last twenty years which demonstrate the capabilities of 
these two types of NLO devices. In order to properly 
implement them, however, each needs to be supplied a 
Stokes seed beam, and therein lies most of the ques- 
tions regarding the success of the architecture reliabili- 
ties and lifetimes. 

Generation o f  Stokes seeds for Raman accumulators 
- To achieve highest efficiency while averaging excimer 
laser intensities across the accumulator aperture, the 
proposed Prometheus Raman accumulator system uses 
crossed stimulated rotational Raman scattering. This 
architecture sets limits on the bandwidth, AVlaser~ of 
the excimer pumps, on the crossed Raman angle, 0, 
and on the dimensions of the gain length (to avoid 
generating higher order Stokes beams). The physics is 
relatively well understood. A detailed design could be 
made now using present understanding. Tests at full 

scale could be made if approximately 30 two-kilojoulc 
KrF excimer laser amplifiers were available as pump 
sources, 

The required Stokes seeds can be derived from 
taking a small portion of the available excimer pump 
light, injecting the pump light into a Raman oscillator 
filled with the same gas used in the Raman amplifier. 
This process generates an automatic frequency shift, 
AvR, equal to the required Raman shift. Injecting this 
Stokes seed beam into the Raman amplifier at an 
angle 0 to the pump beams permits a high quality (in 
the case of the Prometheus-L design, 80 k J) output 
beam to be generated following path matching of the 
seeds to the original pump beams. 

If stimulated rotational Raman scattering proved to 
be too difficult to control under the required test 
conditions (higher order Stokes, etc.), stimulated vibra- 
tional Raman scattering could suffice, at a slight reduc- 
tion in overall operating efficiency. The Raman accu- 
mulators should be able to achieve high degrees of 
reliability. 

Generation o f  Stokes seeds for SBS pulse compressors 
- The Stokes seeds for the SBS pulse compressors are 
generated electronically by "chirping" (acoustical- 
frequency shifting) the leading edges of the 80 kJ 
output beams from the Raman accumulators. Some 
technological development needs to take place to per- 
mit full aperture "chirpers" to be installed, but sub- 
scale tests with small crystals have produced promising 
results. Work at the Lawrence Livermore National 
Laboratory has already produced Pockels cells having 
conducting electrodes with apertures of approximately 
30 cm. Experimental verifications need to be made of 
theoretical predictions of compressed pulse shapes and 
conversion efficiencies given the specific requirements 
on pulse shape established by the Target Working 
Group. 

In the same vein, fast, large aperture ( ~  100 cm) 
Pockels cells to be used for pulse-shaping the depleted 
pump beams from the SBS pulse compressors for syn- 
thesizing the required precursor pulses need to be 
demonstrated. 

Although the development of large aperture Pock- 
els cells may prove difficult, there do not appear to be 
any serious technological problems associated with syn- 
thesizing large aperture electro-optical ( E / O )  switches 
from smaller components. This synthesis may have 
significant advantages, for example, in the suppression 
of transverse SBS losses in the Pockels cells. 

The SBS pulse compressors and attendant E / O  
switchyards currently represent the highest risk ele- 
ments in the Prometheus-L driver design. Failure of 
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any of the Pockels cells or "chirper" modulators would 
mean the loss of an entire 80 kJ beamline, with conse- 
quent failure of direct drive targets. In some cases, 
continued operation with indirect drive targets could 
be considered even if one of the 80 kJ beamlines went 
down. 

2.15. Critical issue no. 15: Demonstration o f  cost effec- 
tide KrF amplifiers 

One of the key elements associated with developing 
a cost effective KrF laser driver for the Prometheus 
reactor design study is the design of the output KrF 
laser amplifier module. These KrF amplifier modules 
represent the fundamental building-blocks of the KrF 
driver, generate the output energy pulses for the KrF 
laser driver, and the nature of their design represents a 
major foundation of the laser driver reliability. These 
KrF amplifiers need not only meet requirements of 
output energy, pulse duration, beam quality, beam 
diameter, wavelength, bandwidth, etc., but also strin- 
gent requirements on reliability, consistency of opera- 
tion, etc. In order to prevent catastrophic failure of the 
IFE reactor, the Prometheus-L design has proposed a 
laser driver which can permit the occasional failure of 
a single KrF amplifier without requiring the concomi- 
tant shutdown of the reactor. As this freedom from 
KrF amplifier failure is predicated upon the choice of 
IFE reactor operation with direct drive targets, a limit 
is placed upon the laser energy delivered by each KrF 
amplifier such that the 1% direct drive target illumina- 
tion uniformity requirement is met. Given 60 beams 
arranged symmetrically around the spherical direct 
drive target, together with a nominal laser driver en- 
ergy of 5 M J, the loss of 5 kJ (or approximately 6%) 
from each of the 60 beams from time to time should 
still permit target illumination uniformity to be main- 
tained, at least for tangential target illumination 
schemes. KrF amplifier output energies of 5 kJ repre- 
sent a significant derating of current designs and suc- 
cessful development of reliable amplifier prototypes 
should be achievable during the next decade if suffi- 
cient funding is made available. 

Previous Department of Energy (DOE) and Depart- 
ment of Defence (DOD) excimer laser research and 
development programs have identified two general ex- 
cimer laser amplifier design configurations: 
(1) Direct electron beam excitation of relatively large 

( I / >  1000 liters) excimer laser amplifier volumes, 
and 

(2) Electric discharge excimer laser amplifiers with the 

excitation of the KrF excimer achieved along the 
neutral channel for geometries involving moderate 
(V < 200 liters) volumes. 

The first excimer laser amplifier design configura- 
tion, electron beam excited excimer lasers (EBEL), has 
received extensive development from both the DOE 
and the DOD with KrF amplifier modules as large as 
2000 liters being constructed. The second configura- 
tion, electric discharge excimer lasers (EDEL), has 
been much less thoroughly investigated; some prelimi- 
nary theoretical work was funded by DOE [15] several 
years ago, but little experimental verification of the 
predicted high EDEL efficiency was made. Each of 
these two KrF amplifier design configurations has its 
supporters and detractors. The EBEL has received 
priority development over the EDEL because the 
EBEL scales to larger volumes (and hence larger out- 
put energies) much more readily than does the EDEL. 
For single-shot DOE applications and for some DOD 
applications, this scalability advantage of the EBEL 
has been important. For an IFE reactor application in 
which reliability for a 109 shot over long periods of 
time at repetition rates of 3-10 Hz is crucial, the 
potentially higher reliability of the EDEL makes this 
configuration of greater interest than formerly. 

During the course of the reactor design study (in- 
cluding reviews with Government scientists), the ques- 
tion has been raised whether or not KrF amplifiers can 
be designed to fulfill all the technical requirements 
(summarized below), while still achieving a cost effec- 
tive level of performance to permit the overall cost of 
electricity (COE) for the IFE reactor to be competitive. 
Our design should significantly reduce the risk of de- 
veloping a cost-effective KrF final amplifier design for 
three reasons: 
(1) The amplifier output energy has been reduced 

from the 250 kJ level suggested for EBELs down to 
levels of the order of 5 k J, 

(2) Since the dimensions of the Prometheus-L excimer 
laser amplifier are of the order of 30 x 30 × 200 
cm, parasitic oscillations and superfluorescent 
losses are more easily controlled, 

(3) Optics costs and risks are significantly reduced as 
the effective aperture of the amplifier is reduced to 
30 cm. 

