
LASER FUSION 
HYBRID REACTOR 

SYSTEMS STUDY 

For 

LAWRENCE LIVERMORE LABORATORY 
By 

%^P,.W}i Bechtel Corporation 

V • ••°' July 1976 
OiS' i . ' ! . , • ; ' . > i , ! I ' I I ' . . . ' ' I f 0 



n» ™~i m ^ s 1 ? — — 
I tart *v &«.»;„ . J S * ,s"1" £ra 
' rimming, i V i t 1 1 ; ™ Copy No._/_of 100 

LASER FUSION 
HYBRID REACTOR 

SYSTEMS STUDY 

For 
LAWRENCE LIVERMORE LABORATORY 

By 
Bechtel Corporation 

fl c r • * » T W ^ 

Purchase Order No. 8777'20!>l"|-< /> 



CONTENTS 

Page 

INTRODUCTION AND SUMMARY 1.1 

Introduction 1-1 

Summary of Findings 1-4 

Study Considerations 1-5 

Economics 1-6 

Observations 1-8 

Recommendations 1-9 

LASER FUSION.FISSION HYBRID 
REACTOR SYSTEM 2-1 

Economic Laser Fusion Systems 2-2 

Practical Hybrid Systems 2-5 

HYBRID REACTOR DESIGN (500 MWe) 3-1 

Reactor Design 3-1 

Uranium Blanket Design 3-2 

General Considerations 3-2 

Selection of a Fuel Material 3-5 

Fission Blanket Thermal and Mechanical Design 3-8 

Blanket Fuel Management 3-11 

Mechanical Design 3-12 

Reactor Fission Blanket and Sodium 
Coolant System 3-12 

Lithium-Cooled Radial Blanket 7-14 

Top and Bottom Blankets 3-15 

Shielding 3-15 

Reactor General Description 3-15 

iii 



Section Page 

Final Laser Optical System 3-16 

Pellet Apparatus J.I7 

First Wall Considerations 3-17 

THERMAL ENERGY TRANSPORT AND 
CONVERSION SYSTEM (500 MWel 4-1 

Overall System 4-1 

Primary and Secondary Heat Transport Loops 4-4 

Energy Conversion System - Steam Cycle 4-7 

Cooling Water System 4-K 

Auxiliary Power 4-10 

PLANT DESIGN AND LAYOUT (500 MWcl 5.1 

Laser, Reactor, and Plant Facilities 5-3 

Laser Facility 5-3 

Reactor Facility 5-3 

Reactor Service Facility 5-7 

Steam Generator Facility 5-<l 

Turbine Facility 1-'! 

Control Facility 5-10 

Diesel Generator Facility 5-lC 

Steam Generator Maintenance Facility 5-11 

Office Building 5-11 

Maintenance Shop and Warehouse 5-11 

Electrical Distribution Yards 5-1.1 

Auxiliary Plant Systems 5-12 

Civil-Structural Consitferations 5-12 

TRITIUM RECOVERY (5CU MWel i.-l 

Primary Heat Transport Loop - Tritium 
Recovery Process i>-2 

Secondary Heat Transport Loop - Tritium 
Recovery Process t'i-3 



Reactor Discharge - Tritium Recovery Process 6-4 

Alternative Systems for Tritium Recovery 6-5 

Blanket Systems 6-6 

Reactor Effluent Systems 6-6 

COMMERCIAL SIZE HYBRID REACTOR DESIGN 7-1 

System Parameters 7-2 

Uranium Blanket Design 7-3 

Reactor Design 7-8 

First Wall Design 7-8 

Final Laser Optical System 7-9 

Thermal Energy Transport and Conversion System 7-^ 

Energy Conversion System - Steam Cycle 7-11 

Cooling Water System 7-12 

Auxiliary Power 7-12 

lritium Recovery 7-13 

General Plant Design and Layout 7-14 

SAFETY CONSIDERATIONS 8-1 

NUCLEAR (FISSION) FUEL CYCLE COSTS 9.1 

Pluionium Value 9-1 

Hybrid Reactor Fuel Cycle Cost 4-4 

CAPITAL COSTS 10-1 

Estimating Bases 10-1 

Capital Cost Summary 10-2 

Capital Cost Estimate Qualifications 10-2 

Pricing Levels 10-4 

Tritium Jystems 10-4 

Reactor 10-4 

Construction Labor 10-5 

Indirect Field Costs 10-5 



Section Page 

Engine ering Services 10-5 

Contingency 10-6 

11 OPERATING ECONOMICS 11.1 

Capital Cost Analysis 11-1 

Design Parameter Ccmpirieon 11 -4 

Operating Costs 11-6 

Cost Sensitivity 11-8 

Economic Sar.imary 11-K 

IE REFERENCES 12-1 



ILLUSTRATIONS 

Figure 

2.1 Basic Lase:; Fusion System 

1-1 Laser Fus'.on System Energy Cycle 

2-3 Cylindrical Hybrid Reactor 

3-1 Laser Fusion Hybrid Reactor 

3-2 Fuel Assembly Cross Section (Full Size! 

4-1 Therma] Energy Transport and Conversion System 

4-2 Primary and Secondary Heat Transport Systems 

4-3 Typical Steam Generator System 

4-4 Steam Cycle 

4-5 Coolie Water System Schematic 

5.1 General Plan - Laser Fusion Hybrid Power Plant 

5-2 Laser Fusion Hybrid Power Plant -
Plan and Section \/i<?\vs 

5-3 Reactor Facilities 

d-1 Tritium Recovery System 

6-2 Reactor Discharge - Tritium Recovery Process 

7-1 The Primary and Secondary Heat Transport 
Systems (3380 MWt) 

7-2 Steam Cyck 



Table 

TABLES 

1-1 Operating Costs ol 1200 MWf Laser Fusion 

Hybrid Reactor Facility, Lase/s Considered 

3-1 Uranium Fuel Element Mechanical Data 

3-2 Urair'um Fuel Element Thermal Data 

3-3 Vranium Fuel Management Data 

4-1 Key Parameters of Energy Transport 
and Conversion System (500 MWc) 

4-2 Overall Parameters oi Energy Transport 

and Conversion System (500 MWe) 

4-3 Auxiliary Power Requirements (500 MWe] 

5-1 Discrete Systems of a Laser Fusior. Hybrid 
Power Plant 

5-2 Building Data, Laser Fusion Hybrid Power 

Plant (500 MWel 

7-1 Depleted Uranium Fission Blanket Data 

7-2 Fuel Management Data 

7.3 Power Shifts During Fuel Cycles 
7.4 Kry Parameters v! Fncrgv Transpfir! ,ind Conversion 

System (1200 MWe less lasers) 

7-5 Auxiliary Power Requirements- IIZOO MWe) 

7-6 Major Changes in Design 

9-1 PWR Fuel Cycle Cost Rases 

LX 



Table Page 

9-2 PWR Fuel Cycle Costs 9-3 

9-3 Hybrid Reactor Fuel Cycle Cost Bases 0-4 

9-4 Hybrid Reactor Fuel Cycle Cnst.; '1-S 

10-1 Capital Cost Summary of Laser Ilyhrid Roactor Hants [0-3 

11-1 Capital Cost Analysis 11-3 

11-2 Basic Laser Fusion Hybrid Roactor DUnt 

Pa* ^meters for Cost Comparison l!-5 

11-3 Estimated Operating Cn6ts ILess Lasers) 11 -b 

11 -4 Estimated Operating Costs (With Laserst 11-7 

i 



Section 1 

INTRODUCTION AND SUMMARY 

A number of studies have been performed showing the advantages of the 

use r fusion-fissiou hybrid reactor concept. These studies cite the 

energy multiplication advantage of using a fission blanket within a fusion 

reactor and the accompanying rediiction in laser efficiency or pellet gain 

requirement. The extent of this advantage and the value of t!i? laset 

fusion hybrid reactor in a power generation economy, however, were 

riot well known This ia partly because no specific laser fusion hybrid 

reactor design had been evaluated. None of the studies included capital 

ar.d operating costs or cor.aideratian of the fission fuel cycle. Lawrence 

Livermore Laboratory engaged Eechtel Corporation t^ conduct a systems 

study that would clarify a major portion of these unknowr. parameters 

and help the Laboratory to make c preliminary decision about the tech

nical, economic, and environmental feasibility of a laser fusion hybrid 

reactor -power plant. 

INTRODUCTION 

The work was performed in three phases. The first phase included a 

review of the many possible 'aser-reactor-blanket combinations and 

resulted in the stlection of a "demonstration size" SOD MlVe plant for 

further study, A number of fact fission blankets using uranium metal, 

uranium-molybdenum alloy, ar-1 uranium, carbide as fuel were investi

gated. Neutromcs data were supplied oy Lawrence Liven.ore Laboratory, 



The second phase included design of the reactor vessel and internals, 

heat transfer system, tritium processing system, and the balance of 

plant, excluding the laser building and equipment. A fuel management 

scheme was developed, safety considerations were reviewed, and capital 

and operating costs were estimated. Costs developed during the second 

phase were unexpectedly high, and a thorough review indicated consider

able unit cost savings could be obtained by scaling the plant to a largrr 

size. Accordingly, a third phase was added to the original scope, encom

passing the redesign and scaling of the plant from 500 MWe to 1200 MWe 

(less lasers)."' 

Design of the laser fusion hybrid facility started from an open-choice 

position. The design consisted basically of the total plant design, with 

only a laser equipment interface i s the laser; associated electrical and 

optical systems and associated fusion fuel cycle were not to bt conRidered. 

However, to complete the reactor design, a selection of laser parameters 

is necessary. The pure fusion plant reactor requires a laser with an 

efficiency of 5 to 10 percent and a pellet gain of 50 to 100. Present pro

jections show that only 1 to 2 percent lasers may be possible, A Laser 

performance with a 10 MJ yield and a pellet gain of 100 operating at 

~?.Q Hz was assumed for design purposes. 

The reactor and its fission blanket were the initial onsiderations, and 

it was decided not to exceed a 7 m length for the fuel element. Liquid 

metal coolants were chosen to take advantage of the presently available 

technology from sodium cooled reactor systems. The size of the reactor 

was then determined by both neutron loading on the first wall and what 

was eatimated to he a reasonable reactor size - l e s s than ,10 m in diameter. 

'The term "less lasers" is used throughout the report and refers to a 
laser fusion hybrid reactor facility without consideration of the laser 
facility or the power required to drive the lasers, Whereverjhe terms 
1200 MWe net or 500 MWe net are used in^conjunction with hybrid _faciti-
tie£ they must be considered "less lasers," 
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The neutron loading capability of process tubes and similar internals 

was estimated at 5 to 6 MW-year/m of full -power operation. This 

resulted in a reactor with approximately 1200 to 1400 MWt and 400 to 

MO MWe output, which allows a modest adaptation and reference check 

against the Clinch River Fast Breeder Reactor plant designed for 975 

MWt and 350 MWe net output, Various nuclear fuel elements for the 

fission blankets were evaluated, Basic parameters of the laser fusion 

hybrid reactor plant were frozen to permit completion of engineering and 

cost estimates of the thermal energy transport and conversion system 

and of the general plant design, 

A review of the 500 MWe facility capital and operating cosis indicated that 

economic advantages would accrue from higher electrical output. Also, 

a review of the ever changing predictions of laser-pellet performance 

indicated that the 100 kj laser input for a 10 MJ yield would likely _be_ 

insufficient. To understand the economic effects of increased electrical 

output, a 1200 MWe net laaerjusion hybrid facilityjvaa_exar1; jas^ The 

limits set for this facility were based on the largest turbine generators 

presently available and the rore power restrictions of the I". S, Nuclear 

Regulator Commission Regulatory Guide .'.49. An average 25 pps repe

tition rate laser was chosen to drive the thermonuclear reactor to accom

plish a 20 Ml yield (with a pellet gain of 100), A uranium metal fission 

blanket, the reactor, and the thermal energy transport and conversion 

system were designed for the increased power output, and the total facil

ity was reviewed for increasea requirements. A safety rtview was 

completed, fuel cycle OEt, capitaL cost, and operating cost were com

pleted for all systems, An economic analysis was then don? to compare 

the 500 MWe and 1200 MWe plants ai:d the costs of a typical 1200 MWe 

UVR facility. 

The results of increased electrical production and the effects of nuclear 

fuel cycle were combined with fi.' dings of the User fusion hybrid reactor 
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plant design, and recommendations were presented for future study 

work for hybrid aystems. 

Extensive evaluation of new technology is not within the scope of this 

study, nor has any system been optimized; these are subjects for future 

studies, Throughout this report a conservative basis of design is used 

for reasonable assessment of a laser fusion hybrid reactor system facility, 

SUMMARY OF FINDINGS 

The laser fusion hybrid reactor occupies a promising position in develop

ment of a fusion economy. This study has disclosed a number of impor

tant considerations when adding a fission blanket to the pure fusion 

reactor, 

i The laser fusion hybrid reactor facility should be 
designed to operate with the highest MWe net output 
that is safely attainable. A_500^MWe_net output_can 
only be considered a clemjastration plant; A laser 
facility in the approximate range of 10D0 MWe has_a 
nTgherimill/It Wh operating cost than the average 
present day L\VR cost. This is due mainly to the 
high recirculating piwer fraction and the capital costs 
of reaclm, sodium systems, and tritium recovery 
systems. 

t The fuel cost for the hybrid scheme is encouraging. 
The fission fuel cycle for 1200 MWe (lasers considered! 
is, in effect, a revenue source aj^a^^^_5j^l_s/kWh, 
offsets the operating and maintenance costs. Fusion, 
ftjej at lc per pellet would be a relatively insensitive 
factor at a .98 milts/kWh cost. 

• The hybrid reactor system produces a large amount 
of fissile fuel in addition to its electrical output. This 
production is equivalent to the fueling of 7 to 8 LWRa 
of equivalent size depending on fueling ratio. The 
value of this fisflile fuel production will increase as 
the raw material supply for nuclear fuel is depleted. 

Laser efficiency or pellet gain requirements are less 
severe for a hybrid reactor than for a purft fusion 
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reactor of the same pc-wer output. This results in a 
reduction of the first wall radius and ha3 the effect of 
having a smaller reactor. It therefore requires a 
smaller reactor containment facility, which reduces 
the capital cost, 

• In a laser fusion hybrid reactor system, with an 
assumed pellet gain of 100, a laser efficiency of two 
percent or higher is desirable. 

• A unique power output control method is inherent in 
the design of a hybrid system. As the power level 
increases in the fission blanket, the repetition rate 
of the laser is decreased and the power output of the 
system is maintained at a definite level, which is 
desirable in power generation systems, 

• Further in-depth analysis and design of safety con
siderations is necessary for a better understanding 
of the tritium pathway, coolant ignition., and loss-of-
coolant flow accident, 

STUDY CONSIDERATIONS 

The 500_MWe hybrid reactor system chosen for initial evaluation in this 

report consists of a 16 m diameter reactor with a 7 m diameter chamber 

driven by & laser, resulting in a 10 MJ laser-pellet yield at an average 

Z0 pps rate. It produces a nominal 1400 MWt output with .ajjegleted 

uranium fission blanket and a lithium blanket for tritium breeding. The 

1200JvlWe_rcact_or syBteni consists of a 20 m diameter reactor with a 

10 m diameter chamber driven by a laser, resulting in a 20 MJ laser-

pellet-yield at approximately 25 pps, It produc^s_a_nominal_337p_MVj[£ 

with a depleted uranium fuel fission blanket and a lithium blanket for 

tritium breeding, 

The choice of the depleted[uranium blanket ensures subcritical operation 

with the benefij.of a lone-term supply of fuel from the readily available 

UFg tails from the Oak Ridge Gaseous Diffusion Operations. A metal-

clad uranium carbide fuel element was considered and subsequently 
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rejected because of the inability of the hybrid system to take advantage 

of the high burnup available within that fuel. This inability is deduced 

by the assumption that the cladding life is limited to a 5-year full-power 

neutron loading at 1 MW/m , 

A 7-percent molybdenum-uranium fuel element was also considered, but 

again, the larger bu.nup potential could not be utilized and the performance 

of the fuel was overshadowed by the reduction in energy multiplication 

(M) and fissile fuel production over that of depleted uranium. Also the 

depleted uranium fuel element is less costly to fabricate, 

ECONOMICS 

Forecasts of operating economics for future laser hybrid power producing 

facilities must be approached with caution. For the most part they are 

speculative until further advances are made in the design of the hybrid 

concept. However, it is necessary to understand in what region of cost 

the hybrid scheme would exist if a facility were put into operation. 