The new non-linear optical beam combination de- 
sign approach which has made it technically feasible to 
relax the energy, volume, and aperture requirements 
for the KrF laser amplifiers is the implementation of 
forward stimulated rotational Raman scattering ampli- 
fiers for beam combination, larger aperture synthesis, 
and improved beam quality. Nonetheless, there remain 
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Table 5 
Design requirements for EBEL 

Requirement description Design value 

Output energy 240 kJ 
Amplifier aperture 3 x 3 m 
Pulse duration 500 ns 
Amplifier volume 54 m 3 
Amplifier gain length 6 m 
Amplifier gain coefficient 0.023/cm 
Energy storage density 7 J/l i ter 
Energy extraction efficiency 0.7 
Final anode voltage 3.3 MV 
Overall efficiency 10% 
Bandwidth 1% or 1013Hz 
Laser wavelength 248 nm 
Active medium KrF 
Total gas pressure 760 torr 
Pulse compressor angular multiplexing 
Laser beam quality 1.4 XDL 
Peak to peak laser beam homogeneity 20% 
Number of shots between failures l(I nb 
Repetition rate 5 Hz 

Table 6 
Design requirements for EDEL 

Requirement description Design value 

Output energy 4 kJ 
Amplifier aperture 30 x 30 m 
Pulse duration 200 ns 
Amplifier volume 0.18 m 3 
Amplifier gain length 2 m 
Amplifier gain coefficient 0.05/cm 
Energy storage density 22 J/l i ter 
Energy extraction efficiency 0.7 
Final anode voltage 50 MV 
Overall efficiency l 2% 
Bandwidth 10 l°Hz 
Laser wavelength 248 nm 
Active medium KrF 
Total gas pressure 761) torr 
Pulse compressor chirped SBS 
Laser beam quality 1.1 XDL 
Peak to peak laser beam homogeneity 5% 
Number of shots between failures 10 '~ 
Repetition rate 5 Hz 

a series of developmental  problems associated with 
both types of  amplifiers. 

In evaluating the relative risks associated with the 

two excimer laser designs, the requi rement  perfor- 
mance parameters  of each is summarized below in 
Table 5 and Table 6. Note  that the large volume E B E L  

Table 7 
EBEL developmental problems 

# Description of problem area Possible solution 

1 Foil rupture 
2 Parasitic oscillations 
3 Amplified superfluorescence 
4 High cost of large windows 
5 Radiation damage from E-beams 
6 Reduced beam quality 
7 Optics damage 
8 Catastrophic failure mode 

Homogenize E-beam current density 
Lower amplifier reflectivities 
Reduce amplifier solid angle 
Segmented optics 
Lower anode voltage 
Phase conjugation 
Reduce radiation fluence 
Redesign foil support structure 

Table 8 
EDEL developmental problems 

# Description of problem area Possible solution 

Stabilization of discharge 
Uniformity of discharge excitation 
Reduced excimer beam quality 
Achieve 109 shot lifetime 
Optics damage 
Verify excitation efficiency 

Discharge uniformity; control F 2 burn 
Elimination of cathode fall region 
Beam combination in Raman cell 
Engineer pulsed power/electrodes 
Reduce radiation fluence 
Conduct full scale experiments 
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amplifier module must have a saturating laser pulse 
passing through the active volume in order to prevent 
serious superfluorescence and parasitic oscillation 
losses associated with the high (13.8 neper) small signal 
gain of the amplifier. 

Comparison between Table 5 and Table 6 will indi- 
cate that the requirements for the EBEL are generally 
much more difficult to attain than those listed for the 
EDEL, with regard to the required optics, the pulsed 
power, and the performance of the amplifiers them- 
selves. The key developmental problems associated with 
each of these two types of excimer laser amplifiers are 
summarized below in Tables 7 and 8. 

These EBEL developmental problems are relatively 
well understood in view of the extensive theoretical 
and experimental studies of these amplifiers carried 
out by both the DOE and the DOD. For successful 
implementation into an IFE reactor, the most impor- 
tant development for the EBEL is the need for a 
dramatic increase in the mean number of amplifier 
firings between failures. As summarized in Table 7, 
there are also significant problems associated with the 
EDEL approach, but since the amount of research and 
development for these amplifiers is relatively small, 
larger uncertainties in this excimer laser design exist. 
Compared with the EBEL, the developmental prob- 
lems for the EDEL appear to be more tractable al- 
though relatively little work to date has been com- 
pleted for these devices. 

Summary 
Considerable developmental work has been carried 

out during the last decade on EBEL amplifiers. Al- 
though much progress has been made in achieving the 
ambitious design goals for EBEL amplifiers, these de- 
vices are currently not believed to be capable of meet- 
ing a 109 shots-between-failure requirement. More- 
over, the primary advantage of the EBEL design over 
the EDEL is the ability of the e-beam excitation to 
scale to larger amplifier volumes. This is not desirable 
for a reactor design since it causes the excimer laser 
amplifier to become the cause of a single point failure. 

It must be emphasized that significant KrF ampli- 
fier development work must be carried out in the next 
decade if the demanding requirements for the KrF 
driver amplifiers are to be met. Thus, the essence of 
this Critical Issue is that substantial development effort 
will be required in order to provide the KrF amplifiers 
which will be the workhorses of the future IFE reactor. 
Details are defined in the associated Research and 
Development section. 

2.16. Critical issue no. 16: Demonstration o f  low cost, 
high volume target production techniques 

Description - Target production for IFE reactors 
will require technologies which are presently either 
nonexistent or insufficiently developed for such an 
application. It is, therefore, very difficult to accurately 
estimate the production costs of such targets. These 
difficulties are further aggravated by the potential need 
for sabots to deliver the targets to the reaction cham- 
ber and, in the case of indirect drive, for an outer case 
which must meet stringent engineering requirements. 
Target cost is clearly a critical issue in light of the fact 
that IFE reactors will consume huge numbers of tar- 
gets (on the order of 108 per year), and will be uneco- 
nomical and, therefore, impractical if these targets are 
too expensive. 

3. Comparison of IFE designs 

3.1. Introduction 

There are several design and technology options for 
inertial confinement fusion reactors, e.g. laser and 
heavy ion drivers, direct and indirect drive targets, and 
dry and wetted first walls. Comparison among options 
is normally sought by scientists and programmatic deci- 
sion-makers in order to select, or at least reduce, the 
number of options that are worthy of further research 
and development (R&D).  

A quantitative methodology is needed as a tool in 
comparing and selecting among options. However, in 
some important cases, the basic information required 
to perform this quantitative comparison is lacking. This 
tends to discourage the technical community from pur- 
suing any quantitative comparison. Since decisions to 
narrow design and technology options for further R & D 
must be made one way or the other in a budget-con- 
strained program, the lack of a clear comparative 
methodology means that decisions would have to be 
made based on "expert judgment". Quite often the 
experts disagree on their preferred choices and the 
reasons for disagreement may not be known. In the 
Prometheus study, a clear comparative methodology 
was developed. In applying this methodology, some 
data were not available and a "best  guess" by technical 
experts was used for such data. The results of the 
comparative evaluation were analyzed and discussed by 
experts who attempted to formulate conclusions. One 
key advantage of using a quantitative, comparative 
methodology is that, if differences among experts arise 
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regarding a particular piece of data or interpretation of 
the comparative analysis results, the reasons for the 
differences and methods for resolving them become 
clear. One other key advantage is that through the 
"process" of applying a quantitative methodology, ex- 
perts gain much better insight into important areas of 
differences among design and technology options. Such 
insight makes experts better able to make more in- 
formed decisions even if the results of the comparative 
analysis do not show a clear-cut conclusion. 

Section 3.2 presents the highlights of the Evaluation 
Methodology developed in the Prometheus study. The 
methodology has utilized previous work when avail- 
able, e.g. refs. [16], [17] and [18]. Section 3.3 summa- 
rizes the results of applying this methodology to com- 
pare the Laser-Driven and Heavy-Ion Driven reactor 
designs of Prometheus. Although the methodology is 
discussed and applied here for comparing the two IFE 
designs, the methodology framework is general enough 
to allow extension in the future for comparing other 
options, e.g. comparing inertial and magnetic fusion 
reactors. 

3.2. Evaluation methodology 

Design options for power plants that can be con- 
structed today can generally be compared based on 
economics and safety and environmental attractive- 
ness. However, fusion is in a relatively early stage of 

research and development. The data base is incom- 
plete and success in developing particular design op- 
tions for subsystems cannot be assured. Designers have 
to extrapolate present knowledge to predict perfor- 
mance in fusion power reactors, with the degree of 
extrapolation varying greatly from one design option to 
another. Furthermore, there are substantial differences 
among proposed design options in the probability of 
success and in the time and cost required to develop 
these options. Therefore, a prudent  evaluation 
methodology for comparing fusion reactor conceptual 
designs must account for these differences. 

Five major areas of evaluation are established. These 
are: 
1. Physics Feasibility 
2. Engineering Feasibility 
3. Economics 
4. Safety and Environment 
5. Research and Development Requirements 

Each of the above areas is quantified through a 
system to be described shortly. In this system, a num- 
ber of detailed criteria are developed for each area. 
For each criterion, there is an attribute (index) that 
can be quantified. A weighting scale is devised for the 
attributes. The weighted sum of the attributes for each 
evaluation area represents a score for this area. 