An economic analysis of the reference 500 MWe net (less Lasers! facility 

and the 1200 MWe net (less laser) facility indicated the following conclusions: 

• The cost of power for a 1200 MWe net output reactor 
system (less lasers} is 40 mills/kWh and indicates 
a substantial downward trend in the unit cost from the 
500 MWe facility. This is due to the capital cost 
which forces the net power cost to approximately 
70 mills/kWh (less lasers) cost, For this reason, the 
reactor output should coincide with scaling factors of 
other nuclear power reactors - a hybrid system should 
be designed in the 1200 to 1500 MWe net output range, 
and where possible, in twin units of power plants, 

• The cost of fueling the 500 MWe ar.d the 1200 MWe (less 
lasers) reactors is offset by the revenue of the fiBsile. 
production and results in a revenue of 2.8 and 3,93 mills/ 
kWh respectively, This revenue and value of plutonium 
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production, however, could become a large advantage 
if the cost of LWR fuel increases substantially because 
of the projected diminishing supply of economically 
priced uranium. 

The economic analysis of a UOO MWe laser fusion hybrid reactor facility, 

including the broad assumptions that the laser facility system has a total 

direct capital cost of $150 million, an aiiticipatftd recirculation toad of 

25 percent, and a fusion fuel cost of lc/pellet, resulting in the costs 

shown in Table l - l . 

Table 1-1 

OPERATING COSTS OF 1200 MWe LASER FUSION 
HYBRID REACTOR FACILITY 

LASERS CONSIDEfiED 

Parameters 
240 LWe-24.8pps lasers 

960 MWe (lasers considered) net output 
5.886xl09kWh/yr 

(mills/kWh) 

Fission fuel 

Operation and maintenance 
(less lasers) 

Capital charge (less lasers) 

Fusion Fuel 

Laser capital and operating 
charge for $150 million 
direct capital cost 

-3.15 

3.06 

52.44 

.93 

10.8 

Total Cost 64 mills/kWh 
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[f the net output of electrical power is 960 MWe, the cost of power would 

be 64 rniils/kWh, and the laser facility operational cost should be in the 

region of 15 to 20 percent of the total unit coat of power. Increasing the 

laser efficiency by one percent has a benefit of 4 to 5 mills/kWh. Reducing 

the effi< »ncy by one percent (off the approximately 2 percent efficiency 

assumption) produces an increased coat of 2J mills/kWh, 

OBSERVATIONS 

The reactor design is critically dependent on established first-wall 

parameters. The reactor was designed for a neutron wall loading qf 
2 

approximately 1 MW/m . It is not clear whether or not this is the 

governing parameter. If the energy deposited in a metal first wall by 

the charged particles is not conducted away, the wall surface will suffer 

l cyclic temperature rise of several thousand decrees K; this could well 

be the governing parameter, A graphite curtain was chosen for the 

reference reactors and was designed to remain below ablation tempera-

ture but is assumed to be eroded by the formation of hydrocarbons. The 

first-wall design determines the size of the reactor chamber. This has 

a determining effect on the size of the fuel elements, lithium blankets, 

coolant systems, reactor size, and the dimensions of reactor contain

ment, in effect, the first wall performance will have a profound influ

ence on the economics of the laser fusion hybrid reactor. 

The interface between the laser beam entry and the reactor building 

requires a design that does not affect the integrity of the reactor 

containment. 

The practical hybrid reactor design parameters reduce the full use of 

the spherical distribution of energy flux. Laser beam entry ports, 

pellet injection, and vertical fuel elements detract from the most efficient 
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use of the energy flux distribution. Developing acceptable horizontal 

or angled coolant flow systems would allow fuller utilization of the fusion 

neutron source and will improve the efficiency of the reactor output, 

RECOMMENDATIONS 

The high capital cost of the reference laser fusion hybrid reactor system 

is inherent in an unoptimised design, A survey of high cost items indi

cates that improvements are possible by further investigation of the 

following: 

• Reactor containment structure should be kept as small 
as possible. Other high-cost seismic category I 
structures should be kept equally small. This is 
possible, however, only with detailed knowledge of 
enclosed equipment, 

• The reference reactor coolant system (sodium) re 
quires expensive trace heating, and alternate coolant 
systems should be considered such as lithium or 
possibly helium with a solid lithium blanket. 

• Tritium recovery process data are required for better 
definition of systems. All tritium systems within this 
study are redundant and, therefore, may reflect an 
unnecessary cost, 

f Further detailed design is required so that construction 
requirements can be better known, and sc that cost 
allowances for engineering services, contingencies, 
and interest during construction can be reduced, 

The reactor and subsequent systems must be designed for a power output 

(1200 to 1500 MWe) to enter a viable economic system, Many of the 

basic requirements of large power producing facilities are required for 

smaller facilities; therefore an economic advantage exists, An energy 

transport and conversion system suitable for 1100 to 1300 MWe plant 

output has been designed; only an engineered selection is necessary. 

The reactor and coolant system needs further consideration as follows: 

• The reactor shape and size are open choices except 
that they are primarily determined by the fission fuel 
element design and by the first wall parameters. 
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• The reactor output is a function of User repetition 
rate and input power, final laser optical requirements, 
geometrical design of fuel elementB and lithium blaikets, 
and energy multiplication of the fission blanket. T:na 
matrix of parameters needs to bb optimized before a 
reactor can be selected. Many of the parameters 
require better definition. 

The larger systems definitely benefit the unit cost of product and offset 

the capital cost penalty, A 1200 MWe system may be a possibility with 

a laser of 200 kj output, a pulse rate of 25 pps, and a pellet gain of 100. 

It js also not out of the realm of feasibility that a 2000 IvlWe plant may 

be driven by « single laser fusion hybrid reactor system. There are 

other alternatives as well. It is recommended that son.e of these alter

natives be evaluated in enough detail to allow a meaningful comparison 

to the designs selected here. 

The viability of the laser fusion hybrid reactor system cannot be easily 
assessed without further study. It is necessary to further develop the 
laser and optical system, tritium recovery system, and reactor fuel 
injection system. Analysis is also needed of the first-wall loading, 
considering materials available today* In addition, the matrix of fission 
blankets, tritium breeding blanket, reactor configurations, and various 
coolant systems must be reduced to systems with a high power output, 
reasonable fissile fuel production, and a small size reactor. A further 
in depth analysis and design of safety systems is mandatory. These 
activities will provide a second round design and a further evaluation 
of the laser fusion hybrid reactor system; the present study is considered 
a first review. 
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Section ?. 

LASEtl FUSION-FJSSION HYBRID REACTOR SYSTEM 

An interesting aspec; .-f the fusion power program is the laser fusion 

hybrid reactor system, One of the major requirements for a successful 

laser fusion power plant program is the development of an apprcpriate 

laser system that i;an deliver high energy (100 kJ to 1 MJ) in an extremely 

short time interval (1 ns or less) at the right wavelength (preferably in 

the 300 to 600 nm range) with good efficiency (5 to 10 percent). This is 

a formidable problem with an uncertain outlook, A fission blanket arjund 

a fusion cort ran increase the power output over a pure fusion blanket 

by a factor of b to 10 or more. This has the direct effect of lowering 

the laser efficiency requirements or the gain requirement of the pellet. 

The hybrid reactor can therefore use lasers with an efficiency of 1 to 2 

percent, and the prospect of successfully developing these is excellent. 

A demonstration laser fusion power plant could be planned for the 1990s 

if the hybrid concept is used. The prospect of having a pure laser fusion 

demonstration power plant operational before the year 2000 is less certain 

The laser fusion hybrid reactor would be very similar in configuration 

to a pure fusion reactor with the exception that a fission blankt-i is placed 

between the first wall and the fjsion blanket, The fission blanket is a 

subcritical region that uses the 14-MeV fusion neutron to generate fission 

in uranium or thorium fuel. This fission blanket is an energy multiplier, 

and multiplication numbers M (ratio of blanket energy to fusion neutron 

energy) of up to 100 have been calculated/ ' A fission blanket is thus 

essentially an economic measure added to the pure fusion concept. 
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ECONOMIC LASER FUSION SYSTEMS 

It has been shown that laser energy can be deposited in and implode a 
i 

DT fuel pellet initiating a thermonuclear !-urn. The'efficiency of the 

U B M , the required initial laser energy, and the thermonuclear yield 

are the principal uncertainties. To make practical use of this reaction, 

the process outlined in Figure 2-1 is required. 

Solid or liquid DT pellets are manufactured from a mixture of gaseous 

deuterium and tritium. The pellets are injected into the re?.ctor vessel 

where they are ignited by laser beams. The reaction vsasel is required 

to contain the blast energy, to provide a. lithium blanket for neutron 

thermalization and tritium breeding, and to create a cavity for the laser-

pellet interaction. The lithium may be continuously recycled through a 

heat exchanger to generate steam for a conventional steam cycle. Tri

tium is removed from the lithium cycle and the reactor discharge for 

reuse in the reactor. A simplified energy flow diagram for the fusion 

reactor system is shown in Figure 2-2. 

LASER 
SY5TEM 

DT PELLET 
MANUFACTURE 

A N D FEED 

POWER TO LASER 

POWER 
PLANT 

POWER 
OUT 

Figure 2-1. Basic Laser Fusion System 
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The laser converts electrical energy to coherent light energy at an effi

ciency n * This light energy interacts with the fuel in the reactor 

chamber to produce thermal energy at an energy gain of G = E y ' E , . 

The thermal energy is then increased by the energy multiplication in the 

fission and fusion blankets indicated by M . The increased thermal 
o 

energy E is then converted to electrical energy at an efficiency n by 

a conventional thermoelectric generator. Part of the electrical energy 

is used to drive the laser, and the remainder represents the system out

put, (Auxiliary power requirements are not considered in this simplified 

cycle.) 

An overall system efficiency is defined as the ratio of the output energy 

to the thermal energy produced by the reactor. Expressed in terms of 

the component efficiencies, the overall efficiency is: 

\ G M 

HEACTOR 
PELLET 3LANKETS 

rOH M 0 

E s , 
T/E 
CEN 
IE 

E E L E ° • rOH M 0 

THERMAL 

T/E 
CEN 
IE ELECTRICAL ~ ELECTRICAL ~ 

ER 

EL L/.iER 
% COHERENT IGHTJ 

L/.iER 
% 

Figure 2-2. Laser fusion System Energy Cycle 



A typical pure fusion plant entrgy balance (refer to Figure 2-2) is 

an follows: 

Circulating power E = 125 MW 

Laser output (n. = 0. 1)E, = 12.5MW 

Thermal power (C = L0O)E = 1250 MW 

Thermal power (M *= 1.25)Eg = 1560 MW 

Electrical pon-er (n„ = 0.4)E E 
= 625 MW 

Plant output '£ = 500 M\V 

Overall efficiency = 500/1560 -- 32% 

The probable thermoelectric efficiency is 40 percent, so that the pure 

laser fusion iivstem will be a power generator if i T GM = 2.5 and an 
L o 

economical generator when" GM is above 2. 5. L, o 

The laser fusion hybrid reactor system will use a fission and fusion 

blanket, and M will be increased by the multiplication of fusion neutron 

energy deposited in the fission blanket, To illustrate this effect, if it 

is assumed that gain G on the input laser energy is approximately 100 

and the laser is 10 percent efficient, the r\ G is 10. If the laser effi

ciency is 1 percent, an <] G of 100 is required for an economical system, 

which would mean the gain must be 1, 000, If an overall energy modifica

tion (M ) of 10 is attainrd with the addition of a fission blanket, then 

o 

il GM = 1, 000 and the required gain G is again 100, Therefore, there 

is a relaxation on either the gain (G) or the laser efficiency (>) I and 

an economic system .xists if •1 GM is above 2.5, perhaps in the 10 

range, depending upon nuclear fuel cycle and operating costs. 

Maniscalco's studies at Lawrence Livermore Laboratory show ;hat 

b-" adding a fissionable blanket to tlu -eactor. the gain of such a fission/ 

*M 0= exothermic gain in lithium blanket only (assumed value), 
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fusion hybrid could be increased, in principle, up until the blanket 

itself became a self-sustaining fission reactor. Alternatively, fission

able material could be bred in the blanket and sold to a separate fission 

power plant. Having a high fusion gain and a high fission blanket multi

plication (M) would provide a minimum system requirement. 

Hybrid reactor blankets may be designed to produce electrical power, 

fissile fuel, or both; however, a tritium breeding ratio exceeding one 

must still be maintained. 

The choice of product depends upon the fission blanket design. A thor

ium fast fission blanket will produce U-233 fuel for other reactors but 

little power, A depleted or natural uranium fast fission blanket will 

produce Pu-239 fuel aiid power. A plutonium-enriched fast fission 

blanket will produce even mare power and also additional Pu-ZS^, A 

thermal fission lattice with natural or enriched uranium produces mar* 

powei than the fast fission blanket l:'Jt breeds less fuel. 

PRACTICAL HYBRID SYSTEMS 

This study indicates the application of these economic theories to practical 

systems that produce power and fuel. A basic comparison between the 

theory and the practical application of the economic cycles is made below. 

Greater detail and analysis of the economic cycles is given in later sec

tions of this iRport. 

"or the hybrid reactors in this study, a depleted uranium blanket with 

a sodium coolant was chosen; lithium was used in the fusion blanket. 

This study used a cylindrical reactor design to evaluate a hybrid sys

tem. Figure 2-3 shows, diagramatkally, the reactor under study. 

For the comparison between theory and the practical application of the 

The M gain here relers to gain in fission blanket from neutron energy 
input and not a total overall gain of the hybrid blanket systei'. M . 
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economic cycle, the actual partition of energy of the 1400-MWt and 

500-MWe laser fusion hybrid reactor is indicated. 

The reactor has a top and bottom fusion blanket (Zone A); lithium is used 

as the coolant and as an energy producer. The radial portion of the 

cylindrical reactor contains a second fusion (radial) blanket and the fission 

(radial) blanket (Zone B); lithium is used as the coolant and energy pro

ducer in the fusion blanket and the radial fission blanket is cooled by 

sodium. Tritium is bred in all the fusion blankets. A first wall protects all 

surfaces within the reactor chamber. The reactor has a spherical shell. 

The energy from the thermonuclear reaction has a spherical distribution 

from the point of implosion. The X-ray and charged particle energy 

(23 to 30 percent of the total) is deposited in the first wall. The neutron 

energy (77 to 70 percent of the total) is deposited in the fission and fusion 

blankets. 
ZONE A 

BLANKET ffiNE A 

Figure 2-3. Cylindrical Hybrid Reactor 
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The charged particle energy deposited in the first wall (Zone A) is trans

mitted to the fusion blanket and is removed by the lithium coolant circuit. 

The neutron energy (Zone A) 1B deposited in the top and bottjm fusion blan

kets and ia aUo removed by 1 . same lithium circuit. The charged particle 

energy deposited in the first wail (Zone B) is transmitted in the fission 

blanket coolant. The neutron energy (Zone B) is deposited and then 

multiplied in the fission blanket. The energy in the fisaion region 

amounts to about 89 percent of the total energy, and it is removed by 

the sodium coolant. The fusion, blanket i^one B) energy derived by the 

exothermic absorption with lithium iB removrd by the lithium coolant 

system. 

Zone A in the 500 MWe design represents 30, 5 percent of the 4ff steradians 

of the reactor sphere, and Zone B 68 percent; approximately 1.5 percent 

is a loss to the reactor. There is an additional loss of 1.1 percent in 

Zone A caused by laser beam and fuel injection entry areas. If the reactor 

system is designed for 10 MJ and 20 Hz laser input and a nominal 1400 

MWt output, Zone A will produce between 63 and 84 MWt, depending on the 

repetition rate, and Zone B will produce between 1316 and 1337 MWt. 

This is approx;. •- .tely 93 percent of the energy removed from the reactor. 

At an average production of 1326,5 MWt by Zone and and an average of 

73, 5 MWt by Zone B, the energy per percentage of the 4i7 steradians is 

19. 49 MWt and 2. 5 MWt, respectively. These values include the era-

thermic reaction in the lithium and a loss in the top and bottom blankets 

due to laser beam and pellet entry areas. 

As Zone B produces more than 93 percent of reactor ejiergv output within 

68 percent of the available spherical distribution of implosion energy and 

could represent a hybrid design with modification to the existing blanket, 

it is interesting to compare the possible pure fusion and hybrid reacto.r 

output of this design, by extrapolation, if the total reactor were con

sidered a pure fusion device and consisted of the same construction as 

tlr top and bottom blanket, the energy output wo'-ilu equal 250 MWt, With 
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a 38.2 percent electrical conversion efficiency, the output equals 95. 5 

MWe. If an input of 100 MWe are required by the laser, the total system 

would be uneconomical. However, if the reactor were of the fission and 

fusion blanket construction (Zone B) (note the cylindrical shape is ignored), 

the energy output would equal 1949 MWt, Therefore, E~ - 752 MWe and, 

as 100 MW are used for the laser, 652 MWe are used for auxiliary power 

and product, The system would then enter a possible economic region. 

The energy multiplier M for the fission-fuaion system is approximately 9.7. 

In the 500-MWe reactor (1400 MWt), the fission blanket (Zone B) has an 

M of approximately 11 to 12. The exothermic reaction in the top and 

bjttom lithium blankets (Zone A) has an energy increase of approximately 

1,25 yielding an average M for the total reactor system M = 7, 

Employing a fission blanket does not allow a simple application of an M 

number to the fusion economic cycle. The reactor design has efficiency 

losses through laser beam an^ pellet entry areas. Due to the requirement 

of vertical flow coolant systems, the spherical distribution of energy flux 

from the implosion point cannrt be met by a spherical blanket, which would 

be the most efficient method of energy multiplication. 
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Section 3 

HYBRID REACTOR DESIGN 
(500 MWe) 

The hybrid reactor is designed for a continuous 1400 MWt output. The 

top, bottom, and radial lithium blankets produce up to 140 MWt and the 

fission blanket produces 1260 MWt. Sodium is the eyolant for the fiasion 

blanket, and lithium is the coolant for top, bottom, and radial blankets. 

Six laser beam pathways are provided with a final focal length of 12 m. 

IK.? reactor operates at a 1 torr vacuum. The reactor operation iB 

planned for a repeating four-cycle basis whereby fuel elements are ro

tated or removed on each cycle. The first walls are replaced at each 

cycle, and internal parts of the reactor subject to neutron damage are 

replaced every fourth cycle. 

REACTOR DESIGN 

The functional shape of the reactor is cylindrical in order to facilitate 

fuel handling and maintain vertical coolant flowin the fuel elements. The 

primary parameter of design is governed by the neutron loading on the 

first wall, which is set at approximately one megawatt per square meter. 

Because the reactor has a changing pulse rate of 17,58 to 23.4 Hz, the 

internal surface of the reactor chamber (7 m diameter) is subject to a 

neutron wall loading of 0. 87 to 1.175 MW/m . The height of the reactor 

is determined by the fission fuel blanket height; this was selected at a 

nominal 7 m. Greater lengti? of fuel is subject to diminishing return of 

neutron flux a reduced angle of light entry, an increasing "f" number 

for optical iocusing, and an increasing size of the reactor. 
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The basic components of the reactor {see Figure 3-1} consist of the 

pellet injection mechanism, the final optical system, the first wall, the 

top and bottom lithium (tritium breeding) blankets, the fission (fuel) 

blanket, the radial lithium blanket, the aodittm coolant system, the 

lithium coolant system, the internal reactor shielding, and the reactor 

structure. The reactor ia made of stainless steel throughout, except 

where noted, and ia, essentially, a vacuum vessel with four heat ex

changer systems and six laser beam entry ports. The vessel has a r e 

movable top, and because of radioactivity levels, all operations are 

handled remotely. 

The reactor has been designed with maximum applications of conven

tional technology. Three areas (the pe!!et injection system, final optical 

system, and first wall) are not defined in great detail because of incom

plete knowledge of how these components will react under thermonuclear 

blast conditions. Considerations of these components are covered later 

within this section. 

Figure 3-1 shows the general configuration and main components of the 

reactor. 

URANIUM BLANKET DESIGN 

General Considerations 

Neutronics calculations by Maniacalco and by others over the past several 

years have shown that fusion neutron energy multiplication of 10 or greater 

is possible if a laser fusion reactor core is surrounded by a depleted 

uranium blanket. The fusion neutrons (nominal 14 MeV), which carry 

away 70 to 77 percent of the energy from a typical DT pellet microexplo-

sion, are effective in causing fission reactions (n-2n and n-3n) in thu 
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Figure 3-1, Laser Fusion Hybrid Reactor 
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U-238. Typical calculations for these fast fission blankets show that the 

energy multiplication can be maximized by using uranium metal instead 

of UC or UO . by minimizing the volume fractions of coolant and struc

tural materials in the blanket, and by using a uranium surface density 

of approximately 2, 5 Mg/m , equivalent to a 130 mm thickness of solid 

uranium metal or a 260 mm thickness if the uranium volume fraction is 

5C1 percent. 

Energy multiplication inc reases by 30 to 50 percent in a typical blanket 

design as plutomum is produced, accumulates, and fissions. Natural 

uranium used as a fuel instead of depleted uranium increases the initial 

energy multiplication by approximately 14 percent. Neutron energy 

multiplications of 30 to 50 may be possible in a thermal (neutron) lattice 

where natural uranium or slightly enriched uranium are substituted for 

the fast fission blanket. Arbitrarily high energy multiplications can be 

achieved by using enriched uranium or mixed plutonium-uranium as a 

fuel. The upper limit to this approach is a critical blanket that requires 

no fusion neutrons to drive it. Neutron energy multiplication is thus not 

necessarily a useful or appropriate figure-of-merit to characterize all 

designs. 

Fast neutron damage .9 currently expected to limit the useful life of stain

less steel and other structural metals in a fusion reactor to approximately 

3 to 6 MW-years of 14-MeV neutron energy per square meter. A common 

design region for both laser fusion reactors and magnetic fusion reactors 
2 

is a first v ,il neutron loading of 1 to 2 MW/m and an expected lifetime 

of 6 to 3 -iull-power years, respectively, or less. Neutron calculations 

at a first wall loading of 1 MW/m show a maximum power density in a 

depleted uranium blanket of about 8 kW/kg (8 megawatts per metric ton 

of uranium) or about 150 W/cm of uranium metal. Average power den-
2 

Sity in a blanket with a uranium thickness of \ 5 Mg/m is less than 

4 kW/kg. 
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Five full-power years of blanket operation would result in an average 

burnup of lees than 7000 MWd/Mg. This low burnup limitation influences 

the choice of a fuel material. 

The lower power density and the low burnup capability of a depleted uran

ium (or a natural uranium) blanket require minimising fuel cycle costs. 

Large fuel rods would thus be favored over small rods, and Long fuel 

elements would have some advantage over short elements, The basic 

configuration of a laser fusion reactor - a vacuum chamber ,/ith laBer 

beams converging from all angles - introduces great difficulties in the 

rpsehanical deBign of the blanket. Neutronics calculations show a severe 

reduction in performance if a pressure vessel wall is introduced between 

the blanket and the fusion core. The fuel element must therefore operate 

within and be cooled witliin a surrounding vacuum. Thin process tubes 

and low pressure coolants would appear to be the most reasonable design 

approach, but coolant leaks and process tube reliability are potential 

problems. 

Selection of a Fuel Material 

The general design considerations of maximizing neutron energy multi

plication, minimizing fuel cycle cost, and develo] a concept that 

could be licensed by the Nuclear Regulatory Commission led to the se

lection, of uranium metal fuel elements with sodium as coolant. LMFBR 

technology and balance-of-plant design concepta were used to the maxi

mum extent possible. The fuel element is a 19-rod cluster similar to 

those developed during the early 1960s for use in sodium-graphite reactors 

(SCSI. Fuel rods 18-feet long were developed at that time and required 

care in handling because of the flexibility of :he rods and the tendency to 

buckle if thty weren't handled vertically. Adapting this experience to a 

blanket design with larger diameter fuel rods and a thicker cladding, it 

was estimated that 7 m (23 ft) long fuel rods and fuel assemblies were 

feasible; this determined the reference height of the fusion reactor core. 
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The basic choice of coolant technology was among liquid metals, sodium 

or lithium, and helium. A preliminary review of th« coolants revealed 

that the use of any of these in the laser fusion reactor configuration in

volved certain safety compromises. The entire system may be too large 

for enclosure within a preBtreBsed concrete reactor vessel as are the 

high-temperature gas-cooled reactor ('HTGR) and the gas-cooled fast 

reactor (GCFR). In addition, gas cooling is less satisfactory for uran

ium metal fuels because of the temperature limitations imposed, Sodium 

systems for the LMFBR are designed so that reactor vessel or piping 

failures cannot uncover or drain the core. Because of ths requirement 

to bring in lar.-.- beams from all directions, this safeguard apparently 

cannot be used in a h s e r fusion reactor, Lithium as a primary heal 

transfer medium requires more expensive heat exchangers and piping 

to contain the tritium that is present, Full consideration could not be 

given to these coolants in this study; however, sodium was chosen for the 

uranium blanket coolant because the component technology is better 

established. 

Uranium metal, uranium-7 weight percent molybdenum alloy (U-7 Mo), 

and uranium carbide (UC) were all considered as candidate fuel materials 

for the sodium cooled blanket, and all are satisfactory. The reference 

fuel element can accept 30 mm diameter fuel slugs of each of these mate

rials interchangeably. The U-7 Mo fuel should be capable of burnups to 

20, 000 MWd/Mg at maximum center temperatures of 650 C. This burn-

up would require at least B full-power years to achieve, which the clad

ding probably could not tolerate. The U-7 Mo alloy was the reference 

fuel for the Dounreay fast reactor and performed satisfactorily at the 

conditions noted. This alloy has a reduced energy multiplication and 

Plutonium production rate compared to uranium metal, and is also more 

expensive to fabricate and to reprocess. Uranium carbide fuel would be 

capable of more than 100,000 MWd/Mg bumup at maximum temperatures 

of UO0 C (wi!h a sodium bond) if the cladding were adequately sU'ong. 
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Energy multiplication is 30 percent less than uranium metal. In the low-
power-density configuration of the reference blanket, the higher burnup 
capability of U-7 Mo and UC cannot be used effectively. If higher power 
densities were possible by using first-wall fusion neutron loadings of 3 
to 4 MW/m or by using enriched uranium fuel, ot if gas cooling were 
chosen, CJC woutd probably be chosen as the fuel material, 

Uranium metal, "adjusted" wita minor alloying additions in order to con-

trol swelling, was chosen as the reference fuel material, because its 

multiplication and breeding performance was superior, its burnup capa

bility was judged adequate and a good fit to the blanket's lev power den

sity, and because it was cheaper to fabricate and reprocess. 

Pure uranium metal begins to swell disastrously at temperatures greater 
than 400 C and burnupa greater than xQOO MWd/Mg (about 0.1 atom per
cent fissions). The British development of "adjusted" uranium metal as 
a fuel for their gas-cooled Magnox reactors during the early 1960s demon
strated that additions of 300 to 1000 ppm Al, 350 to 500 ppm Fe, and 
approximately 500 pptn carbon could control this swelling and allow burn-
ups of 5000 to 6500 MWd/Mg at temperature! to 600°C. Extensive devel
opment of similar alloys using Al, ?e, and Si (and sometimes Mo) have 
taken place at the Savannah River Laboratory and at Battelle Northwest 
Laboratory confirming the satisfactory performance of these fuels, A 
maximum fuel temperature of 600 C and a maximum bumup of S0Q0 MWd/ 
Mg were chosen as a design basis for the blanket, A volume increase 
(swelling) of 4 percent is expected at this burnup. A volume increase of 
8 to 10 percent can be accommodated by the sodium-bonded fuel rod. A 
maximum hurnup capability of 6000 to 6500 MWd/Mg is a reasonable ex
pectation for this fuel, 

Sudium bonding was chosen over contact bonding of the clad to the fuel rod 

in order to accommodate fuel swelling without straining the clad and in 

order to use a thin clad. 
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Fission Blar.ttet Thermal and Mechanical Design 

The uranium blanket is located immediately behind the radial first wall at 

a radius of 3.5 m and covers 68.0 percent of the 4" steradian solid angle.. 

The 19-rod fuel elements are contained in hexagonal process tubes of type 

316 stainless steel. Two rows of process tubes, 136 in each row, contain 

the 272 fuel elements and are connected to a lower sodium coolant inlet 

plenum and an upper outlet plenum. The process tubes are 7 m high, as 

are the fuel elements, with i 2.5 mm wall thickness, an OD outside 

measurement across the corners of 177. 0 mm, and an across flats of 

158.78 mm, A full size fuel assembly cross se':li:u it shown in 

Figure 1-2. 

The fuel elements contain 19 rods 32 mm in diameter -,vith a nominal 

pitch of 34 mm. The rods are each 6.95 m long, are attached to upper 

and lower end plates, and are spaced by a spiral wire wrap 1, 75 mm in 

diameter with a u40 mm pitch. The rods are clad with type 316 stainless 

steel tubing of 0,4 mm u.'ll thickness and 31,2 mm ID, Each tube con

tains 40 annular 1, 69S-kg uranium metal slugs, 162. 5 mm long, with 

an OD of 30 mm and an ID of 14 mm. The slugs form an active cuiumn 

6. 5 m high that is backfilled with a sodium bond. The sodium bond 

accommodates fuel swelling without cladding strain and reduces the maxi

mum uranium temperature at the ID. A 320 mm gas plenum is included 

at the top of the fuel rods to accommodate sodium displacement due to fuel 

swelling. The prircipal mechanical data are summarized in Table 3-1. 

The sodium coolant enters the fuel elements from the lower plenum at 

320 C and exits at the upper plenum at 470 C. Maximum sodium velocity 

is 8.34 m/s and the maximum fuel element pressure drnp is 0.53 MPa 

(77 psi), The nmjdmum uranium temperature limitation of 600°C, occurs 

in the fuel rods nearest the center of the reactor at a height approximately 

1 m above midplane at the end of the second fuel cycle, A range of 
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19 ROD CLUSTER FUEL ELEMENT 

Figure 3-2. Fuel Assembly Cross Section (Full Size] 
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Table 3-1 

URANIUM FUEL ELEMENT MECHANICAL DATA 

Number of fuel elements 272 

Acting length of fuel elements C..5 m 

Mass of uranium per element 1290.6 kg 

Mass of uranium in blanket •^i.O Mg 

Uranium volume fraction 0,484 

Sodium volume fraction 0.418 

Stainless steel volume fraction 0.09S 

Number of fuel rods per element 19 

Fuel rod cladding OD 32 mm 

Fuel rod pitch (nominal) 34 mm 

Cladding wall thickness 0.4 mm 

Sodium bond thickness (nominal) 0,6 mm 

Uranium slug OD 30 mm 

Uranium slug ID 14 mm 

Process tube OD (corners) 177.00 mm 

Process tube OD (flats) 158.78 mm 

Process tube wall thickness 2, 5 mm 

Uranium surface density 2.46 Mg/m 

fuel element parameters were studied, including uranium slug OD and 

ID, in order to select a c jmpatible group that would minimize power 

swings, maximize power generation and plutonium production, and meet 

fuel temperature and tritium breeding ratio design criteria. Wire wrip 

was chosen as a fuel element spacer in order to minimize pressure drop 

and promote interchannel coolant mixing, The coolant fiT hot channel 

factor at the location of the fuel temperature maximum was estimated 

as 1. 17, The principal thermal design data, averaged over all fuel 

cycles, are summarized in Table 3-2. 
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Table 3-2 

URANIUM FUEL ELEMENT THERMAL DATA 

Inner fuel clement power 6.59 MW 

Outer fuel i-lement power 2. 43 MW 

Total uranium blanket power 1227 M.W 

Sodium inlet temperature 320°C 

Sodium outlet temperature 470°C 

Maximum sodium velocity 8.34 m/s 

Maximum sodium pressure drop 0. 53 MPa 

Maximum uranium temperature 600°C 

Uranium specific power-average 3.50MW/Mg 

Uranium specific power-maximum 9.03 MW;Mg 

BLANKET FUEL MANAGEMENT 

The low allowable temperature and the low allowable burnup of the uran

ium, relative to current nuclear power plant design, requires a sophisti

cated fuel management approach to minimize power swings and burnup 

peak-to-average. A review of the several possibilities resulted in the 

selection of a management scheme where the fuel elements are rotated 

180 degrees midway during their irradiation cycle in order to equalize 

the burnup. The reactor thermal power is held constant by varying the 

laser repetition rate, Fuel elements in the outer row of process tubes 

are irradiated twice as long as those in the front row. This scheme 

appeared to be superior to others involving shifting fuel elements from 

the from row to the back row or vice versa, 

The thermal power to the steani generators is held constant at 1400 ,MW 

by var/'ng the laser pulse rate Irom a maximum of 23,40 Hz at the begin

ning of fuel cycle 1 to a minimum of 17 58 Hz at the end of cycle 4, As 

plutonium builds into the blanket and the neutron energy multiplication 

increases, less fusion energy is needed in order to hold a constant 
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1400 MW total. The average repetition rate is 20,05 Hz, which, at a 

yield of 10 MH thermonuclear energy per microexploaion, corresponds 

to 200, 5 MW fusion power. 