The result of the evaluation process for a given 
reactor design concept is a numerical score for each of 
the five evaluation areas. No mixing of the scores for 
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Feasibility 
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Fig. 22. Evaluation methodology approach. 
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the five evaluation areas is allowed, i.e. the numerical 
scores for the five areas are not combined to derive 
one final composite score. Instead, the comparison 
among reactor design concepts will involve compara- 
tive analysis of the scores for the five areas. A panel of 
knowledgeable experts can interpret the results given 
in the scores in each of the five evaluation areas. The 
evaluation approach is highlighted in Fig. 22. 

The results of such evaluation will undoubtedly be 
impacted by the many choices that designers select. 
For this study, it is very important for the comparative 
evaluation to distinguish between the effects on the 
scoring results of generic and non-generic choices for 
the design. For example, the tritium breeding blanket 
is necessary for all fusion reactors. However, selection 
of low activation structural material is not a necessity, 
but a designer's choice. Therefore, comparing a reactor 
concept with low activation materials to another reac- 
tor design with high activation structural materials (or 
vice versa) cannot be permitted unless it is shown that 
these selections are dictated by inherently different 
requirements in the designs being compared. 

Below is a description of the evaluation system for 
each of the five evaluation areas. 

Physics  feasibi l i ty  - Physics feasibility is clearly a 
requirement for acceptance of any reactor design con- 
cept .  However, the required and achievable physics 
performance goals vary from one reactor concept to 
another; for example, the fusion yield in directly and 
indirectly-driven targets in laser and heavy ion reactors 
and /3 (ratio of plasma-kinectie to magnetic pressure) 
in magnetic fusion reactors. In IFE reactors, physics 
feasibility extends beyond the physics of implosion to 
cover other physics areas associated with the driver 
and driver-target coupling. 

This work did not attempt to develop a general 
methodology for comparative evaluation of physics fea- 
sibility for all options. Rather, a specific methodology 
was developed to compare the physics feasibility in 
laser and heavy ion-driven reactors. This methodology 
is presented in Section 3.3.2 together with the applica- 
tion to compare Prometheus-L and H. 

Engineer ing  feasibi l i ty  - Present conceptual designs 
are based on extrapolations from present engineering 
knowledge and experience. Hence, there are uncertain- 
ties in the ability of present conceptual designs to meet 
their goals. These uncertainties vary from one design 
to another depending on the degree of extrapolation 
and optimism that lead to better performance, which is 
rewarded indirectly in the "economics" and "safety 
and environment" categories of the evaluation criteria. 
One key purpose of the "engineering feasibility" cate- 

Table 9 
Engineering feasibility evaluation 

Weight 

Ability to meet design goals (0.60) x 
1. Component fabricability 0.I 

1.1 First wall x0.35 
1.2 Blanket × 0.20 
1.3 Driver × 0.15 
1.4 Beam transport × 0.15 
1.5 Final optics × 0.15 

2. Subsystem performance goals 0.3 
2.1 Cavity × 0.4 

2.1.1 First wall protection × 0.5 
2.1.2 Blanket × 0.5 

2.2 Fusion reaction support systems × 0.6 
2.2.1 Driver ×0.2 
2.2.2 Beam transport × 0.2 
2.2.3 Final optics × 0.2 
2.2.4 Target fabrication × 0.2 
2.2.5 Target injection x 0.2 

3. Tritium fuel self-sufficiency 0.2 

4. Reliability goals 0.1 
first wall x 0.35 
blanket x 0.20 
driver × 0.15 
beam transport × 0.15 
final optics x 0.15 

5. Maintainability 0.1 
first wall × 0.35 
blanket x 0.20 
driver × 0.15 
beam transport x 0.15 
final optics x 0.15 

6. Lifetime goals 0.1 
first wall × 0.35 
blanket x 0.20 
driver x 0.15 
beam transport × 0.15 
final optics × 0.15 

7. Cost projections 0.1 
cavity × 0.25 
driver x 0.25 
target manufacture x 0.25 
BOP × 0.25 

Ultimate potential (0.4) x 
8. Potential for inherent safety 0.25 

9. Potential for low long-term activation 0.25 

10. Engineering simplicity 0.3 
individual system complexity x 0.5 
interdependence of systems/functions x 0.5 

11. Operating requirements 0.10 

12. Potential for enhanced energy 0.10 
conversion efficiency 
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Table 10 
Scoring system for engineering feasibility 

Score 

Component fabricability 
existing technology 3 
direct extrapolation of existing technology 2 
new technology 1 

Subsystem performance goals 
demonstrated performance in existing facilities 3 
uncertain, but judged to be resolvable with R&D 2 
highly uncertain - may be impossible 1 

Ability to achieve tritium fuel self-sufficiency 
( m a r g i n  = h a - A r )  

A a - h r > 0 . 2  3 

A a - A r > 0 .1  2 

A a - A r < 0 .1  1 

h a - -  A r < 0 . 0  0 

Reliability goals 
goals based on extrapolation of relevant data 3 
little data, but confidence in estimates 2 
little confidence in estimates 1 

Maintainability 
maintenance achieved by demonstrated methods 3 
some novel or complex maintenance procedures 2 
system availability depending on novel or complex 
procedures 1 

Lifetime goals 
credible data exists to support lifetime estimate 3 
existing data can be extrapolated to support goal 2 
little or no data to support lifetime estimate 1 

Cost projections 
credible data exists to support cost estimate 3 
existing data can be extrapolated to support 
estimate 2 
little or no data to support cost estimate 1 

Potential for inherent safety (IS) 
no reason inherent safety couldn't be achieved 3 
some sources/pathways may prevent IS 2 
some features of design probably prevents IS I 

Potential for low long-term activation (LTA) 
no sources of LTA 3 
sources of LTA could be eliminated with R&D 2 
sources of LTA inherent to design 1 

Engineering simplicity 
simple design and /o r  operation 3 
some complex aspects of design and /o r  operation 2 
highly complex aspects of design and /o r  operation 1 

Operating (e.g., startup-shutdown) requirements 
response times < hours 3 
response times > hours 2 
off-normal operation puts plant or personnel at risk 1 

Table 10 (continued). 

Score 

Potential for enhanced energy conversion efficiency 
well-defined options exist 3 
some speculative options exist 2 
no credible means known to significantly 1 
improve efficiency 

gory is to scrutinize,  assess and  cal ibrate  such extrapo- 
lat ions and  provide a figure of meri t  to ba lance  "ques -  
t ionable  rewards"  made  in o the r  categories  of the  
compara t ive  evaluat ion.  A n o t h e r  key purpose  of engi- 
neer ing  feasibility is to evaluate  areas where  cer ta in  
goals must  be  met,  e.g. t r i t ium self-sufficiency, in o rde r  
for the  reac tor  design concept  to be acceptable.  

The  engineer ing  feasibility category is divided into 
two subcategories:  
(1) Ability to achieve design goals 
(2) Ul t ima te  potent ial .  

The  first subcategory provides  a measure  to account  
for uncer ta in t ies  in achieving the  design goals. The  
second provides a measure  for compar ing  the  practical-  
ity of various designs in ult imately reaching  very desir- 
able goals such as i nhe ren t  safety, low long te rm activa- 
tion; and enhanced  energy convers ion efficiency. 

The  figure of meri t  for Engineer ing  Feasibility, G, 
is ob ta ined  as follows: 

G = 14{dl~ + Wplp ,  (26)  

where  
W~, = weight ing factor  for the "abil i ty to mee t  design 

goals" subcategory,  
I.~ = score for "abil i ty to meet  design goals" subcate-  

gory, 
Wp= weight ing factor  for the "u l t ima te  po ten t i a l "  

subcategory,  
I o = score for the "u l t ima te  po ten t i a l "  subcategory.  

W a is assigned 60% while Wp is assigned 40%, to 
reflect the  not ion that  the  ability to mee t  design goals 
has somewhat  h igher  priority than  capabil i t ies to ulti- 
mately reach  desirable  goals. 

Each  subcategory is fu r ther  divided into a n u m b e r  
of a t t r ibutes  (indices), each  has a weight  and  score. 
The  score for each subcategory is ob ta ined  as the 
weighted sum of the  scores for the  at t r ibutes .  