The principal data describing the fuel management scheme are listed in 

Table 3-3. The first group of inner fuel elements are irradiated two 

cycles for a total of 2.053 full-power years (B'PY) at 1400 MW, approxi

mately 3 calendar years at 70 percent plant capacity factor. Midway 

during this period, at the end of the first cycle, all 136 inner elements 

are removed from their process tube, rotated 180 degrees, and re

inserted into the same process tube. 

At the end of cycle 2, the first group of 136 fuel elements (Fuel Batch IA) 

is removed from the reactor for interim Btorage and subsequent shipping 

to a reprocessing plant for plutonium recovery ?-i. 4e. The r^ 'acement 

fuel elements are designated as Fuel Batch IB, •. ..-.BE elemei:-~ e 

irradiated for cycles 3 and 4, a total of 2,140 full-power years, and are 

removed at that time, The fuel elements in the outer row of process 

tubes, which operate at ICBS than half the power of the first row, are 

irradiated for ftvir cycle6, a total of 4.193 full-power years. Between 

cycles 2 and 3 these elements are rotated 180 degrees and reinserted. 

The design maximum burnups of these uranium elements, 5000 MWd/Mg 

for the inner elements and 3970 MWd/Mg for the outer elements, is a 

factor of eight or so less than typical LWR fuel elements using enriched 

UO... The plutonium concentrations and m?saes listed in Table 3-3 

refer to fissile plutonium only (Pu-239 and Pu-241), 

MECHANICAL DESIGN 

Reactor Fission Blanket and Sodium Coolant System 

The fission blanket is located behind the C rst wall. The process tubes 

arc* connected to an upper and lower sodium plenum. Sodium is circu

lated from the bottom plenum through the process tubes to the top plenum. 

3-12 



Table 3-3 

URANIUM FUEL MANAGEMENT DATA 

Fuel Batch IA (Inner Row) 

Number of fuel elements 136 

Total mass of uranium 175.5 Mg 

Irradiation time 2. 053 FPY 

Maximum burnup 5000 MWd/Mg 

Average burnup 3860 MWd/Mg 

Final plutonium concentration 1.015 w/o 

Total mass of plutonium 1781 kg 

Fuel Batch IB (Inner Row 

Number of fuel elements 136 

Total mass of uranium 175. 5 Mg 

Irradiation time 2.140 FPY 

Maximum burnup 5000 MWd/Mg 

Average bumup 3960 MWd/Mg 

Final plutonium concentration 0,981 w/o 

Total mass of plutonium 1721 kg 

Fuel Batch II (Outer) 

Number of fuel elements 136 

Total mass of uranium 175.5 Mg 

Irradiation timi> 4, 193 FPY 

Maximum burnup 3970 MWd/Mg 

Averape burnup 2880 MWd/Mg 

Final plutonium concentration 1.051 w/o 

Total mass of plutonivm 18t5 kg 
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The top plenum is equipped with an r.rgon cover gas to keep a back pres

sure on the sodium coolant in the process tube and good net positive 

suction head (NPSH) on the aodium pumps. A removable cover is pro

vided so that the fuel elementB may be removed or rotated. The position 

of the upper plenum design determines the maximum angle of laser beam 

entry into the reactor. The upper plinum is also equipped with an over

flow and sodium makeup entry pipe. See Figure 3-1. 

Tl e sodium coolant enters the reactor through three 24-inch-diameter 

stainless steel pipes and flows through a plenum before entering the 

process tubes. The incoming temperature is approximately 320 C, and 

when it reaches the top plenum it is approximately 470 C. From the 

tap plenum, the sodium exits through three 32-Uch-diameter stainless 

steel pipes which are expanded to 36-inch-diameter pipes outside the 

reactor, 

Lithium-Cooled Radial Blanket 

The radial blanket is located behind the fission blanket and extends from 

the top to the bottom sodium plenums. The blanket consists of a cylin-

rical stainless steel container 620 mm wide and 1.5m high. From the 

inside face of the blanket there is first a 20 mm thick stainless steel 

inner wall, then 6 mm of lithium, 500 mm of stainless-steel-clad gra» 

phite, 20 mm of lithium, and a 20 mm-thick stainless steel outer wall. 

The lithium enters the reactor from a 10-inch inlet header through 

4-inch pipes near the top of the reactor and is fed into a plenum aL the 

bottom of the radial blanket, Lithium flows-upward through the two 

channels provided on either side of the clad graphite and into the top 

plenum. The temperature is increased from 320 C to 540 C. Four 

4-inch pipej rondtid the Hthium outside of the reactor to a 10-inch out

let header. The radial blanket is stiffened internally with stainless 

sLeel plates and is primarily supported from the bottom sodium pleium. 

3-14 



Top and Bottom Blankets 

The top and bottom blankets are cylindrical, curved, pancake-shaped 

plenums. The <5heU is 20 mm thick, and from the center of the reactoT 

each blanket has the identical construction of 20 mm of stainless steel, 

100 mm of berylium, 700 mm of graphite, 100 mm of lithium, and 

20 mm of stainless steel fihell. The blankets are located 3, 5 m fiom 

the center of the reactor and have shaped edges to control neutron 

streaming and to take maximum advantage of the 1.5 tritium breeding 

ratio. Lithium coolant at 320 C enters the reactor from the 10-inch 

inlet header in four 4-inch pipes and enters the top and bottom plenums 

at the periphery, The lithium flows through stainless steel tubes 

located in the berylium and the graphite and also through the outer 

plenum to the blanket center where four 4-inch pipes remove the 

litMum, now 540 C, to the 10-inch outlet lithium header outside the 

reactor. The bottom blanket is supported from the bottom of the 

reactor vessel. The top blanket is attached to the cover of the reactor. 

Shielding 

Provision has been made for thermal shielding and possible neutron 

streaming. The latter has been calculated as negligible. 

Reactor 'jencral Description 

The reactor structure is spherical in shape and has a 50 mm thick 

shell. It is supported about its horizontal axis out of expansion and 

seismic considerations. The top can be removed by disconnetiing the 

lithium piping and laser beam transport tubes. All the first walls can 

be removed, and the fuel elements may be rotated or replaced while 

the reactor is without the cover. The sodium piping for the fission 

blanket ib left intact. It is estimated that the process tubes and top 

and bottom blankets will last at least four full-power years before 

they must be replaced. First-wall replacement is planned after about 

nne full-power year. 
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Expansion in the reactor has been compensated for in the design. How

ever, surface and internal heaters are provided for abnormal shutdovm 

and initial startup. 

Final Laser Optical System 

Six laser beams approach the reactor from one side of the reactor con

tainment facility. A device is necessary within the containment wall 

to prevent radiation leakage into trie laser facility and thereby maintain 

the integrity of the reactor containment facility; this has not been 

designed. Six horizontal beams enter the reactor through a double 

mirror system located on the outside of the reactor. The six beams 

are symmetrically aligned about the reactor center but are purposely 

not diametrically opposed in case of misfire. The focal length of the 

mirrors is 12 m, the final mirror is designed to accommodate beam 
2 

diameter of 1.2 m, and the maximum energy flux is 1, 5 j / m . 

The laser beam is a direct pathway to the thermonuclear reaction blast. 

The reaction takes place in less than a nanosecond, and neutrons, 

charged particles, and X-rays stream outward in a spherical distribution. 

The lifetime of the mirrors will depend on damage caused by this 

loading. Removing and replacing mirrors will be expensive because 

of the handling required. Replacing the mirrors at the bottom of the 

-eactor will be difficult without special equipment. The lifetime of the 

mirrort will determine whether it is necessary for special designs to 

be used such as rotating mirrors , gas windows, magnetic field director, 

and special remote handling for replacing mirrors . No consideration 

has been made within this report for optical system design except for 

layout and basic laser system functional purposes surrounding the 

reactor. 

3-16 



Pellet Apparatus 

The pellets of deuterium-tritium must be injected into the reactor at a 

nominal 20 time6 a second and must reach an exact Location without error. 

The apparatus must be insuLated from the reactor (if frozen pellets are 

to be used) and correctly aligned with laser beams at all times during and 

following the expansion of the reactor cautied by internal heat toads. The 

apparatus is also subject to thermonuclear Wast and the normal reactor 

vacuum of 1 torr. No apparatus ia available today for this purpose. 

First Wall Considerations 

The reactor is designed for a nominal neutron wall loading of 1 MW/m 

and a repetition rate of 20 Hz. The nominal charged particle loading 
I I 

is then 0.25 MW/m or 12. 5 kj/m per pulse. This energy is carried 

partly by high energy (MeV) alpha particles that escape the pellet, 

and partly by unhurried fuel and trapped alpha particles at average 

energies on the order of 0,1 MeV. 

The high energy particles will deposit their »nergy over a distance of 

approximately 10 micrometers in a metal first wall, while the lower 

energy particles will penetrate approximately I micrometer. If this 

energy is deposited in such a short time that conduction does not distrib

ute the heat, the wall surface will undergo a cyclic temperature rise of 

several thousand degrees K. An unprotected metal wall would, there

fore, be subjected to a thermal stress that it could not support over a 

useful life, 

To obtain the maximum neutron flux, the reactor first wall must be 

shielded. A praphite curtain shield was chosen fcr this study to avoid 

design problems associated with maintaining a Liquid lithium film on the 

surface, and with the impulsive loading caused by lithium ablation. The 
.3 

crujihite is held below the ablation temperature of 3500 K (at ]0 atmos- • 

pheres), but it will be eroded by the formation of hydrocarbons. 
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in a pure fusion reactor, the first wall can be cooled by connection to the 

primary lithium coolant. However, in the hybrid design, the primary 

coolant is contained in process tubes that are not connected to the first 

wall. If the first wall is to radiate to the process tubes in this design, 

the graphite steady-state temperature must be 1600 K. If the transient 

load is imposed on this temperature, graphite ablation may be possible. 

It may, therefore, be necessary to provide a secondary coolant loop to 

convectively cool the first wall. 

For a DT pellet with 5 percent burn, assuming that all the hydrogen 

reacts with the curtain to form acetylene, the graphite will erode at a 

rate of less than 10 mrn per full-power year, A 20 mm graphite 

curtain is assumed to withstand the reactor environment for a full-

power year. 

This graphite curtain must be Uexible- to withstand the thermal stress 

{caused by reflected light and X-ray loadings, as well as by charged 

particle loading). A weave of graphite fibers has been proposed for this 

purpose, but the transmission of heat through such a cloth is uncertain. 

It may be preferable to use a one-layer, two-dimensional weave that is 

continuously replaceable as it erodes, 

In summary, the first wall is assumed to be a 20 mm-thick graphite 

curtain supported on a stainless steel backing. The design of a 

cooling Bystem for this ntructure is not included, and ihe structural 

deeign for sufficient flexibility haB not been considered in detail. 
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Section 4 

THERMAL ENERGY TRANSPORT AND CONVERSION SYSTEM 
(500 MWe) 

The thermal energy transport and conversion system includes three main 

activities: 

• Removing thermal energy generated in the hybrid 
reactor fission and fusion blankets 

• Transporting this energy from the reactor by sodium 
and lithium coolants and steam to the turbine system 

• Converting thermal energy to electrical energy by the 
generating system 

The system also includes -ejection of waste heat from the overall system 

to the atmosphere through a cooling tower operation. 

The concept presented results from a first order analysts and, thiiefore, 

does not benefit from optimization nor from the consideration of a broad 

spectrum of alternatives. However, the design selected is believed to 

represent a technically feasible and reasonably econorric design. The 

system design is based on using technology under development for liquid-

metat-eooled fission reactors wherever such application is reasonable. 

The selections made are based on technology expected to be available and 

demonstrated on an early commercial basis in the later 1980s to the mid-

1 900s. New technology areas that are not currently under development 

were only briefly evaluated. 

OVERALL SYSTEM 

The system is designed ior 1400-MW thermal generation and 540-MW 

output. A general schematic of the overall system is shown in Figure 4-1. 
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Figure 4-1. Thermal Energy Transport and Conversion System 

The major source of thermal energy is the fission blanket where approxi

mately 90 percent (U60 MWt) of the energy is generated. This energy 

is removed by circulating liquid sodium from the reactor to the inter

mediate heat exchanger |1HX), The remaining 10 percent (HO MWt) of 

the total energy is generated in the lithium blankets and is removed by 

circulating liquid lithium from the top, bottom, and radial blankets to 

the lithium circuit IHX. The energy removed from the hlahkets is then 

traneferred to a circulating secondary liquid-sodium system which, in 

turn, transfers energy through the steam generators to the steam cycle 

where the turbine-generator converts thermal energy to electrical energy. 

A. closed-loop cooling water system rejects the i 'ant waste heat to the at

mosphere through a cooling tower. 

The key thermal energy transport and conversion system parameters 

are shown in Tahle 4-1. 
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Table 4-1 

KEY PARAMETERS OF ENERGY TRANSPORT 
AND CONVERSION SYSTEM |500 MWe) 

Parameter Fisiion 
Blanket 

Lithium 
Blanket 

Total 

Thermal power, MWt 1,260 140 1,40 J 

GfosB electric po\;isr, 
MWe (total) 540 

Net elcotr'c power, 
MW« 0Jtal5 SCO 

Gusi' efficiency, % IB, 6 

Net ijificiency, % 35.7 

Primary cooling system 

Coolant Sodium Lithium 

Number Q{ loopi 3 1 

Flow rate, kg/s 
(lb/hilper loop 

2,187 
i n . i B x i o 4 ) 

1 5 1 A 
(1,2x10*) 

Hot lc£ temoerature °C 
(°F) 

470 
(878) 

540 
(1,004) 

Cold leg temperature °C 
(°Ft 

320 
(608) 

321 
(60S) 

Secondary cooling system 

Coolant Sodium Sodium 

Number of loops J 1 

Flow rate, kg/5 
(Ib/hr) î cr loop 

2,041 
(16. Z x 10°) 

688 
(5.4X10 6) 

Hot le£ temperature °C 
(°FI 

450 
(842) 

450 
(842) 

Cold leg temperature "C 
1QF) 

290 
(554) 

290 
(554J 

Steam system ' 

Turbine throttle conditions 

Pressure, MPa 
Ipaia) 

12.4 
li,aooj 

Temperature, C 
(°FI 

413 
(775) 

Steam flow rate, kg/11 
(Ib/hr) 

601 
(4.7Tx 1061 
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This thermal energy transport and conversion system provides a net 

generation of 500 MWe. Table 4-2 shows the overall parameters and 

efficiencies of the thermal energy transport and conversion system, 

Table 4-Z 

OVERALL PARAMETERS OF ENERGY TRANSPORT 
AND CONVERSION SYSTEM (500 MWe) 

Reactor power 
— 1 

1,400 MWt 

Gross generation 540 MWe 

Auxiliary power 40 MWe 

Net generation 500 MWe 

Net plant efficiency 35.7% 

Net plant heat rate 9,558 Btu/kWh 

PRIMARY AND SECONDARY HEAT TKANSPORT LOOPS 

The primary and secondary coolant loop systems transport thermal energy 

from the reactor blankets to the steam generators. The system is shown 

schematically in Figure 4-2, 

Three identical primary sodium loops operating in parallel serve the 

fission blanket, and one primary lithium loop si-rves the lithium blanket. 

The selection of three heat transport loops for the fission blanket u,as 

based on the size of systems planned for development of sodium-cooled 

fission reactors and on safety considerations to provide sufficient redun

dancy, Three primary sodium loops are used to transport reactor ther

mal energy for the Clinch River Fast Breeder Reactor projs'-t which, 

with a 975 MWt circuit, is within a similar energy capacity range. The 

lithium blanket is served by one low-capacity {140 MWt} thermal energy 

transport loop, No safety requirement has been identified for any redun

dant loop, Proven technology and equipment are expected to be available 

for these systems, and, in addition, the current state-of-the-art for 

LMFBR's provides a good basis for engineering. 
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Figure 4-2. Primary and Secondary Heat Transport Systems 

The principal components in each primary sodium loop for the fission 

blanket are the sodi-im circulation pump, the sodium-to-sodium heat 

exchanger, and the sodium piping. The heat exchanger is also referred 

to as the intermediate heat exchanger (tHX|. The sodium pump, located 

in the hot leg, is electric motor driven and circulates approximately 

2,187 kg/s (17. 36 x 10 lb/hr) of sodium in each loop to remove 420 MWt; 

sodium enters the blanket at 320°C (608°F) »:,d leaves at 470°C i;S78°F). 

The primary lithium loop for the lithium blanket consists principally of 

two lithium circulation pumps, the lithium-to-sodium heat exchanger 

(1HX), and the lithium piping. The two lithium pumps are ele l ro -

magnetic type and are located in the hot leg. The two pumps provide 

redundancy in the pumping capacity and ensure reliability of operation. 