Tab le  9 shows the  various indices and  assigned 
weights. A scoring system has b e e n  devised so tha t  the 
maximum score for any given index is 3. Since the  sum 
of the  weights  for all indices is 1.0, the  maximum score 
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for "Engineer ing Feasibility", G, is 3. Table 10 shows 
the scoring system for engineering feasibility. 

Economics  - A single figure of merit, cost of elec- 
tricity, is adopted. Use of the cost of electricity as a 
figure of merit  integrates the weighted effects of capi- 
tal and operating costs, replacement  time and fre- 
quency, fusion power, thermal power conversion effi- 
ciency and recirculating power requirements.  

The "first year" cost of electricity in then-year 
dollars is defined by the following equation: 

(Annualized Capital Cost) + (Yearly Operating Cost) 
COE = 

COE 

(Net Power) × (Plant Availability) x (Time) 

(DC + SPR + CTGY + ID + INT + ESCL)FCR 
+ (O&M + SCR + FUEL)(1 + ESC Rate) vRs 

(Thermal Power x Gross Effcny - Recirc Powr) ' 
(Availability)[hrs/y] 

where 
COE = cost of electricity, 
C = figure-of-merit for the economics 

evaluation area, 
DC = direct capital costs, 
SPR = spare parts allowance (2 to 4%), 
CTGY = contingency allowance (15% of direct 

costs), 
ID = indirect costs, 
INT = interest during construction (based on 

10% cost of money over construction 
period), 

ESCL = escalation during construction (based 
on 5% escalation over construction 
period), 

FCR = fixed charge rate (nominally 15%), 
O & M  = operations and maintenance cost, 

SCR = scheduled component  replacement  
cost, 

F U E L  = annual  fuel cost, 
ESC R A T E  = annual  escalation rate (5% per year), 
YRS = construction period. 

The cost of electricity is the total busbar energy for 
the first year of operation. The total capital investment 
is equally divided and charged to the annual  operating 
periods through the use of a fixed charge rate. Annual  
operating costs are also included with appropriate es- 
calation from the year of the estimate (start of con- 
struction) to the initial operation date (see ref. [1], fig. 
3.5-1 for specific economic guidelines and bases used 
in this study). 

Safety and  environment  - One of the most impor- 
tant incentives for fusion energy development is its 
potential safety and environmental  attractiveness. 
Therefore, enhancing safety and environment  features 
in fusion reactor designs is important for the ultimate 
acceptance of fusion. The purpose of the Safety and 
Environment  evaluation area is to measure the relative 
safety and environmental  attractiveness of various de- 
sign concepts. 

Limitations on study resources and deficiencies in 
present knowledge preclude performing a complete 
probabilistic risk assessment to obtain a single figure- 
of-merit for the total risk to the public. Therefore, a 
simpler approach is adopted based on a method devel- 
oped earlier in BCSS [18]. Three subcategories are 
defined for the Safety and Environmental  area, as 
shown in Fig. 23 and listed below. 
(1) Source Term Characterization ( I0 ,  
(2) Response to Accidents (Fault Tolerance) (I2), 
(3) Non-Accident Concerns (13). 

Index (li) Weighting(WiJ 

Source Term 
Characterization 

I Response to Accidents 
(Fault Tolerance) 

Non-Accident 
Concerns 

30 

30 

I 40 

Overall Safety Figure-of-Merit 
S= EI.W- 

I 1 I 

I i = score of index i, l) _< I i _~ I 

~.W i = 100 
I 

Fig. 23. Safety and environment evaluation approach. 
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The attr ibute for each subcategory, li, is measured  
on a scale from 0.0 to 1.0 and has a weighting value, 
W//. The overall figure of meri t  (S) for the safety and 
environmental  area for a given reactor  design concept  
is def ined as 

3 

S = Y'~ IiW ~, (27) 
i=t  

with 

Y'~ IVi, = 100. (28) 
i 

The weights given to each of the three  subcate- 

gories are shown in Fig. 23. 
Subcategory 1 is a measure  of the componen t  of 

accident  risk from the radioactive and chemical source 
term common to accident  initiators. The value of the 
attribute,  I, for this subcategory is obta ined from the 

scores of subindices, fj ,  for key components  of the 
reactor  as: 

I = Y'.fjo~ i,  (29) 
J 

where 0.0 < ~  < 1.0 and 

~2~,~ = 1.0. (3o) 
J 

The weights assigned to various reactor  components  
are given in Table 11. 

The second subcategory relates to the likelihood 
and response  to accidents.  Again, the value of the 
attr ibute is obta ined as the weighted sum of several 
indices related to the initiators of specific accidents. 
The indices, fj ,  and weights, w j, for this subcategory 
are shown in Table 11. The third subcategory, non- 

accident concerns,  has indices related to occupational 

Table 11 
Safety and environmental evaluation indices and weights 

~Oj 

Source term characterization (score = I s, W S = 30%) 
Source term in target factory 
Source term in the first protection chamberwall 
Source term in the breeding blanket and shield 
Source term in the driver 
Non-radiological sources (e.g. fluorine) 

Sum of weighted score for source term I s = Y~fj% 

Response to accidents (fault tolerance) (score = I R, W R = 30%) 
Response to LOCA and LOFA in the first protection chamberwall 
Response to LOCA and LOFA in the breeding blanket and shield 
Response to beam pellet misfire accident in the chamberwall 
Response to loss of coolant in the final optics or focusing magnet vacuum pumping system 
Response to LOCA in the driver system 
Fault tolerance to loss of T 2 and D 2 containers 
Fault tolerance to containment integrity 
Fault tolerance to target factory integrity 
Fault tolerance to driver system 

Sum of weighted score for response to accidents (score = 1 R = E~ojfj) 

Non-accident concern (score = I N, WN = 40%) 
Occupational exposure (regular, maintenance) 
Routine radioactive emission rate 
Waste disposal (radiologial, hazardous, mixed) 
Non-radiological hazards (florine, lead) 
Heat dissipation 
Construction impacts 

Sum of weighted score for non-accident concerns I N = Efitoj 

Overall safety figure of merit = Ws l s + WR1R + WN IN 

0.2 
0.2 
0.2 
0.2 
0.2 

0.12 
0.12 
0.12 
0.12 
0.12 
0.10 
0.10 
0.10 
0.10 

0.25 
0.25 
0.20 
0.15 
0.10 
0.05 
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exposure, radioactive emission rate waste disposal, 
non-radiological hazards, heat dissipation and con- 
struction impact. Each has an assigned weight as shown 
in Table 11. 

Research and development requirements - One im- 
portant figure of merit in comparing options for a 
future technology is the R & D required to realize these 
options. Since developing a complete R & D  plan is not 
within the scope of this effort, the R & D  required to 
provide the data base for design and construction of an 
experimental  power reactor  was evaluated for 
Prometheus type reactors as discussed in ref. [1]. 

The figure of merit for the R &  D category of the 
Evaluation Methodology accounts for three important 
areas: 
(1) Cost: 

(a) average annual operating cost, 
(b) capital cost of required facilities (new or up- 
grades). 

(2) Time: total time to complete the R&D.  
(3) Risk. 

Measure of relative risk in not successfully resolving 
key issues weighted by the potential consequences of 
negative results. 

The overall figure of merit (D)  for R & D  is written 
a s  

D = WcR c + WtR t + WrR r , (31) 

where Rc, R t and R r are the scores for cost, time and 
risk, respectively and W~, W t and W r are the corre- 
sponding weighting factors. 

Cost (R c) 

R c = 0.5(A + F ) ,  (32) 

A = score for average annual operating cost, 
F = score for capital cost of required facilities. 

Average annual Score Capital cost of Score 
perating cost A required facilities * F 

> $100 M 1 > $500 M 1 
$50-100 M 2 $200-500 M 2 
< $50 M 3 < $200 M 3 

* Summation for all key issues 
* Specific dollar numbers for categories may change 

depending on the issues included and the purpose of 
comparison 

Time (R t ) 
R t is the longest time required to resolve the issues. 

It is either cumulative time for sequential tasks or the 
longest time for parallel tasks. The score is according 
to the following table. 

Time scale Score R t 

> 30 yr 1 
15-30 yr 2 
< 1 5 y r  3 

Risk (R r) 
The figure of merit, Rr, accounts for the probability 

of not resolving the key issues and the consequence of 
negative results. It is written as: 

1 n 
Rr = ~n i~1PiCi'  (33) 

where n = number of key issues. Dividing by the factor 
3n ensures the maximum score for R r is 3. Pi is the 
probability of not resolving the issue (negative result) 
and is assigned as follows: 

Relative probability Pi 

Unlikely 3 
Even (50/50) 2 
Likely 1 

C i is the consequence of not resolving the issue (i.e. 
of negative results) 

Relative consequence C i 

Severe impact 1 
Moderate impact 2 
Low impact 3 

3.3. Comparative evaluation results 

3.3.1. Introduction 
The evaluation methodology developed in the previ- 

ous section was applied to compare the two inertial 
fusion reactor designs developed in this study: 
Prometheus-L, which is laser driven, and Prometheus- 
H, which is heavy-ion driven. The comparisons covered 
the five evaluation areas: physics feasibility, engineer- 
ing feasibility, economics, safety, and environment R &  
D requirements. 

The comparative evaluation effort attempted to rely 
on the quantitative data available from the conceptual 
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design study and other sources. However, limitations 
on time and resources available to this effort precluded 
complete quantitative analysis. Whenever data was not 
readily available, "expert judgment" was used. The 
following subsections present the results of the com- 
parative evaluation in each of the five evaluation cate- 
gories. A final subsection discusses the overall results. 

3.3.2. Physics feasibilities o f  KrF and heart ion inertial 
fusion energy 

The physics feasibilities of both the KrF and the 
Heavy Ion drivers are described briefly below. 

3.3.2.1. KrF laser IFE physics feasibility There are two 
parts to the physics feasibility of the KrF laser driver: 
(1) The physics feasibility of the efficient interaction of 

the laser light with the direct drive DT target and 
its subsequent implosion (which may be beset with 
a variety of laser-plasma interactions driving 
Rayleigh Taylor Instabilities) or the physics feasi- 
bility of the efficient conversion of laser light into 
soft x-rays and the subsequent desired implosion of 
the DT fuel capsule in an indirect-drive target, and 

(2) the physics feasibility of generating the specified 
DT target illumination conditions with regard to 
photon energies, phase distributions, intensity fluc- 
tuations, pulse duration, etc. 

Although much can be written about the first cate- 
gory having to do with target interactions, and design, 
our primary responsibility during the Prometheus study 
has been to concentrate instead upon the second cate- 
gory, the physics feasibility of delivering appropriate 
laser pulses to either a direct-drive or indirect-drive 
DT fusion target. Included in the second category are 
the details of fabricating and delivering the DT target 
to an appropriate location for laser illumination and 
subsequent implosion. 

The Prometheus KrF laser drive design is an ex- 
tremely complex system composed of hundreds of 
thousands of elements, each of which will be required 
to perform at specified operating levels for a known 
length of time. The engineering feasibility of the laser 
driver defines the degree to which physically feasible 
elements have been designed and engineered in such a 
manner as to attain performance levels at or below 
limits defined by the fundamental physics of the ele- 
ment. In order to assess the physics feasibility of the 
laser driver design, it is necessary to analyze the funda- 
mental operating principles behind the crucial ele- 
ments of the laser driver. The criteria for establishing 
the Prometheus KrF Laser IFE driver physics feasibil- 
ity are based upon answering the following questions: 

(1) Does the intended operational mode of the device 
violate fundamental physics relationships? 

(2) Can a self-consistent theory be developed which is 
capable of simulating the operation of the device in 
the ranges of interest? 

(3) If a self-consistent theory is developed, are there 
highly unstable regions in operational phase-space 
which could produce significant fluctuations or un- 
desired interactions with other systems? 

(4) If the device is to be integrated into a subsystem 
containing several similar or different devices, can 
an overall self-consistent theory be developed which 
describes the combined operation of the subsys- 
tem? 

(5) Using the physics simulations described above, is it 
possible to define clear operational regimes of ac- 
ceptable performance to define the functional 
phase space for the selected devices and subsys- 
tems? 

Aside from the first question, affirmative answers to 
these questions signify that the fundamental physics 
bases of the devices in question are sufficiently well 
understood that advanced simulations of the devices 
will be capable of predicting the behavior of the indi- 
vidual devices under specified operational conditions. 
The subsequent systems engineering assessments and 
simulations then permit the predicted performance of 
the overall laser driver system to be evaluated. 

3.3.2.2. Heavy Ion driver IFE feasibility 
As was described above for the KrF laser driver, 

there are two parts to the physics feasibility of the 
Heavy lon IFE driver: 
(1) The physics feasibility of the interaction of the 

heavy ion beams with the converter plugs to con- 
vert the energy efficiently into soft X-rays together 
with the physics feasibility of the subsequent uni- 
form implosion of the DT target within the 
Hohlraum, and 

(2) the physics feasibility of generating the specified 
heavy ion indirect-drive target irradiation condi- 
tions with regard to heavy ion particle energies, ion 
beam intensity profiles, directionality, focussed 
beam diameters, pulse durations, etc. 

As mentioned in the previous section, our principal 
responsibility during the Prometheus Study has been to 
concentrate on determining the physics feasibility of 
generating and delivering the 4 -6  MJ of heavy ion 
beam energy in 6 ns pulses in < 6 mm focussed beam 
diameters at a 5 Hz rate. Included in the second 
category are the details of fabricating and delivering 
the indirect-drive heavy ion DT target capsules to a 
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precise location heavy ion driver irradiation, X-ray 
conversion, and subsequent DT fuel implosion. 

Like the KrF Laser drive described above, the 
Prometheus Heavy Ion driver design is a complex sys- 
tem composed of a bright Pb ÷2 source, a ramp gradi- 
ent accelerator, a constant gradient accelerator, stor- 
age rings, a bunching accelerator, focusing magnets, 
self-pinched channel generator, and target injection 
system which are composed of hundreds of thousands 
of elements, each of which will be required to perform 
at specified operating levels for a known length of 
time. The engineering feasibility described elsewhere 
in Section 3.3.3 for the heavy ion driver defines the 
degree to which physically feasible heavy ion driver 
elements have been designed and engineered in such a 
manner as to attain performance levels lying within the 
parameter space defined by the fundamental physics 
corresponding to the specific element. In order to 
assess the physics feasibility of the Prometheus Heavy 
Ion driver design, it is necessary to analyze the funda- 
mental operating principles behind the crucial ele- 
ments of the heavy ion driver. Typical criteria for 
establishing the Prometheus Heavy Ion IFE driver 
physics feasibility are based upon answering the follow- 
ing questions: 
(1) Does the intended operational mode of the device 

violate fundamental physics relationships? 
(2) Can a self-consistent theory be developed which is 

capable of simulating the operation of the device in 
the ranges of interest? 

(3) Do the simulations show that the device can actu- 
ally operate in the region of phase space of inter- 
est? 

(4) If a self-consistent theory is developed, are there 
highly unstable regions in operational phase-space 
which could produce significant fluctuations or un- 
desired interactions with other systems? 

(5) If the device is to be integrated into a subsystem 
containing several similar or different devices, can 
an overall self-consistent theory be developed which 
describes the combined operation of the subsys- 
tem? 

(6) Using the physics simulations described above, is it 
possible to define clear operational regimes of ac- 
ceptable performance to define the functional 
phase space for the selected devices and subsys- 
tems? 

The first question asks for a sanity check of the 
fundamental idea behind the device. The second ques- 
tion eliminates novel ideas which are not sufficiently 
mature to be developed into a device at the present 
time. The third question assesses whether or not the 

range of phase space occupied by the device in opera- 
tion adequately overlaps the desired performance lev- 
els. In general, affirmative answers to questions 2 
through 6 signify that the fundamental physics bases of 
the devices in question are sufficiently well understood 
that advanced simulations of the devices will be capa- 
ble of predicting behavior of the individual devices 
under specified operational conditions. These physics 
simulations are extremely important in the case of the 
heavy ion driver since these devices must typically be 
investigated experimentally at full scale, a fact which 
can make development of heavy ion drivers very expen- 
sive. Providing a fundamental physics models for the 
heavy ion beam propagation, bunching, neutralization, 
and self-pinched channel formation are well under- 
stood, the subsequent systems engineering assessments 
and corresponding end-to-end system simulations then 
permit the predicted performance of the overall heavy 
ion driver to be evaluated. 