Approximately 151 kg/s (1. 2 x 10 ' lb/h*) 0 r lithium are circulated to 

remove 140 MWt; lithium inle' and outlet temperatures are 320°C 

(f>08°F) and 540°C (l,0u4°Fl, rc = pecti\ely. 
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The secondary cycle for the fission blanket consists ol three identical 

sodium loops. The principal components in each loop are the sodium 

circulation fump, the steam generator modules (evaporator and Super

heater), and sodium piping. The circulation pump, located in the cold 

leg, is electric motor driven and circulates approximately 2,041 kg/s 

(16. 2 x 10 lb/hr) of sodium in each loop through the IHX and steam 

generator mcdules, Sodium enters lhe IHX at 290 C (554 Ft and leaves 

at 450°C (842°F). 

The secondary cycle for the lithium blanket consists of one sodium loop. 

The principal components of the loop are two sodium circulation pumps, 

the steam generator modules (evaporator ard superheater), and sodium 

piping, Approximately 680 kg/s 15,4x10 .b/hr) of sodium are circulated 

in the loop. Sodiu hot and cold temperatures are 450 C (842 F) and 

290°C (554°F), respectively. 

All piping in primary and secondary bops .: stainless steel with 1/2-inch 

wall. In the primary Sodium loops, a 36-inch line is used on the suc

tion side of tile pump, and 24-inch pipe is used between the pump ant) 

the reactor. The secondary sodium loop uses all 24-inch-diameter line. 

The primary Lithium circuit has a 10-inch line throughout; the secondary 

loop (sodium) is designed for 16-inch line for the total circuit, 

Four steam generator systems transfer thermal energy from the secondary 

sodium loops to the steam system. Three systems are identical (420 MWt), 

and the fourth system is one-third capacity (140 MWt). The steam gen

erators deliver a total of approximately 601 kg/s (4. 77 x 10° lb/hr) of 

superheated steam. The stiam generator system design is based upon 

present concepts being considered for large breeder reactor plants. 

Figure 4-3 is a schematic showing the basic system. 
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Figure 4-3, Typical Steam Generator System 

ENERGY CONVERSION SYSTEM - STEAM CYCLE 

The steam cycle is illustrated schematically in Figure 4-4. The turbine-

penerator selected js a tandem-compound I, 800-rpm unit with throttle 

steam conditions of 12,4 MPa (1,800 psia) and 413°C (775°F), These 

conditions are consistent with those currently under consideration for 

commercial LMFBR's. The unit consists of one double-flow high pres 

sure (HP) turbine, one double-l'low intermediate pressure (IP) turbine, 

and one double-flow low pressure (LP) turbine. Five feedwater heating 

stages with a turbine driven feed pun p are used. 

In addition lo the above (referred to as the base cycle), several other 

steam cycles with various steam conditions have been looked at, The 
o 

throttle steam conditions for these cycles are; 1, 100 psig/558 F; 

1, 100 psig/6«°F. and 1,100 psig/775°F, 
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FGEDWATER HEATERS 

Figure 4-4. Steam Cycle 

The first two of theBe cases represent light water reactor conditions, 

and the third case represents an extension of the light water reactor 

condition. According to industry experts, this third case, however, 

requires some development of the existing LWR plant turbine designs 

especially of the HP and IP turtiines. 

The comparison of the various cycles indicates that the lower pressure 

(1, 100 psia) steam conditions suffer efficiency reduction compared to 

the base cycle (1,B00 psia/775 Fl. The reduced gTOSs efficiencies range 

from 34, 8 to 36,8 percent whereas the base cycle gross efficiency is 

38, 6 percent. 

COOLING WATER SYSTEM 

A schematic diagram of the cooling water system is shown in Figure 4-5. 

A closed loop cooling water cycle with an evaporative type cooling tower 

is used for cooling t' i condenser. A cooling water flow of approximately 
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I1). 500 kg/s (123 x 10 Ib/hr) is required, A mechanical draft cooling 

tower Is used. A similar cooling water cycle removes heat from the 

laser equipment. 

An emergency cooling water system, including an emergency cooling tower, 

is provided lo remove decay heat from the reactor. This system is not 

shown in C e figure. 

CONDENSER) 

sz 
LASER 

EQUIPMENT 

COMPONENT 
COOLING 

HX 
CIRCULATING WATER PUMPS 

-«-q3—•*-

1—C 
LASER EOUIPMSNT 

COOLING HX 

LASER 
COOLING 

TOWER / 

PRIMARY COOLING WATER PUMPS SECONDARY COOLING WATER PUMPS 

Figure 4-5. Cooling Water System Schematic 

4-9 



AUXILIARY POWER 

The total station power requirement (excluding laser equipment! is 

anticipated to be 40 MWe. Table 4-3 lists the components of this 

requirement. 

Table 4-3 

AUXILIARY POWER REQUIREMENTS 
(500 MWe) 

Equipment MWe 

P" ^ry coolant pumps 

i .-y sodium pumps 

Steam generator recirculating pumps 

Main feed pumps 

Condensate pumps 

Circulating water pumps 

Codling tower fans 

Miscellaneous pla^t load 

(HVAC, cryo and vacuum systems, 
heat tracing, e t c ) 

10.9 

8.5 

2.5 

turbine 
driver 

3.0 

6.0 

3,0 

6.1 

Total 40.0 
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Section 5 

PLANT DESIGN AND LAYOUT 
(500 MWe) 

The laser fusion hybrid pcwer plant envisioned today is based on both 

conventional and conceptual technology. The conceptual areas are those 

included in the laser system, the optical system, the first wall, and 

the pellet injection system. To a certain extent, the tritium recovery 

systems are also conceptual because they are partly extrapolated from 

laboratory data, The conventional areas include part of the reactor, the 

thermal energy transfer system, electrical generation, the cooling sys

tem, and general plant auxiliaries. For the conventional systems, a 

maximum of liquid metal fast breeder reactor (LMFBB.) and light water 

reactor (LWR) power plant technology hac been incorporated. The con

ceptual systems include a six beam "brand x" laser and a pellet injection 

apparatus, both designated as black boxes. The conceptual first wall is 

assumed to be a graphite liner with stainless steel backing. 

An arrangement of the overall 500-MWe laBor fusion hybrid power plant 

is shown in Figure 5-1. Energy processing begins with input of electrical 

power from the switchyard to the laser system, The conversion of e l e c 

trical energy into light energy requires a laser cooling tower system for 

rejected heat. Light energy from the laser systems is reacted with 

deuterium-tritium pellets in the hybrid reactor, located in the reactor 

(containment) facility, The thermal energy produced within the reactor 

is removed by sodium and lithium coolant systems to the steam genera

tion facility. The steam generated is piped to the turbines in the turbine 

facility, where electrical energy is generated. This energy is then 

directed to the transformers whei ; a portion of the electiical energy 
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is recirculated to the laser system and the remainder is product. A 

main cooling tower system is necessary for the energy conversion 

'i li: trical generation) system. 

The layout of the total facility has been designed to require minimum 

travel for eiepensive energy-carrying media. The various major facilities 

and their operation are described below. A special listing of auxiliary 

systems is also given in Table 5-t . The facility buildings are all rec

tangular in shape with varying heights. Various plan views and sections 

of the total laser fusion hybrid power plant are shown in Figures 5-2 

and 5-3. Civil and structural considerations and building data are pre

sented in Table 5-2 at the end of this section. 

LASER, REACTOR, AND PLANT FACILITIES 

Laser Facility 

The laser facility is indicated oi: the drawings in broken line to serve as 

a reference. The laser systems have not been specifically selected 

because fundamental design work is still in progress; however, the lay

out of the facility provides for a six beam laser. 

Reactor Facility 

The reactor facility includes the incoming laser light pipes, the DT 

pellet processing equipment, the hybrid reactor, the reactor support 

equipment, three primary sodium coolant circuits and pumps, one 

lithium circuit, the tritium recovery systems, fuel handling equipment, 

cranes, and ventilation ductwork, 

The reactor facility building has individual cells housing the reactor, 

the three prunary sodium loops, the lithium loop, and the tritium 

recovery systems. The cell arrangement prevents damage to adjacent 
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equipment if a fire should occur. The top portion of the reactor 

containment building is equipped with two areas separated by a door. 

The area above the one sodium and lithium system is provided to allow 

U>T removal o! equipment by an ISm spay crane. The equipment can 

then be transferred to the larger area, above the reactor, where a 

second crane can remove the equipment to the reactor service facility. 

The area iove the reactor is sealed by floor plugs; there is provision 

for laydown and storage of reactor components. 

The overall dimensions of the reactor facility building are 70m (230 ft) 

long, 58m (190 ft) wide, and 63 m (207 ft) high, excluding base mat 

thickness. The building is a reinforced concrete structure designed 

to satisfy design basic earthquake (seismic category I) and tornado 

loads, as well as to contain potential internal pressures. Special pen

etrations are provided for piping, cabling, and the laser tubes entering 

the building. 

Cells and pipeways that contain sodium or lithium will have an inert 

atmosphere to mitigate any fire and resulting damage and to reduce the 

dran-up problem resulting from a liquid metal leak. To maintain an 

inert atmosphere and to protect structural concrete, all inert cells will 

have a carbon steel liner. With the exception of the reactor cavity, 

the liners are not designed for radiological leak tight integrity. The 

floor, walls, and ceiling of each cell will be lined with a thin 6 mm 

(1/4 inch) plate or cold liner designed for a relatively low temperature 

of 66 C (150 K), In the sump areas of selected cells, where a large 

pool of sodium or lithium may collect, a thicker liner of 12mm (1/2 inch) 

will be used. This plate, insulated to protect the structural concrete 

from hot liquid metal, will have a design temperature of approximately 

5ii> C \\, 000 F). A cross section of the reactor containment is siiown 

in Figure 5-3, 
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Reactor Service Facility 

The reactor service facility houses the equipment that supports the opera-

tion and refueling of the reactor. This includes facilities fo-t unloading 

and conditioning new blankets and fuel elements, for shipping spent fuel, 

and for carrying out reactor maintenance. It also furnishes a hot cell 

with provision for handling, storing, and disposing of reactor internal 

blankets, tritium equipment, and other irradiated materials. 

DECONTAMINATION 
AREA 

I CONTAINMENT 
I ACCESS 

=§=TSps_p 
REACTOR 

COMPONENT 
STORAGE AREA 

_£M. 

REACTOR 
SERVICE BUILDING REACTOR CONTAINMENT BUILDING 

Figure 5-3, Reactor Facilities 

The reactor service facility building is contiguous with the reactor 

containment building and is constructed of reinforced concrete to with' 

stand earthquakes and tornadoes and to ensure containment for several 
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systems that contain radioactive materials and spent reactor fuel. 

The building also serves as an intermediate transfer and storage facil

ity for components, equipment, and materials entering and leaving the 

containment structure. Safe entrance and egress for operating and 

maintenance personnel is provided. 

The service building is 30m (9B ft) long, 35m (115 ft) wide, and 35m 

(115 ft) and 63 m (20? ft) high. Openings through the reactor service 

building walls include the railroad acceas which is 35m (115 ft) long, 

8 m (26 ft) wide, and 35m (115 ft) hijjh. An airlock for personnel and 

stnail equipment transfer and a large hatchway for the periodic change-

ove • of the reactor irternals are also provided. Confinement of potential 

radioactivity releases is achieved through administrative control by 

opening and closing appropriate hatches and railroad access doors. 

Auxiliary equipment and systems that become radioactive in the reactor 

service facility building will be isolated from each other and from non

radioactive areas of the building by being placed in cells on one of the 

three floor levels below the operating deck. Those cells containing radio

active sodium have inerted atmospheres, steel Hners, and sealed hatches 

during operation. 

Tin- major equipment within the building includes the ex-vessel handling 

machine and gantry, a fuel storage vessel, radioactive was!,1 equipment, 

radioactive arg"'i processing 'ysteni equipment, cell atmospheric pro

cessing system cqUpK'ient, cryogenic storage tanks, a bridge crane, 

and railroad car and shipping cask loading and unloading equipment. 

A. hot col! is provided lo contain the solid waste handling components 

required in process the irradiated blankets and oLhcr materials to 

tn- stored, cut up, decontaminated, crushed, etc., for proper disposal. 
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Steam Generator Facility 

The steam generator facility includes the equipment that produces the 

steam used for electrical power generation, The building is, therefore, 

located between the reactor containment building and the turbine building. 

The major components housed in the steam generator building include 

the intermediate sodium pumps and expansion tanks, Bodium dump tanks, 

evaoorator and superheater modules, steam drums, the steam generator, 

auxiliary heat removal system equipment, reaction products equipment, 

and all the necessary piping systems. 

The steam generator facility building is 70m (230 ft) long, 3Zm (105 ft) 

wide, and 52m (171 ft) high and is a Beismic category I, tornado hard

ened, reinforced concrete structure. Equipment hatches in the roof of 

all bays allow for transfer of components. A gantry crane is located 

over the building and is extended over the steam generator maintenance 

building for transfer of equipment, 

Turbine Facility 

The turbine facility contains the major equipment necessary to generate 

electricity: the turbine generator, the condenser, feedwater pumps, 

fuedwater heaters, condensate pumps, auxiliary boilers, water treatment 

equipment, the bridge crane, and the elevator. 

The structural steel turbine facility building has a main generator bay 

"5m (246 ft) long, 35m (115 ft) wide, and 42m (138 ft) high. A 7m 

(23 ft) communication cor lor runs the length of the building and serves 

as the major accessway to convey the control cable trays to the central 

control room and to convey piping to other areas of the plant. 
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The operating floor is at a 22m (72 ft} elevation, The building is 

served by an overhead bridge crane. A rail siding enters the turbine 

building. 

Control Facility 

The control facility includes the main control room for the nuclear steam 

supply system (NSSS], the laser fusion t ^ t e m . and the balance of olant 

systems. The building also houses lifa supporting heating and ventilating 

systems for the main control room, the cable spreading room, safety 

related ac and dc power supplies, primary and intermediate pump speed 

controllers, and the NSSS switchgear. 

The tot a I hybrid reactor plant will be operated from the main control 

room during normal operation and emergency conditions. The capability 

will be provided to shut down the plant and maintain it in a safe condition 

even if control room access is lost. 

The control facility building is 32m (105 ft) long, 23m (75 ft) wide, 

and 30 m (98 ft) high and is centrally located to minimize the length 

of the numerous cable runs and to take advantage of common hardened 

walls. Accossways connect the control building with the reactor con

tainment, steam generator, and turbine buildings. 

The control facility building will be designed to allow occupancy during 

And following any postulated accident. The building is a seismic category 

I, tornado hardened structure consistent with the requirements to protect 

the control rind safety-related systems. 

Diesel Generator Facility 

The diesel generator facility contains the saf'*y-reiated emergency 

cUvtrual supply equipment needed to assure safe shutdown of the 
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plant if all external power is lost. It include two dtcsel generator , 

owitchgear, fuel oil day tanlw, and safety-related equipment. The fuel 

oil storage tanks are located underground outside the building. 

The diese) generator facility building is adjacent to and shares a common 

wall with the steam generator building and the turbine building. It is 

32m (105 ft) long, 17. 5m (57 ft) wide, and 15m (49 ft) high. The diesel 

generator facility building is constructed of reinforced concrete and 

designed to satisfy seismic category I and tornado criteria. 

Steam Generator Maintenance Facility 

This facility contains the structural supports, maintenance platforms, 

and other equipment needed for servicing and storing steam generator 

modules and intermediate heat transport pumps. The steam generator 

maintenance facility building is a Bteel structure 32m (lli-3 ft) long, 

20m (66 ft) wide, and 35m (115 ft) high. It is located adjacent to the 

steam generator facility building and the maintenance shop. Hatches 

in the roof allow for equipment handling with the overhead gantry crane. 

Office Building 

The office building houses the plant management and administrative 

offices, laboratories, health physics area, lunch room, locker rooms, 

and other facilities for the plant personnel. It is a two-etory steel 

structure, separated from the main complex of buildings. For the 

reference design, the dimensions are 65m (213 ft) long, 33m (108 ft) 

wide, and 9m (30 ft) high. 

Maintenance Shop and Warehouse 

This building houses shop areas for the various nperating trades, a 

machine shop, warehouse area, offices, and other facilitk., needed for 

maintaining the plant, It is 50m (164 ft) long, 50m (164 ft) wide, and 

10m (33 ft] high, 
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Electrical Distribution Yards 

The power transmission system reference design includes two distinct 

electrical distribution yards. They are the generating yard, which is 

used during full operation, and the startup reserve yard, which is used 

durir.g the startup of the plant, Each yard will he connected to a power 

grid with separate transmission lines, 

The generating yard is connected to the main generator via the main 

step-up transformer. The yard includes the towers, switches, Breakers, 

and buses needed to transmit power to the grid. 