3.3.2.3. Summary o f  KrF laser and heavy ion driver 
physics feasibilities 

Detailed physics analyses and evaluations of the 
fundamental elements of both the KrF Laser and Heavy 
Ion drivers have revealed that everything in both de- 
signs is consistent with known physics (affirmative an- 
swer to question (1) in Sections 3.3.2.1 and 3.3.2.2). 
There are, however, uncertainties in whether we will 
be able to operate in the assumed parameter ranges 
when operating the actual devices. These uncertainties 
preclude us from guaranteeing that all parts of each 
driver will work together as a whole to the degree 
required to meet driver requirements. These uncertain- 
ties, in our estimation, can only be resolved by a series 
of experiments to be performed at a variety of levels. 
Samples of needed experiments are described in ref. 
[1] as Research and Development Experiments related 
to identified Critical Issues. The bottom line is that 
there appear to be no show stoppers for either the KrF 
Laser Driver or the Heavy Ion Driver, but some of the 
required work-arounds could raise the costs of both 
the laser drivers. 

The physics feasibilities of both the KrF Laser and 
the Heavy Ion drivers are summarized below in Table 
12. The rating system assumes the following ranking: 
7-9 = demonstrated or easily extrapolated from exist- 

ing systems, 
4-6  = physics feasibility highly probable but needs 

verification, 
1-3 = low physics feasibility except in limited parame- 

ter range. 
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Table 12 
Physics feasibilities of laser and heavy ion drivers 

No. Category Laser Heavy 
ion 

1 Overall driver 5.8 6.6 
lal Excimer amplifiers 4 
la2 Raman accumulators 7 
la3 SBS pulse compressors 6 
la4 E/O pulse shaping 5 
la5 Final focusing 7 
lbl Injector 7 
lb2 Main accelerator 8 
lb3 Storage rings 5 
lb4 Buncher 7 
lb5 Beam transport 6 

2 Beam transport 7.3 4.7 
2al Excimer laser beam quality correction 8 
2a2 Image relaying 8 
2a3 Beam conditioning 7 
2bl Transport to final focus 7 
2b2 Autoneutralized final focus 4 
2b3 Channel transport 3 

3 Target/beam alignment 3.5 4.5 
3al Laser beam alignment/overlap 4 
3a2 Target positioning/sensing 3 
3bl Positioning on target 6 
3b2 Channel motion 3 

4 Target/driver coupling 3.5 7 
4al Avoiding Rayleigh-Taylor instabilities 3 
4a2 Efficient inverse Bremsstrahlung 

absorption 4 
4bl Efficient conversion in Hohlraum plugs 8 
4b2 Generating and focusing soft X-rays 6 

5 Target gain Equal Equal 

Total 5.025 5.7 

Based upon our assessments, the heavy ion driver 
irradiating indirect-drive DT targets has a somewhat 
higher estimated physics feasibility than does the KrF 
laser driver irradiating direct-drive DT targets. As can 
be seen in Table 12, the laser driver physics feasibilities 
associated with Target /Beam Alignment and Target /  
Driver Coupling suffers considerably compared with 
the corresponding feasibilities associated with the 
Heavy Ion Driver. This major difference in target/  
beam physics feasibilities is due in part to the consider- 
able technical difficulties in illuminating a moving di- 
rect-drive target with a 1% uniformity in the middle of 
a 5-m radius target chamber. 

There is a fundamental connection between the 
Research and Development Experiments identified in 

the Prometheus study and estimates of low driver 
physics feasibilities. By dealing with the high risk 
physics issues promptly, the goals of inertial confine- 
ment fusion research can be met during the first half of 
the 21st Century. 

3.3.3. Engineering feasibility 
The engineering feasibility evaluation was per- 

formed by several experts within the Prometheus team. 
Each subcategory was scored by the participants, and 
an arithmetic average was computed. The subcategory 
scores were then weighted and summed to obtain total 
scores. The results are shown in Table 13. 

As discussed earlier in Section 3.2, engineering fea- 
sibility is broken into two categories: ability to meet 
design goals and ultimate potential. The heavy ion 
reactor scored higher in both categories. The total 
scores were 1.87 and 2.04 for the laser and heavy ion 
reactor, respectively. Below, some of the reasons for 
the differences are highlighted. 

In general, the heavy ion driver was judged to be 
easier to build and more reliable. Most of the technol- 
ogy is currently available for the accelerator. One of 
the largest differences shows up in the engineering 
simplicity attribute, where the heavy ion reactor scores 
much higher. For the same reasons, cost projections 
were felt to be more credible for the heavy ion reactor. 

Several components of the laser reactor provide 
uncertainty in fabrication and performance. The final 
optics appears much more problematic. The large size, 
vulnerability to the blast effects, and difficulty with 
shielding lead to lower scores. 

The use of the same cavity design concept for the 
two reactors tended to reduce the differences. How- 
ever, the large number of beamline penetrations for 
the laser reactor make it considerably less attractive. 
The smaller size of the heavy ion reactor makes fabri- 
cation easier, but uncertainties due to the higher power 
density offsets this advantage. 

The use of direct vs. indirect drive targets did not 
lead to large differences in engineering feasibility. The 
impact of target choice is probably felt more strongly in 
the physics feasibility. 

For both reactor designs, the Engineering Feasibil- 
ity scoring for safety was very high. The scores for 
long-term activation were also relatively high, but 
somewhat lower than for safety. This is due to the 
presence of Pb and to uncertainties in predicting impu- 
rity levels and in the nuclear data. 

3.3.4. Economic comparison and evaluation 
This comparison and evaluation parameter will 

judge the relative economic basis between the two 
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Table 13 
Engineering feasibility evaluation 

Weight Weighted Weighted 
L score HI score 

Ability to meet design goals 
1. Component fabricability 

first wall 0.021 0.029 0.029 
blanket 0.012 0.020 0.020 
driver 0.009 0.017 0.023 
beam transport 0.009 0.018 0.025 
final optics 0.009 0.021 0.023 

2. Subsystem performance goals 
2.1 Cavity 

2.1.1 First wall protection 0.036 0.050 0.054 
2.1.2 Blanket 0.036 0.086 0.086 

2.2 Fusion reaction support systems 
2.2.1 Driver 0.0216 0.038 0.050 
2.2.2 Beam transport 0.0216 0.043 0.047 
2.2.3 Final optics 0.0216 0.032 0.047 
2.2.4 Target fabrication 0.0216 0.043 0.040 
2.2.5 Target injection 0.0216 0.043 0.036 

3. Tritium fuel self-sufficiency 0.12 0.18 0.18 

4. Reliability goals 
first wall 0.021 0.032 0.032 
blanket 0.012 0.021 0.021 
driver 0.009 0.017 0.023 
beam transport 0.009 0.014 0.023 
final optics 0.009 0.012 0.021 

5. Maintainability 
first wall 0.021 0.042 0.045 
blanket 0.012 0.028 0.030 
driver 0.009 0.024 0.020 
beam transport 0.009 0.018 0.018 
final optics 0.009 0.015 0.015 

6. Lifetime goals 
first wall 0.021 0.032 0.032 
blanket 0.012 0.021 0.021 
driver 0.009 0.014 0.023 
beam transport 0.009 0.014 0.016 
final optics 0.009 0.014 0.014 

7. Cost projections 
cavity 0.015 0.019 0.019 
driver 0.015 0.026 0.035 
target manufacture 0.015 0.026 0.035 
BOP 0.015 0.036 0.036 

Ultimate potential 
8. Potential for inherent safety 0.1 0.270 0.275 

9. Potential for low long-term activation 0.1 0.200 0.192 

10. Engineering simplicity 
individual system complexity 0.06 0.105 0.160 
interdependence of systems/functions 0.06 0.090 0.120 
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Weight Weighted Weighted 
L score HI score 

11. Operating requirements 

12. Potential for enhanced energy 
conversion eff. 

TOTALS 
Design goals 
Ultimate potential 
TOTAL 

0.04 

0.04 

0.080 0.080 

0.080 0.080 

1.047 1.131 
0.825 0.907 
1.872 2.038 

reactor conceptual designs. Eventually this economic 
parameter will be the only meaningful measure to be 
used by utilities to judge the relative merit of opposing 
designs. As the experimental devices and the demon- 
stration plants are developed and operated, the physics 
and engineering feasibility questions will have all been 
resolved in a positive or a negative manner. The R & D 
criteria is a measure to scope the money and effort 
required to realize the goal of commercial fusion. All 
other criteria and judgement factors such as safety will 
eventually be measured and compared in economic 
terms. A present example is that of an allowance for 
the decommissioning of the reactor. The plant with the 
lower environmental risk has a lesser cost factor for the 
decommissioning effort. 