The abr 'Up reserve yard is connected to the plant auxiliary power dis

tribution system. It includes those components required to supply 

power for startup or, in the event of loss of power, to supply power 

to the auxil. iry transformer from the generating yard. 

Auxiliary Plant Systems 

Power plants are typically divided into a number ot major plant systems, 

which arc again divided into a number of discrete systems. The major 

Systems of this laser fusion hybrid power plant have been described in 

llic preceding portion of this section. The discrete systems are listed 

in Table i - l . The name of each system indicates its function. 

CIVIL-STRUCTURAL CONSIDERATIONS 

A limited assessment of the civil-structural considerations was performed. 

The study consisted of an examination of two buildings of the site com

plex! the reactor facility building and the reactor service facility build

ing. The study was limited tc these two structures because of their 

special nature. 
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Table 5-1 

DISCRETE SYSTEMS OF A LASER FUSION HYBRID POWER PLANT 

REACTOR -SYSTEMS 

Reactor Laser Systems 
Reactor vessel Laser* 
Uranium blanket Laser support systems ichcmicaJ processing) 
Lithium blankets Laser power supply 
First wall Optical system 
Reactor vessel support Control 
.Shielding Laser coolant system 
Fuel handling equipment 
Reactor trace heating and insulation 

Deuterium.Tritum Processing Systems Remote Handling (Removal and Replacement) 
Tritium recovery Reactor head 
Triti im storage Blanket tcmo\ al 
Pellet fabrication Other 
Pellet injection apparatus 

PLANT SYSTEMS 

Heat Transport Systems IHTS) Power Plant Systems 
Main anr) auxiliary steam system Primary sodium NTS | ! | 
Power Plant Systems 
Main anr) auxiliary steam system 

Primary lithium HTS ll] Fcedwater and condensate system 
Secondary sodium IITS (41 Energy i.diversion conlaui system 
Purification and sampling 1 urhino systems 

Steam Generator Systems Auxiliary Systems 
Main ste.:in Generator HTS Auxiliary coolant fluid system 
Sadium-waleT reaclion pressure relief Radif-active ^vaste dispesal system 

system Heating, ventilating, and air conditioning 
Water-steam isolation and dun p system system 
Soumm dump ay^em 
Leak detection system 
Steam generator auxiliary heat rcmoi.il 

system 

Planl fire protecting system 
Hcrirculating gas cooling -.ystoni 
Auxiliary liquid metal system 
Inert gas receiving and processing system 
Impurity monitoring and analysis system 
Cell atmospheric processing system 
Radioactive argon processing system 

PLANT OPERATION SYSTEMS 

Planl control system 
Plant protection system 
Instrumentation systems 
Building electriral power system 

Trare heating system 
Hydraulic system 
Compressed air system 
F-'ire protection 

SITE, STR DC TIRES. ANI7 ITlLITtES 

Site 
Internal structures 

fluildiugs 
I'tilities 
Electrical distribution 
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Assumptions made for the study were based on Fast Flux Test Facility 

fFFTF) design criteria and on the Bechtel Balance of Plant Safety Re

search Experiment Facility study for sizing requirements and quantity 

determination. The following data were assumed for the design assess . 

ment; 

• Concrete - 150 lb per yd concrete 

- 489 lb per yd reinforcing steel 

- f'c = 5,000 psi (6,500 for foundations) 

- f = 24,000 psl 

• Soil conditions - 4 ksf allowable hearing pt-jssure 

• 300 psf design live load 

• Low design accident pressure ( = 2 psi) 

The conceptual design of the two structures was based on seismic 

category 1 conditions with tornado hardening. Category I structures 

are those 'structures whose failure might cause or increase the severity 

of an accident affecting public health and safety. Loading criteria 

for category I structures are similar to those used in FFTF, but modi

fied to provide for loadings that could not be determined at the time of 

this study, such as thermal or crane loads. Tornado hardening consists 

o? protection required to assure that wind force and induced pressures, 

accompanied by missile impingement, do not collapse the structure, 

Tornado and seismic loads are not assumed to occur simultaneously. 

The assessment resulted in the following construction material require

ments for the buildings under consideration: 

3 
• Reactor Facility Building (RFBI - 104,000 yd re

inforced concrete 

— 1,3S0 tons liner 
plate 

• Reactor Service Facility Building -25,000 yd 
(RSFB) concrete 
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The roofs of both buildings will be reinforced concrete box girder design 

with tornado hardening cover, Wflls will be 6 feet thick in the RFB, nar

rowing to 5 feet for the top section. The slab for the RFB will average 

12 feet in thickness, with a thicker slab required in the central portion, 

depending on the suspension method used for the reactor vessel. 

The RSFB will use the same roof design as the RFB in the largest section 

and 3-foot prestressed concrete slabs in the shorter section, but the walls 

will be 3-1/2 feet thick in the clear section and 4-1/2 feel in the lower 

section. The wall thickness is determined primarily by the unsupported 

height of the wall. Foundation slab will be approximately 7 feet thick. 

These conceptual designs have been sized for a U, S. plant in an undeter

mined location. The final design may vary considerably, baaed on 

location conditions and the specific parameters of reactor operations. 

Building data for other facility buildings are listed in Table 5-2. 

Several areas that will affect future design efforts were not considered 

in this specific assessment, including: 

• Structural rigidity requirements for the principal 
buildings, based on the necessity of maintaining 
alignment accuracy 

• Vibr\tion requirements for the buildings related to 
bar optical requirements 

• Methods of suspending the reactor vessel 

t Suitability of new construction methods, such as 
cable suspended roofs, to eliminate a great deal 
of the design dead load 

t Independently floated suspension and foundation 
systems acting within the structures to ensure 
maintenance of alignment requirements 
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'1 Table 5-2 
i 

i BUILDING DATA 
LASER FUSION HYBRID POWER PLANT (500 MWe) 

Duildlng 
Type of 

Cam) ruction 
Ln, 
(ft. 

Wd, Ht. 
and meters) 

Volume'1' 
Cu. ft. s 10 6 Re mirks 

Reactor Ucillty Concrete 220 190 207 9.045 |c) 
building 

| 70 58 63| 

Rcictor service Concrete l b | 98 66 207 1.339 Ic) 
facility building 98 

( 30 
1 30 

49 
20 
1) 

115 
631 
35) 

.552 

Iteictor service Cone fete 115 26 115 .344 
building access ( 35 B 35) 

t.aser building Concrete"11 - - - - partially 

Steam generator Concrete 230 10? 171 4.129 
buildinj; ( 70 32 52) 

Turbine buihiing Structuril steel 24b us 13a 3.9 
steel siding 1 75 35 42l 

Tontrnl building Concrete 105 
1 tt 

75 
23 

49 
30) 

.386 

Diesel generator Concrete 105 57 49 .293 
building 1 32 17.5 15) 

Steam ycncralor Concrete 105 6b i r .796 
maintenance building ( 32 20 35, 

Ofiicr building Structural Btsel 213 108 30 0.693 
concrete blocV 1 65 33 91 

Maintenance shop Structural iteel 164 164 33 0.883 
»nd warehouse ateel aiding ( 50 50 101 

Nolo*: i*\ Volumes exclude tjaae slab. 
iM l!ui)d)ri(j is constructed to mccl seismic category I criteria and 

tornado hardened, 
(c) Ol id containing Na or l.J arc lined. 
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Section d 

TRITIUM RECOVERY 
(500 MWc) 

Tritium must be recovered to provide a continuous supply of fuel and 

because it is a radiological hazard. Tritium bred in the top, bottom, 

and radial blankets and deuterium and tritium in the reactor discharge 

are the major recovery requirements. A secondary consideration ia 

that tritium permeates the process enclosures andmu3tbe recovered 

by the ventilation system. Neither permeation within the reactor nor 

the design of a tritium recovery process from the ventilation system 

has been considered in this study. 

This report discusses three processes used for the recovery of tritium 

from the hybrid reactor design. 

• One system removes tritium from the primary (lithium) 
heat transport loop 

• A second system removes tritium from the lithium 
blanket secondary (sodium) heal transport loop 

• The third system recovers tritium from the reactor 
chamber effluent stream 

A number of different systems were reviewed, and the specific recovery 

processes discussed below are based on available information. The chosen 

systems must be considered preliminary and conceptual because insuf-

ficient experimental and physical data are available to permit choosing 

specific processes with rcrtainty. 
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PRIMARY HEAT TRANSPORT LOOP - TRITIUM RECOVERY PROCESS 

Tritium (in the form of Li'i) is removed from the lithium metal blanket 

by extraction with a molten salt, such as the eutectic KCl-LiCl. The 

salt is brought into contact with the tritium-bearing lithium in a mixer-

(3) 

settler. Because tritium favors the salt over the lithium phase, ex

traction of the tritium to the molten salt takes place. The two phases 

are separated by gravity in the settling tank section of the mixer-settler. 

The cleaned lithium is returned to the blanket system while the lithium-

trttide-bemng salt goes to an electrochemical cell. There, by electrol

ysis, tritium gas is produced and collected on a specially designed 

electrode, This gas is sent to the tritium handling facility while the salt 

is recycled back to the mixer-settler. Lithium metal, left after the t r i 

tium separation, is returned to the blanket system. This process and 

the secondary heat transport loop recovery system are shown schemat

ically in Figure 6-1, 
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Figure 6-1. Tritium Recovery System 
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To keep tritium permeation within acceptable limits, this process is 

designed to hold the tritium vapor pressure in the blanket to IP torr 

or less. This is done by maintaining a tritium concentration in lithium 

to less than 1 ppm by weight. As the fusion power varies throughout the 

fission blanket cycle, the minimum production of tritium for the 500-MWe 

hybrid reactor within the blanket will be from 1.13 to I. 503 grams per hour; 

the average production will be 1.306 grams per hour. These values do 

not include the approximate 1.05 breeding ratio. 

SECONDARY HEAT TRANSPORT LOOP- TRiTIUM RECOVERY PROCESS 

Some diffusion of tritium from the blanket to the secondary liquid sodium 

loop will take place in the intermediate heat exchanger (IHX). To handle 

an assumed maximum diffusion of 0.1 gram per hour into the secondary 
(4) 

loop, a tritium removal system using cold traps was chosen. This 

system is designed to confine the tritium concentiation in the sodium to 

less than 0, 01 ppm by weight. This would limit tritium release to the 

reactor's steam system to less than 1 to 2 curies per day. A fraction 

of the recirculating sodium is drawn off and passed through a cold trap, 

and there the sodium, containing tritium and other impurities such as 

oxygen, is cooled. The contaminants precipitate out in a bed of wire 

mesh, and cleaned sodium is recycled back to the secondary loop. When 

the cold trap pressure drop increases enough to limit sodium flov/, the 

trap is taken out of service and the flow diverted to the alternate tra J, 

The plugged cold trap is either disposed of or, if practical, processed 

for tritium recovery or purification. 

Kodundanl systems for both primary loop and secondary loop tritium 

recovery an- provided for backup. 

6-3 



REACTOR DISCHARGE - TRITIUM RECOVERY PROCESS 

Tritium is recovered from the chamber effluent by oxidation to T O , 

condensation, and purification by electrolysis and cryogenic distilla

tion. The system is designed to recover approximately 30 grams 

per hour of tritium. Approximately 20 grams per hour of deuterium is 

also recovered along with ilir tritium. The effluent discharge stream is 

assumed to be 800 K and to contain H 

miscellaneous gases and particulates, 

o 3 4 
assumed to be 800 K and to contain He, He, C H , CH , H , Ar, and 

£ ft T L 

"he high temperature reactor chamber gas is withdrawn by vacuum 

pumps to maintain a vacuum of approximately 1 torr, This effluent first 

passes through an oxidizer where, by adding oxygen, tritium (and its 

isotopes H,, D , HD, DT. and HT) is converted to the oxide. Any hydro

carbons in the effluent (mainly as acetylene) are oxidised in this step to 

CO and T O (DO, H-O, etc,). In place of the oxygen unit, the type 

of oxidizer that uses a bed of copper oxide pellets might be used. In this 

unit, the reactor effluent is oxidised by the reduction of CuO to Cu. No 

oxygen gas would be needed. However, the copper oxide bed would have 

to be replaced periodically, and this would be a. disadvantage. The oxi

dizer effluent gate- are cooled before entering the vacuum pumps. These 

pump discharge the cooled gases at atmospheric pressure to a condenser, 

where most of the oxides of tritium, deuterium, and hydrogen (TO, D,0, 

and HO) are condensed along with any reactor metals and sojne CO 

The remaining gases are routed to a molecular sieve system to recover 

trace amounts of T,0 . Any remaining T- is absorbed in tritium getters, 

The condensed stream, after the CO is stripped out, is discharged to 

an electrochemical cell where the isotopic water is broken down by elec

trolysis into oxvgen and isotopes of hydrogen. The oxygen is recycled 

to the oxidizer, and tritium and its isotopes are routed to a distillation 

column. By making use of the difference in boiling points of the hydro

gen isotopes, the mixture of T 2 , D , II , DT, DH, and HT can be sep

arated into a product stream rich in T, and D and a waste stream 
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recove- tritium from a laser fusion-fission hybrid reactor. Hence, the 

processes chosen in this section are only what a practical future hybrid 

reactor tritium "ecovery system might resemble. Further work on 

these types of systems is needed. 

Blanket Systems 

Two blanket-type diffusion systems using cold trapping and "windows" 

were investigated. 

(7) 
Combination of Cold Trapping and Diffusion. In this process, tritium 

in the lithium blanket is allowed to diffuse through the niobium tubes of 

an intermediate heat exchanger into the secondary loop fluid. Because 

of the characteristics of the alkali metals (K, Na, and NaK) in the second

ary loop, the tritium can be sufficiently reduced I), cold trapping to limit 

its concentration in the blanket to acceptable levels. Very little process 

and equipment data exist for this scheme. There are also uncertainties 

about diffusion rates, especially if metal oxidation takes lace. 

Diffusion Through Metal "Windows. " ' This process has the disadvantage 

of needing la-ge. expensive metal surfaces to limit tritium concentration, 

as well as having uncertainties in diffusion rates. 

Reactor Effluent Systems 

The two reactor effluent systems investigated employed diffusion with 

either oxidation or ieotopic separation. 

Diffusion/Oxidation. This concept of tritium recovery uses the dif-

lereiic; in diffusion rates fo tirst separate most of the T 2 (and D,) from 

the waste a.id carrier ; . jes . These gases are cleaned of residual T by 

the same oxidation-electrolysis process chosen for the total effluent. Rather 

limited diffusion data {rL- I'-ese components are available. Uncertain 
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composed mostly of H,. A major portion of the mixed isotopes DT, HD, 

and \IT is converted to T,, D?, and H, in a catalytic converter. The 

product stream is recycled to the reactor or, if necessary, is separated 

into T, and D and prepared for reinjection to the reactor. This process 

i» represented scheTnatically in Fipure 6-2, 

Figure d-2, Reactor Discharge ~ Tritium Recovery Process 

AI/1 I.UNATIVE SYSTEMS FOR TRITIl'M RECOVKRV 

1 he Intuitu recovery systems tliscu.-sed above were cliOM"n iiecaiise 

they, more than others, use equipment and chemical processing oper

ations: that have been tried and tcited in indaatry (though not necessarily 

under the same conditionsi. Other systems were proposed and some of 

the ours reviewed Arc described in the following paragraphs. At this 

tin).-, it is not known whether any of thmi could efficiently and safely 



information is available about how efficient a separation could he achieved, 

how many stagea would be required, and what materials would he needed, 

Diffusion/tsotopic Separation. This process uses three palladium dif-

(user stages in series at different pressures and temperatures, In the 

diffuser units, T, and D ? are separated from waste gases, The hydrogen 

isotopes are separated into their respective components bv cryogenic 

distillation before recycle to the reactor. Again, diffuser design and 

operation have not been substantiated. 
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Section 7 

COMMERCIAL SIZE HYBRID REACTOR DESIGN 
(1,200 MWe) 

A commercial siie power plant today i9 best considered in the 1200 to 

liOO MWe- net output range, due to the coat of capitalization. There 

are two major limits which set aa a guide to the maximum power produced: 

» The coi'e power Level restrictions in the U.S. Nuclear 
Regulatory Commission Regulatory Guide 1. 49 entitled 
"Power Levels of Nuclear Power Plants," Rev, 1, 
December 1973, This limits the reactor core rating to 
3, 800-MWt. 