The criterion to be employed in this present Eco- 
nomic Comparison will be the cost of electricity (COE). 
This is a meaningful figure of merit in that it combines 
many aspects of the plant into a single value. The 
component factors are weighted according to the cost 
structure employed in the US utilities. The structure of 
the COE determination is as follows: 

[Annualized Capital Cost + Yearly Operating Cost] 
COE = 

COE = 

Net Power X Plant Availability 

[Annualized Capital Cost + Yearly Operating Cost] 

[Thermal Pwr x Efficiency - Aux Pwr] 
x [ 1 - SchedDowntime - MTBF x MTrR] 

This equation combines the effects of the capital 
costs of the entire plant facility as well as the time it 
takes to construct the plant. The capital costs empha- 
size choice of materials, design optimization, and cost 
efficient processes. The yearly operating costs include 
the operating and maintenance staffs, fuel costs, and 
the maintenance and supply costs. These costs are 
offset by the production of energy sold to the distribu- 
tion grid. To generate net power, thermal energy must 
be produced thus emphasizing utilization of high qual- 
ity energy conversion, high gain targets, high neutron 

and energy multiplication in the blankets, and efficient 
use of materials. Plant availability stresses minimizing 
the downtime, both the scheduled and the unsched- 
uled. Reliability and maintainability of future systems 
is very difficult to predict. 

Before the specific COE values are revealed, sev- 
eral comments should be discussed. Although one re- 
actor design concept may show more favorable values 
of COE over the other concept, there are many com- 
peting and generally offsetting factors which should be 
recognized and considered. 

Capital costs are strong driuers - The most influen- 
tial cost elements are the drivers, the beamtines, the 
power supplies, and the reactor cavities. The heavy ion 
driver has the deserved reputation of being a very 
costly driver. Our team took an innovative approach to 
minimize the cost of the heavy ion driver and suc- 
ceeded in reducing the cost of the HI driver to less 
than that of the laser driver. The many laser beamlines 
required for symmetric illumination also contributed 
toward the higher cost of the laser plant. The quality of 
the laser driver power supplies implied a higher cost 
for the laser system. The lower system efficiency of the 
laser system caused a larger demand for recirculating 
power, and hence, more thermal power, more reactor 
plant equipment, more turbine plant equipment, more 
electric plant equipment and so on. Plant elements 
with a minor cost influence included the fuel cycle, the 
target factory, general-purpose buildings and thc 
shielding. Elements with slight influences were the 
reactor cavity and remote handling which did not sig- 
nificantly affect either candidate concept. 

Operating costs did not haL~e a significant impact  - 

The level of definition in these studies did not offer 
any discernible differences in the operating costs bc- 
tween these two conceptual designs. The operating 
costs for the direct drive targets are nearly equal to the 
indirect target costs. The targets are cheaper but more 
are required due to the higher repetition rate. An 
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Table 14 
Safety and environment comparison 

Category WT L HI Rationale 

Source term characterization 30% 
Source term in target factory 0.2 
Source term in the first protection 0.2 
chamber wall 
Source term in the breeding blanket 0.2 
and shield 
Source term in the driver 0.2 

Non-radiological sources (fluorine) 0.2 

Total source term characterization: 

Response to accidents (fault tolerance) 
Response to LOCA and LOFA in 0.12 
the first protection chamber wall 
Response to LOCA and LOFA in 0.12 
the breeding blanket and shield 
Response to beam/pellet misfire 0.12 
accident in the chamber wall 

1. 1. 
1. 1 

1. 1. 

1. 0.83 

0.75 1. 

0.95 0.97 

30% 
1. 1. 

1. 1. 

1. 0.9 

Response to loss of coolant in the 0.12 1. 1. 
final optics or focusing magnet or 
vacuum pumping systems 
LOCA in driver system 0.12 1. 0.83 

Fault tolerance to loss of T 2 and 0.1 1. 1. 
D 2 containers 
Fault tolerance to containment 0.1 1. 1. 
integrity 
Fault tolerance to target factory 0.1 1. 1. 
integrity 
Fault tolerance to driver system 0.1 1. 1. 

Total response to accidents: 1. 0.97 

Non-accident concerns 40% 
Occupational exposure (regular, 0.25 1. 0.75 
maintenance) 
Routine radioactive emission rate 0.25 1. 1. 
Waste disposal (radiological, 0.20 1. 0.75 
hazardous, mixed) 

Non-radiological hazards (fluorine, 0.15 0.5 1. 
lead) 
Heat dissipation 0.10 0.9 1. 

Construction impacts 
(environmental) 

Total non-accident conditions: 

0.05 

0.92 

0.95 Total safety and environment comparison: 

1° 

0.88 

0.93 

0.75 

No difference at the level of this study 
No difference at the level of this study 

No difference at the level of this study 

The heavy ion beam will activate the 
material in the beam tunnel 
The fluorine for the laser has no 
counterpart in the heavy ion 

No difference at the level of this study 

No difference at the level of this study 

The loss of one of the two 
heavy ion beams will have 
greater effect than the loss of 
one of the laser's 60 beams 
No difference at the level of this study 

The loss of one of the two heavy ion 
beams will have greater effect than 
the loss of one of the laser's 60 beams 
No difference at the level of this study 

No difference at the level of this study 

No difference at the level of this study 

No difference at the level of this study 

The heavy ion beam will activate 
the material in the beam tunnel 
No difference at the level of this study 
The heavy ion will activate the 
material in the beam tunnel, causing 
more waste disposal 
The fluorine for the laser has 
no counterpart in the heavy ion 
A greater amount of power is needed 
to drive the laser, with a 
corresponding greater amount of 
waste heat to be dissipated 
The long heavy ion beam tunnel 
has no laser counterpart 
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indirect target may be an option for the laser driven- 
plant but future target designs may significantly impact 
the performance of the targets which would outweigh 
the perceived cost differences. 

Net  thermal power is a split decision - The higher 
gain of the direct drive target tends to favor the laser 
driver for the same energy level. However the more 
efficient LINAC driver better utilizes the available 
target yields requiring less recirculating power be gen- 
erated, thus delivering more net energy to the electric 
grid. 

Overall efficiency is credited to the Heavy Ion driver 
- The higher system efficiency of the heavy ion LINAC 
makes better use of the driver energy, holds the size of 
the other plant equipment to a minimum, and maxi- 
mizes the plant output for a given level of fusion and 
thermal plant output. Both reactor concepts have been 
designed with high temperature primary coolant in 
order to maximize the thermal efficiency conversion. 
Since the laser driver is recognized as the less efficient 
system, the waste heat associated with the KrF gas flow 
loops is used as an additional source of energy which is 
directed into the thermal conversion system to increase 
the overall system efficiency. 

L o w  auxiliary power  helps the efficient use o f  energy - 
The LINAC has the advantage of requiring less auxil- 
iary power delivered back into the LINAC. All other 
plant factors are generally even for this factor. 

Scheduled downt imes are nearly equal - It is believed 
that the Heat Transfer and Transport System, the 
Turbine Plant Equipment, and the Reactor Cavity are 
the systems which will require the majority of the 
scheduled downtime for the plant. The steam genera- 
tor and the turbines will require routine preventative 
maintenance. The reactor cavity will have components 
with limited lifetimes which need periodic replace- 
ment. The laser mirrors and optics are designed for 
long lifetimes and only the final optics may need re- 
placement a few times during the plant lifetime. The 
heavy ion driver components are designed for the life 
of a plant. 

The unscheduled downt ime is determined by the 
M T B F  and M T T R  - The Mean Time Between Failures 
(MTBF) is again driven by the systems mentioned 
above which have large scheduled downtimes, namely 
the Heat Transfer and Transport, Turbine Plant 
Equipment, and the Reactor Cavity. In addition, the 
Driver Plant Equipment will contribute to the unsched- 
uled downtime. The laser amplifiers may have some 
failures, but these can be accommodated without caus- 
ing a shutdown of the reactor. If a mirror or lens must 
be replaced, it can be quickly replaced with a low mean 

time to repair (MTTR). The LINAC components are 
more reliable but any failures of the main beamline 
elements would cause a shutdown of the entire reactor 
until the element is repaired. The net result of sched- 
uled and unscheduled downtime is assessed in inherent 
availability which slightly favors the heavy ion design. 

In summary, the factors which contribute toward 
final economic evaluation are comprised of many terms 
which are not black and white issues. Both reactor and 
driver concepts have perceived advantages and disad- 
vantages as viewed with today's spectacles. But tech- 
nology marches ahead, making twists and turns, driven 
by market pressures, political maneuvers, and societal 
influences. We believe these studies have suggested 
some innovative and cost-effective solutions to existing 
problems and we believe there are even better solu- 
tions yet to be uncovered! 

Results o f  the economic evaluation - The cost of 
electricity for the two reactor concepts indicate that 
the heavy ion driven-reactor would be somewhat more 
attractive than the KrF laser driven-reactor, as shown 
below: 

Reactor concept Cost of electricity 

Heavy Ion driven 62.6 mi l l /kWh 
KrF Laser driven 72.0 mi l l /kWh 

3.3.5. Safety and environment 
In performing the Safety and Environment compari- 

son, the evaluation criteria were first divided into three 
general categories, with a weighting factor assigned to 
each category, as follows: (1) Source Term Characteri- 
zation (30%), (2) Response to Accident (Fault Toler- 
ance) (30%), and (3) Non-Accident Concerns (40%). 
With these factors, accident conditions receive substan- 
tially more weight in the comparison (60%), than do 
normal operation factors (40%). Next, each of the 
three general categories was further divided into sub- 
categories, as indicated on Table 14. As with the gen- 
eral categories, the subcategories were assigned 
weighting factors. 

Each reactor design (laser or heavy ion) was then 
assigned a relative score for each subcategory. The 
design that has the least adverse impact for a subcate- 
gory is given a score of 1.0, while the score for the 
other design is based on how severe its impacts are 
relative to the least adverse design. For example, if the 
laser design is judged to have impacts which are twice 
as severe as the heavy ion design, then the heavy ion is 
assigned a score of 1.0, while the laser design is given a 
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0.5 score. If both designs are judged to be equal in 
their impacts of a subcategory, then both are given a 
score of 1.0. 

Using this methodology, Table 14 presents the re- 
sults of the safety and environment comparison. A 
brief rationale for the assignment of the scores is 
provided for each category. As shown, the laser design 
is slightly preferred over the heavy ion design. How- 
ever, at the level of this study, the difference is not 
considered to be significant, and the two designs should 
be considered to be equal with regards to safety and 
environment. 

3.3.6. R & D  requirements 
An R & D  assessment has been carried out for 

Prometheus-L and H. Because of limitations on time 
and resources available for this study the assessment 
has not attempted to develop comprehensive R & D  
plans. Rather, the effort was limited to identifying the 
R&D required to resolve the key technical issues 
identified for Prometheus. A specific development goal 
was selected as the ultimate objective of the R & D  
identified in this effort. This goal is to develop the 
physics and engineering data base sufficient to con- 
struct an IFE Experimental Power Reactor (IEPR). An 
IEPR is envisioned as a facility in which the basic 
physics and engineering performance as well as system 
integration tests are carried out. It will have prototypi- 
cal components and will probably produce several hun- 
dred megawatts of fusion power and operate with 
about one pulse per second and overall availability of 
about 20-30%. 

The R&D assessment focused primarily on critical 
components unique to IFE: target, driver, and cavity. 
Some modest R & D  has also been identified for the 
tritium system and safety. 

The evaluation methodology for the R & D  category 
requires evaluation of costs (capital and operating), 
time, and risk. Since a comprehensive R&D assess- 
ment was not within the scope of this study, complete 
data was not available to rigorously follow the evalua- 
tion methodology. 

The key items of the R & D  costs are shown in 
Table 15. The costs for laser and heavy ion drivers are 
comparable with the heavy ion reactor concepts having 
a modest advantage in lower cost. The time it takes to 
perform the required R & D  does not appear to be a 
significant discriminating factor for the R&D items 
evaluated in this study. 

3.3. 7. Overall evaluation 
A summary of the scores for the figures-of-merit of 

the five evaluation areas is given in Table 16 for the 

Table 15 
Summary of key items of costs (capital plus 
R&D for laser and heavy ion reactors 

operating) of 

Laser Heavy ion 
(MS) (MS) 

Cavity 
First wall protection 175 175 
Blanket 273 273 
Shield 60 50 

Target and driver 
Driver 825 805 
Target (for both) 235 235 
Target (driver-target) 300 200 

Tritium 30 30 
Safety and environment (specific items) 20 20 

Total (for items shown) 1918 1788 

laser-driven and heavy-ion driven reactors. The scores 
were normalized so that higher numbers mean better 
scores. Two key conclusions can be made based on the 
overall evaluation analysis and the scores in Table 16: 
(1) The heavy-ion driven reactors appear to have an 

overall advantage over laser-driven reactors. 
(2) However; the differences in scores are not large 

and future results of R & D  could change the over- 
all ranking of the two IFE concepts. 

4. Summary 

A comprehensive list of critical issues identified for 
the Prometheus IFE conceptual designs has been ana- 
lyzed and characterized. Each critical issue contains 
several key physics and engineering issues associated 
with the major reactor components and impacts key 

Table 16 
Summary of scores for the five evaluation areas 

Evaluation area Score * 

Laser- Heavy ion- 
driven driven 

Physics feasibility (P) 50 57 
Engineering feasibility (G) 85 93 
Economics (C) 68 78 
Safety and environment (S) 95 93 
RandD requirements (D) 52 56 

* Score normalized so that higher numbers mean better 
scores. 
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aspects of feasibility, safety, and economic potential of 
IFE reactors. Some critical issues have some common- 
ality with MFE, e.g., radiation shielding; fabricability, 
reliability and lifetime Of SiC structure; and tritium 
self-sufficiency. Another critical issue deals with the 
ability to demonstrate moderate gain at a low driver 
energy, which may be crucial to the IFE pathway to 
commercial fusion. Various aspects of target and driver 
development are critical to the success of IFE. 

A quantitative methodology for the comparison and 
evaluation of the two reactor designs has been devel- 
oped. The general evaluation parameters include: (1) 
Physics Feasibility; (2) Engineering Feasibility; (3) Eco- 
nomics; (4) Safety and Environment; and (5) Research 
and Development Requirements. Specific figures of 
merit were established for each category and applied 
to each reactor design. 

In the Physics Feasibility area, the heavy ion driver 
option is judged to be slightly more feasibile with 
pulses in Overall Driver, Target /Beam Transport, and 
Target/Driver Coupling. The laser option is favored in 
the areas of Beam Transport. 

The Engineering Feasibility was evaluated in two 
areas, the ability to meet the design goals and the 
ultimate potential. The heavy ion design option scored 
higher in both categories. The heavy ion option's abil- 
ity to meet the design goals was judged to be 8% 
better, and the ultimate potential scored 10% better. 

The Economic Comparison shows the heavy ion 
driver option to have roughly a 13% lower cost of 
electricity. The cost of electricity has many factors 
including capital cost, operating cost, net power, and 
plant availability. None of the individual factor differ- 
ences exceeds a percent or two, but they all favor the 
heavy ion concept in the economics category. 

The Safety and Environment Comparison was es- 
sentially a draw with the laser having slightly higher 
scores. The heavy ion option scored slightly higher in 
the Source Term Characterization, whereas the laser 
option scored better in the Response to Accidents and 
Non-Accident Conditions. 

The Research and Development assessment consid- 
ered the cost and time to conduct the R&D for the 
critical components. The figure of mcrit for this assess- 
ment was the summation of the capital and operating 
costs for the related R & D  programs. The total costs 
for both options were reasonably close with only 7% 
separating the two options. The heavy ion reactor 
option was judged to have a modest advantage due to 
the low R & D costs. 

Overall, the heavy-ion driven reactors appear to 
have an advantage over laser-driven reactors. However, 

the differences in scores are not large and future 
results of R &D  could change the overall ranking of 
the two IFE concepts. 
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