• The largest turbine manufactured today is in the range 
of 1,350.MWe output. 

The first limit, however, may not apply in future years, and the second 

limit depends mainly on the demand of the utility industry and not in the 

capability of manufacturers, In keeping with the philosophy of this study 

to use the maximum of conventional technology, a 1200 to IJDO-MWo 

power level was selected. (The UOO-MWo net is less lasers ") 

Additional limitations to the above exist in the fission blanket design and 

are discussed in detail under uranium blanket design. 

The li00-MWe laser fusion hybrid reactor plant has a number of signif

icant differences from the 500-MWe laser plant. These include the laser, 

the reactor, the thermal energy transport and conversion system, and the 

buildings which enclose these systems. There is less change in the 

The term "less lasers" is used throughout the report and refers to a 
laser fusion hybrid reactor facility without consideration of ihe laser 
facility Dr the power required to drive the lasers. Wherever the terms 
lifill MWe net or 500 MWe net are used in conjunction with hybrid 
facilities they must be considered [less lasers!. 
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remainder of the plant systems. During the study some technology 

changes were made in the first wall concept for the 1200-MWe plant. 

However, the general plant design is very similar for both the 500-MWe 

and 1200-MWe plants. In this section the 1200-MWe laser fusion hy

brid reactor plant is reviewed with respect to system parameters, 

uranium blanket design, reactor design, thermal energy transport and 

conversion system, first wall andtritium systems, and general plant 

design, 

SYSTEM PARAMETERS 

The principal differences between the 500-MWc demonstration-size 

User fusion hybrid reactor and the 1200-MWe commercial-size reactor 

are: 
500 MWe 1200 MWe 

(less lasers) 

3370 MWt 

1300 MWe 

100 MWe 

1200 MWt 

>.0 Hi 

20 MJ 

20 m 

4, 9 m 

9,9 m 

10 m 

The. first wall radius, is 50 mm less than the radius to the uranium, or 

3, 4S m and 4, <) m for the two reactors, Two 5 m long fuel elements 

arc used in the 10 m long process tube instead of one 7 ro long element, 

Because of the higher specific power in the 1200-MWe reactor, smaller 

fuel rods are required. A larger pitch-to-diamcter ratio is required for 

the 1200-MWe fuel elements because of the increased process tube power 

and coolant flow requirements. 

Item (less lasers) 

NSSS thermal power plant 1400 MWt 

Gross electrical output 540 MWe 

Auxiliary power 40 MWe 

Net electrical output 500 MWe 

Laser (pulse rate max, | 23.4 Hz 

Thermonuclear burn energy 10 SjlJ 

Neactor shell OD ]b m 

Reactor first wall radius (min. 3.45 m 

Reactor core diameter 7 in 

Reactor core height 7 m 

7-2 



m 384 

" 272 76S (2 per 
process tube 

351 Mg 682 Mg 

32 mm 30 mm 

1.0625 1.1 

6.72 MW 10.50 MW 

The major changes in the fuel elements are: 

Item 

No. o( fission blanket process tubes 

No. of fuel elements 

Total mass of uranium 

Fuel rod diameter 

Pitch to diameter ratio 

Maximum process tube power 

The principal changes in the power distribution, averaged over all fuel 

cycles, on going from 500 MWe to 1200 MWe are; 

Thermonuclear power: 200 MW —*• 495 MW 

Uranium blanket: 1227 MW —*• 2925 MW 

Lithium blanket; 110 MW —*• 285 MW 

First wall: 48 MW —* 118 MW 

Pump heating: 15 MW —^ 42 MW 

URANIUM BLANKET DESIGN 

The fuel elements for the 1200-MWe reactor are similar to the 500-MWe 

elements: 19-rod wire-wrapped clusters in hexagonal process tubes. 

However, two elements, one on top of the other, are loaded into each 

process tub':. This reduces the length of a fuel clement and allows the 

top and bottom elements to be interchanged midway in their irradiation 

in orrVr to equalize the burnups. By interchanging top and botlom pie

men and by rotating each element front lo back, the peak to average 

'nii'nup is reduced to 1.06 for inner elements and to I. 15 for outer row 

elements, 

The higher power density in the 1200-MWe elements, due to the higher 

laser pulse rate, n-quires a i eduction in fuel rod size in -irder to stay 

within the design criteria of 600 C maximum uranium temperature. This 
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ten .>erature occurs in the hot rod of upper, Inside fuel elements at the 

end of the first fuel cycle period (at the end of the second fuel cycle 

period for the 500 MWe elements) at a location approximately 1.6 m 

a bo re midplane. 

The principal fuel element design data for both the 500-MWe and 1200-

MWc reactors are listed in Table 7-1. 

Table 7-1 

DEPLETED URANIUM FISSION BLANKET DATA 

Item SOO-MWe 1200-MWe 
f 

Klcmcnt lipight - total 7 m 5 m 

- active 6.5 m 4. "> m 

Mass nf uranium - inner 12*0.6 kg 780. 5 kp 

- outer 1290.6 kg 995,0 kp 

Xumhi'r of fuel rods 19 19 

KHPI rod diameter 32 mm 30 mm 

Fuel rnd pitch 34 mm 33 mm 

Ur.vi ii slug OD/ID - inner 30/14 mm 28/13 mm 

- outer 30/14 mm 28/0 mm 

Umniurn volume fraction 0.484 0.417 

Sodium volutru' fraction 0.418 0. VIC 

.SUinU'fis stoM volutin' fraction 0.018 o. in 
I 'nncss tube OD - corners 177.0 mm 1 74. 0 mm 

- flats 158.8 mm i 56. 3 mm 

Process tube wall thickness 2. 5 mm 3, 0 mm 

i-'nel rladdine, wall thickness 0. 4 mm 0. 4 mm 

Maximum uraninn. temperature 600OC l.00°C 

Maxinmii, sodium velocity 8. 14 m/s 10,6?. m/s 

Uranium specific powe • - avirage J. 50 MW/Mg 4.29 MW/Mg 
- maximm i 9.0J MW/Mg 11.52 MW/Mg 

, 
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The 1200-MWe inner row fuel elements use hollow uranium metal slugs 

150 mm long with an OD of 28 mm and an ID of 13 mm. The outer row 

fuel elements uBe solid metal slugs 150 mm long with a diameter of 28 

mm. The maximum power density in the outer row elements is less 

than half that of the inner row, so hollow slugs are not needed to re

duce the fuel center temperature. The clad OD is 30 mm with a wall 

thickness of 0.4 mm. The sodium bond nominal thickness is 0. 6 mm. 

The fuel rods are spaced with a single 2. 7 mm diameter wire wrap 

with a 600 mm pitch. The maximum specific power of II . 52 kW/ltp 

and the maximum burnup of 6, 000 MWd/Mg are both defined as the 

average for a section of the fuel rod at the maximum point. 

The principal fuel management data for both the 500-MWo and 1200-MWe 

reactors are listed in Table 7-2. The fuel management scheme for the 

1200-MWe plant consists of a recurring set of four fuel cycle periods, 

lasting 1.084 FPY (full-power years), 1.244 FPY, 1. 140 FPY, and 

I. 288 FPY, respectively. At the beginning of cycle 1 (BOC 1), the inner 

row fuel elements (Batch IA) and the outer row fuel elements (Batch II) 

are fresh elements of depleted uranium (0.2 weight percent), At the end 

of cycle 1 (EOC 1), the inner elements are rotated 180 degrees, and top 

and bottom elements are interchanged. At the end of cycle 2, Batch IA 

fuel elements arc removed and replaced with new fuel (Batch IB), and 

the outer elements (Batch K) are rotated ISO degrees and interchanged 

top with bottom. At the end of cycle 3, Batch IB elements linner) are 

routed and interchanged. At the end of cycle 4 (EOC 41. both Batch IB 

and Batch II are removed. These four cycles require 4.751. full-power 

years at 3370 MW or 6. f. calendar years at 70 porcent plant capacit. 

lactor, Cycles 5 to 8 repeat cycles 1 to 4, 

As plutonium builds into the uranium blanket elements, Ihe power tends 

to rise and the system repetition rate is lowered lo maintain a constant 
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Table 7-2 

FUEL MANAGEMENT DATA 

Item 500-MWe U00-MWe 

Fuel Batch IA (Inner| 

Number of fuel elements 136 384 

Total mass of uranium 175.5 Mg 299.7 Me 

Irradiation time 2.053 FPY 2.328 FPY 

MaxL.ium burnup 5000 MWd/MG 6000 MWd/Mg 

Average burnup 3860 MWd/Mg 5650 MWd/Mg 

Final plutonium concentration 1.015 w/o 1.434 Wo 
(a) 

Total mass of plutonium 1781 kR 4297 kg 

Fuel Batch IB (Inner) 

Number of fuel elements 136 384 

Total mass of uranium 175, 5 Me 299. 7 Mg 

Irradiation time 2.140 FPY 2.428 FPY 

Maximum burnup 5000 MWd/Mg 6000 MWd/Mg 

Average burnup 3960 MWd/Mg 5670 MWd/Mg 

Final plutonlum concentration • 0.981 w/o 1.380 Wo 

Total mas* of plutonluiv. 1721 kg 4137 kR 

Fuel Batch II (Outer 1 

Number of fuel elements 13b 3K4 

Total mass of uranium 175.5 Mg 3H2, 1 MR 

Irradiation time 4. 193 FPY 4. 756 FPY 

Maximum burnup 3970 MWd/Mg 5050 MWd/Mg 

AvrraRe burnup 2880 MWd/Mo 4410 MWd/Mg 

Final plutonium ' concentration 1.051 w/o 1,497 w/o 

Total mass of plutonlum 1845 k p 5719 kR 

(a)Fisdile plutonium 
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3370 MW. Power shifts from one region to another. The largest shifts 

occur between the beginning of cycle 1 (BOC 11 and the end of cycle 4 

tEOC 4), and these shifts are ahrnvn in Tabic 7-1, 

Table 7-3 

POWER SHIFTS DURING I UEL CYCLES 

500-toWf u u l o r 

Lai r pulse r. .a] 

l i O C I l i l 

1 

Lai r pulse r. .a] .:>.4<) 
i 

I7.SK 
7'hi'rJ]>m>ncl<'ar p w ' t r f.MW} . 'U .n 1 
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- outer 11 !,'> H !. H 
LithMI" blanket CKT1V) 

aiial Itop anil hnttoml 
radia! 

1 
A 1 

4". H 

! ^ 
FUsl wall iMWI 

axial itan and bo'lonil 
radial 

l-i, i 
i'l, 1 

1 
I2.4 
i'l. 1 

Plimp hi'ilin|i (Mll'l 1 l,i. I S 4 

Total IMA'I NUII.I] .4UII.II 

J 
V h'raclnr 

una1'1 1 

liOII-Ml V h'raclnr 

una1'1 1 

liOII-Ml V h'raclnr 

una1'1 1 

Lbs -v piilnf raK IHzl 

V h'raclnr 

una1'1 1 

r : o i : 4 , b l 

Lbs -v piilnf raK IHzl tfUH) .11.14 
Tln-iinuniiclcar pmtrr (MlVl oilfi, n 4.1 J. -i 
(luniiiiii blanket (MlVi - inrvr 1 I'M?,! 

• (MlU'P *l» i| HULK 
l.itbiuni hlanhi'i (M1V| 

axial (top and bottom 1 
radial 

I7ll. 1 
Iv'i, s 

II ' ' . '1 
l» i . . : 

Fir*t nail (MtVI 
axial (top and bottom) 
radial Kill. J 

1''. S 
iii.i, 

IHimp hoatinp fMW) •111. -1 44. 1 

Total (Mm H7II.II 11711.11 

fa) P pinninp nf cycle 
(b l r.T'l nf cyctn J . 
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REACTOR DESIGN 

Thu design of the 1200-MWe reactor is similar to the 500-MWe design 

(sec Section 3, Hybrid Reactor Design) except that it is larger in size, 

A more compact design is utilized and the out3ide diameter of the shell 

for a 1200-MWe reactor is 20 m. One of the exceptions to the design 

is in the concept of cooling the first wall, v/hich will be cooled by 

lithium. The power removed by the lithium system increases from 

U0 MWt to 430 MWt and is greater by a 2.93 ratio than the 500-MWe 

design: for the total plant the reactor output increases from 1400 MWt 

to 3370 MWt, a ratio of Z. 4. Th • reactor design will therefore in

corporate connection for four sodium coolant loops and one lithium 

coolant oop (energy partition and removal is discussed later in this 

scctionl. 

The top and bottom blankets are cylindrical, curved, pancake-shaped 

plenums and the diameter of the plenum is 9. &*• m, The total first 

wall is attached to the top blanket and cooled by lithium from the top 

blanket plenum (see first wall design). With the exception of the two 

latter design considerations, the top and bottom blanket design is 

as indicated in Section 3, 

Tiit> lithium cooled radial blanket design is also as indicated in Section }, 

oxccpl that the plenum is 10,5 m, rilher than 7,5 m high as in the 500-MWe 

design. 

First Wall Design 

The first wall in constructed of 20 mm of graphite backed by a stainless 

ateut (radiator typel coolant structure which is shaped like a full cylinder 

and attached to the top blanket both for coolant flow and structural sup

port. The total first wall is therefore removed by removing the top 

cover of the reactor, to which both the top (lithium) blanket and first 

wall are attached. The lithium coolant for the first wall will flow from 
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the top blanket plenum, down tbe back of the radial first wall, across 

the bottom blanket first wait, and return to the top blanket exit plenum. 

The top Uanket first vwtt will utilize &e same principle. 

Final Laser Optical System 

Six laser beams will enter the reactor. The focal length of the mirror 

is 17 m and the final mirror will bo designed to reflect an incoming 

1,7 m diameter light be.. „ The maximum energy flux is ' , 5 J/cm . 

THERMAL ENERGY TRANSPORT AriDCONVERSION SYSTEM 

The thermal energy transport and conversion system is similar in design 

to ths SOO-MWc system presented itk Section 4, Major differences are In 

energy flow rates, a four loop va three loop sodium primary coolant sys-

tern, and a change in the steam generation and energy conversion system 

components, 

The partition of energy is shown in Table 7-4. The four primary sodium 

loops remove an average of 2920 MWt. The variation of oower outpJt 

during the fission fuel element life ia small, ±100 MWt approximately. 

The lithium circuit transports an average of approximately 410 MWt 

with a swing from 470 to 360 MWt, Power input from pumps is apf roxi-

mately 40 MWt, and the total reactor system output is therefore 3:78 MWt. 

The major pipinj sizes and flow rates for the primary and secondary 

loops are shown in Figure 7-1. The primary lithium coolant loop has 

U-inch OD piping throughout. The secondary circuit (sodium) is designed 

for 28-inch OD piping for the total circuit. The four sodium circuits are 

equipped with 44-inch OD piping between the reactor and th. pump and 

32-inch OD piping from the pump through the IHX to the reactor. The 

secondary sodium heat transport loops arc designed for 32-inch OD 

piping throughout. The key parameters of energy transport and conver

sion system are shown in Table 7-4. 
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Table 7-4 

KEY PARAMETERS OF ENERGY TRANSPORT 
AND CONVERSION SYSTEM 

(1200 MWe Less lasers) 

Parameter 

Thermal power, MV.'f 

Fippion 
Blanket 

Lithium 
Blanket Total Parameter 

Thermal power, MV.'f i920 410 3370 l a ) ' 

Gross electric power, 
MWe (tntal> 

liOO 

Net i lectric power, 
MWe itoUl) 

U00 

Gross efficiency, ''. 38.2 

Net efficiency. *! 35.7 

Primarv cooling syB^ctn . _ 
Cuolant Sodium Lithium 

VtirctlKT of lopps 4 1 

Flow rate, Kg/s 
f)h brl piyr loop 

J MO 
130 x I0'1) 

50T 
14 x 10fc) 

o Hot lej» temperature C 
l"FI 

470 
18781 

540 
1004 

fold lep temperature C 
ti081 

320 
|(:08l 

Secondary coulinp system ''" -
Coolant Stid ; ,im Sodium 

Number of loops 1 

Flow rate, h e ' s 
l lb/hrl psr loop 

1-H7 
US. 1 x I0 b l 

l')-H 
(IS,8 x in''l 

o Hot leg U npcratur t C 4S0 
f8421 

450 
18421 

C'nld leK tcmpcralur t C 
<nFI 

230 2'»0 
(554) 

. — ,. — — 
Steam system 

furhine throttle conditions 

Pressure , MPa 
(PtU> 

L' . [ 
118001 

Temperature, °C 
l°F> 

4IJ 
17751 

Sieam flow rate, kg^a 
(Jb/hr) 

1560 f 

(12.18 x 10 I 

li) 4(1 MWt addril by pumps 
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Five steam generator systems transfer thermal energy from the second

ary sodium loops to the steam system. Four systems are identical 

(740 MWt), and the fifth system has a capacity of 410 MWt. The steam 

generators deliver a total of approximately 15&0 kg/s (12. 38 x 10 lb/hr) 

of superheated dtcam. 

INTERMEDIATE 
HEAT EXCHANGERS 

LITHIUM TO 
LITHIUM SODIUM H,E| 

CIH rULATION PUMPS 

STEAM 
GENERATORS 

^tpf 
lb 110MWl LITHIUMJM°| 

LITHIUM KEACiRS '"" SODIUM 
CIRCULATE 

PUMPS 

| SODIUM W * t . 
I CIRCULATION | — J C ~ 

PUMPS I T 

3J" SODIUM 

INSIDE REACTOR CONTAINMENT j 

413°C STEAM TO 
' TURBINE 

'* TEEDWATER 

Figure 7-1. The Primary and Secondary Heat Transport Systems (3380 MWt) 

Energy Conversion System-Steam Cycle 

The steam cycle is illustrated schematically in Fig ire 7-2. The turbine-

generator selected is a tandem-compound 1800-rpm unit with throttle steam 

conditions of 12.4 Mpa (1800 psia) and 413° C (775° F). The uni^ consists 

of one double-flow high pressure (HP) turbine, one double-flow intermediate 

pressure (IP) turbine, and three double-flow low pressure (LP) turbines. 

Two parallel strings of six feedwater heating stages are used, each with a 

turbine driven feed pump. 
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Cooling Water Syatem 

A schematic diagram of the cooling water system is shown in Section i. 

A closed loop cooling water cycle with an evaporative type cooling tower 

is used for cooling the condenser. A cooling water flow of approximately 

37, 300 kg/s (296 x 10 Ib/hr) is required. A mechanical draft cooling 

tower is used. A similar cooling water cycle removes heat from the 

laser equipment. 

FEEOWATER HEATERS (2STRINGSI 

STEAM CYCLE 

Figure 7-2. Steam Cycle 

AUXILIARY POWER 

The total station power requirement (excluding lasei' equipment) is antici

pated to be 100 MWe. Table 7-5 lists components of this requirement. 
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' Table 7-5 

AUXILIARY POWER REQUIREMENTS 
(1200 MWe) 

Equipment MWe 

Primary sodium pumps 

Primary lithium pumps 

Secondary sodium pumps 

Steam generator re' irculating 
pumps 

Main feed pumps 

Condensate pumps 

Circulating water pumps 

Cooling tower fans 

Miscellaneous plant load 

I'HVAC. cryo and vacuum systems, 
hes! tracing, etc.) 

35 

1.5 

20 

i 

turbine driven 

7.2 

14.5 

7.2 

8.6 

Total 100 

TRITIUM RECOVERY 

The tritium recovery processes outlined in Section h are used for the 

recovery of tritium from the primary lithium coolant loop, the secondary 

sodium loop (for the lithium system), and the reactor discharge, Re-

','imrtanl systems are | resided and the capacity of each system for the 

1200-MWe system design is 2.4 times that Of the 500-MWe system. 

The average production of tritium within the olankets will be approxi

mately 3 to 4 grams tritium per hour; this is recovered by the primary 

and secondary tritium recovery processes. The tritium content in the 

reactor discharge is estimated to be an average of 65 grams per hour, 

approximately. The tritium recovery system for the reactor discharge 

is designed to recovery 75 grams per hour which allows for variation 

above Hie average, 
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GENERAL PLANT DESIGN AND LAYOUT 

The 1200-MWe laser fusion hybrid reactor facility is designed in a 

similar manner to the 500-MWe facility covered in Section 5. Exceptions 

to the layout and configuration i re in the increase in tbe size of Tea^ar 

containment, reactor service, steam generator plant, turbine facility, ar.d 

cooling towers. Theae changes are indicated in Table 7-6. All other 

facilitiSB remain relatively unchanged, 

Table 7-6 

MAJOR CHANGES IN DESIGN 

Item 
500 MWe 

( i o 6 f t 3 i 

1200 MWe 
<io 6 ft 3) 

Reactor facility building 9.045 11,1 

Reactor service building 1.891 2,17 

Steam generator building 4.129 5,56 

Turbine builtung 3.9 7.6 
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Section 8 

5AFETY CONSIDERATIONS 

The laser fusion/fission hybrid reactors considered in this study are 

similar to the liquid metal fast breeder reactor (LMFBR) and to mag

netic confinement fusion reactors in their environmental impact and in 

the speci.-um of potential accidents that must be analyzed and designed 

for. The mast severe hypothetical accident LMFBR's are potentially 

subject to (a core meltdown with secondary criticality and disassembly) 

is not possible in the hybrid reactors because they are always subcritical 

in all configurations. There are also no nuclear transients, reactivity 

coefficients, control rod accidents, or secondary shutdown systems to 

be concerned with. 

The energy stored in the superconducting magnetB of magnetic confine

ment fusion reactors, such as the Tokamaks, a major 6afety concern, 

is not present in laaer fusion hybrid reactors. The energy storage for 

the laser systems is approximately three orders of magnitude lower. 

Tritium inventories are lower in a hybrid system than in a. pure fusion 

reactor, but the containment problems are similar. All of the other 

environmental and safety problems of pure fusion reactors are present 

in the laser fusion/fi6sion hybrid. 

The consequences of a large sodium fire in the reactor containment 

building would be virtually the same in a hybrid reactor and in an LMFBR. 

In addition, a large lithium lire that releases all the contained tritium 

must be considered. Ail of the primary sodium and lithium systems are 

doubly contained in inert gas filled vaults, and these large fires can be 
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avoided by installing interlocks on the vault hatches to prevent a vault 

from being opened to the reactor containment building itself unless the 

liquid metal loop had been drained, Each liquid metal loop is in a 

separate vault, as is the reactor vessel. 

Steam generator tube failures, fuel rod cladding failures, and tritium 

releases outside the primary containment vaults are accidents which 

have a reasonable probability of occurring during a plant Lifetime and 

must be designed for. They would be expected to have no environ

mental impact on the public. Fuel handling accidents are less probable, 

but would be contained by £.i- same engineered safety features developed 

for LMFBR's, In general, four independent steel barriers separate all 

radioactive fission products irom the environment: 

• Stainless steel fuel rod cladding 

• Stainless steel sodium piping 

• Steel linerB of the inert gas-filled primary containment 
vault 

• Steel liners of the reactor containment building 

Three steel barriers separate all tritium from the environment. 

The most severe accident of a laser fusion hybrid reactor is a loss-of-

coolant accident. A loss-of-flow accident (where all coolant pumping 

power is lost but the integrity of the primary system remains) is rela

tively easy to cope with, since the same power failure would shut down 

the laser system and since both the primary and secondary sodium 

coolant systems can remove decay heat by natural convection alone. A 

partial flow of cooling water to at least one steam generator must be 

provided, however. 

The loss-of-coolant accident, whether by a pipe break or a major teak 

within the reactor vessel, would probably cause some of the fuel to melt 
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down and slump to the bottom of the process tube or even to the bottom 

of the reactor vessel. This accident would be more difficult to cope 

with in a hybrid reactor than in an LMFBR because of the laige vacuum 

vessel volume and the inability to surround all of the primary system 

components, including the in-vessel plenums and process tubes, with 

puard vessels, The most vulnerable component is the process tube, be

cause it is subject to the most severe radiation damage and the most 

severe cyclical stresses. The 1200-MWe hybrid reactor design includes 

a secondary containment diaphragm aroand each group of 12 process 

tubes to detect leaks and prevent loss of coolant. These process tubes 

must be replaced several times during *he life of a plant, and the 12-tube 

assembly would have to be remotely welded to the upper and lower cool

ant plenums (because of the high radioactivity of the structurel. These 

welds would also be vulnerable. A design solution to this problem 

appears possible with further stud;.-. 

Complete loss of sodium ccclant to a fuel element would lead to cladding 

failure (of the not rod of an inner row fuel element) in 3. 5 to 4 minutes 

and to fuel melting in approximately 5 minutes, assuming the reactor is 

shut down promptly, These times are much longer than the comparable 

times for light water reactors because of the lower power density in the 

hybrid, 'iithough the power density is lower, the fission product inven

tory in the hybrid is approximately 70 percent greater than in a compar

able J,WR, and the plutonium inventory is approximately three times that 

of a comparable LMFBR. 
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Section 9 

NUCLEAR (FISSION) FUEL CYCLE COSTS 

Revenue generated from the sale of plutonium bred in the uranium 

blanket of the hybrid reactor is an important compensation for the in

herently higher rapital cost of all fusion reactors. The fission fuel 

cycle costs for both the 500-MWe and the ]2D0~MWe plants are negative -

Plutonium credit, more than oifsets the cost of fabricating and reproces

sing the fuel elements. The fusion fuel cycle cost, the cost of fabricat

ing the deuterium-tritium pellets, was not evaluated because design 

information an the pellets was not available, 

PLUTONIUM VALUE 

Plutonium, is currently not being recycled in fission reactor power 

plants, except for research, because the Nuclear Regulatory Commis

sion has yet to approve its commercial use. Thus, there are no com

mercial-size plutonium recycle fuel fabrication facilities and no ostab-

Ushed market price foT the plutonium. Presuming that recycle is 

approved by the NRC. a commercial value for plutonium must be 

estimated in order to evaluate the fission fuel cycle costs of hybrid 

reactors. 

Plutonium can be used in liquid-metal fast breeder realtors (LMFBHal 

or In light water reactors (I.tyRj). Use in LMFBFs is preferred, but 

because no commercial LMFBRs are expected to operate before the 

1990s and because the capital and operating costs of LMFBRs are 
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uncertain at the present time, it is not possible to determine a value 

for plutonium if used in these systems. A value of plutonium can be 

determined by evaluating the consequences of its use in the currently 

operating light water reactors. 

Approximately 70 percent of the light water .factors currently operating 

or under construction are pressurized water reactors (PWRs). Because 

they operate at higher uranium enrichments, plutonium appears to have 

a higher value when recycled (as a replacement for the enriched 

uranium) in PWRs than when Teeycled in boiling water reactors fBWRs), 

The value of plutonium can be determined by equating the fuel cycle 

costs of a PWR on a uranium cycle and on a plutonium cycle. Some 

incentive may he necessary to induce the use of plutonium, especially 

that procurred on the open market. This might be accomplished by 

requiring the plutonium fuel cycle cost to be 5 percent lower, for 

example. 

The current cost baseB for evaluating PWR fuel cycles are shown in 

Table 9-1- The uranium enrichment costs are those estimated for 

a privately-owned giS centrifuge or gaseous diffusion plant in mid-1976 

dollars. The reprocessing costs correspond to a new 1500 Mg/yr plant. 

and the plutonium recycle fabrication costs correspond to a new 

200 Mg/yr heavy metal capacity plant. 

Tjble 9-1 

PWR FUEL CYCLE COST BASES 
1 1 

Uranium $40/lb U3O8 
Conversion to UF£ $4. 00/kg U 
Enrichment $I00/SWU 
Fabrication - Uranium SPO/kg U 

- Plutonium $300 /ke LNPu 
Spent Fuel Shipping Wl\l U 
Reprocessing $195/kg U 
Plant Capacity Factor 70% 
Working Capital Rate 17,57% 
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The equilibrium fuel cycle cost (reload corel for a HSO-MWe PWR 

on both uranium and plutonium cycles is shown in Table 9-2, assuming 

the price for f'ssile plutonium is $30/g. The 0. 3 mill/kWh advantage 

for the plutonium cycln at this plutonium value constitutes an incentive 

of more than $2 million -per year. 

Table 9-2 

PWR FUEL CYCLE COSTS 

U Cycle Pu Cycle 
(millB/kWh) (mille/kWhl 

Uranium 3.78 0.56 
Conversion 0,14 0,02 
Enrichment 2.44 -
Plutonium - 5.08 
Fabrication 0.51 1.54 
Shipping 0.05 0.05 
Reprocessing 0.49 0,49 
Pu Credit (0.491 (1,53) 
U Credit (0.41| -

Total 6,51 6.21 

The fissile plutonium value as a fraction of uranium cost, assuming 

all other parameters remain constant, can be determined as follows; 

I'D Plutonium cycle cost equals uranium cycle, 

S/g Puj - 0. 5357 (S/lbU 30 8) + S10.85 

= S32. Z8 at S4071b Uj0 8 

= 364,42 ar $100/lb U 3 O g 

i'2l Plutonium cycle cost is five percent less. 

S/s Pu f ^ 0. 5068 (S/lh U 3 0 8 ) - $9. 58 

• $29. 85 at 540/lb U 3 O s 

Sb0.26 at ilOO/l'jV.O. 
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A value of $30/g was used in evaluating the hybrid reactor fuel cycle 

COBt, 

The enriched uranium fuel cycle cost for a PWR as a function of uranium 

cost, assuming all other parameters remain constant and the plutonium 

cycle has a 5 percent incentive, tan be deter.nined as follows: 

Fuel cycle cost (mills/kWh) = 0,0778 [S/lb U3Og) * 3.41 

= 6. 52 at $40/lb U3Og 

= 11,19 at $10C/lb U 3 O f 

HYBRID REACTOR FUEL CYCLE COST 

The fuel cycle cost liases for hybrid reactors are shown in Table 9-3. 

All costs shown are mid-1976 dollars. 

Table 9-3 

HYBRID REACTOR FUEL CYCLE COST BASES 

Fabrication $30.OO/kg U - 28/13 mm 
$26.75/kg U - 28/0 mm 
$28.10/kg U - 30/14 mm 

Spent fuel shipping Slu/kg U 
Reprocessing $125/kg U 
Plutonium credit $30,'g (iissilt! 

Beth the fabrication and reprocessing costs correspond tc new 3C00-.Me,yr 

facilities designed specifically for soiHum-bonded uranium metal fuels, 

Ihe fiBsion fuel cycle cant for both the 500-MVVe and the 1200-MWe hybrid 

reactors are shown in Table 9-4. The costs assume laser requirements 

of 100 MWe and 240 MWe, respectively, and therefore the base capacity 

oi the plants are adjusted to 400 MWe (i.et) and 960 MWe (net). 

9-4 



' ! , ' 1 

Table 9-4 

HYBPID REACTOR FUEL CYCLE COSTS 

400 MWe 
(milla/kWh) 

960 MWe 
(milU/kWh) 

Fabrication 
Spent fuel shipping 
Reprocessing 
Pu credit 

1,45 
0.24 
2.8" 

(b. 82) 

1.06 
0.15 
1.86 

(6.22) 

Total (2.24) (3.15) 
. .,— 

J 
Bolh readers have negative fuel costs, 

i 

I 
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Section 10 

CAPITAL COSTS 

The capital cost of the laser fusion hybrid reactor plant has been esti

mated from conceptual design and engineering information. A large 

portion "f the total plant, including the thermal energy transfer and 

conversion, cooling, and auxiliary systems, represents conventional 

technology, and therefore, cost estimating is based largely on back-

ground experience. The reactor, reactor facilities, and laser inter

face are conceptual, and their cost is estimated by unit and component 

cost methods. 

A preliminary cost analysis within the study period indicated that the 

500-MWe laser fusion hybrid facility (regarded as a demonstration 

facility) is highly capital-intensive relative to a 1200 to 1300 MWe 

(commercial size) reactor. The analysis, therefore, showed a hijjh 

unit cos' per kW installed. The capital cost of a 1200-MWe laser fusion 

hybrid reactor plant is presented, and the cost of a 500-MWe plant is 

included to indicate the trend of unit cost. Neither estimate considers 

laser facility cost or power consumption. 

ESTIMATING BASES 

In general, the energy transport and conversion system of the laser 

fusion facility is similar in function to that of a liquid metal fist breeder 

reactor (LMFBRl. The laser fusion plant differs m?inly in design of the 

reactor, the reactor building, the primary heat transfer loop, and the 

lithium and tritium systems. 
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In estimating the overall plant cost, light water reactor |LWR) experience 

was used where appropriate, especially in determining the extent and 

ccst of electrical, piping, and instrumentation systems. With the excep

tion of the reactor containment, reactor service, and steam generation 

buildings, the civil and structural costs were derived using the same 

method. 

Systems unique to the fusion/fission heat source were evaluated differ

ently: the reactor cost was determined on a unit weight basis, and the 

tritium system cost was established on the basis of its component equip

ment costs. The estimates are based on conceptual design and engi

neering drawings, outline specifications, and equipment lists. 

CAPITAL COST SUMMARY 

A capital cott nummary comparing the 500-MWe (demonstration size) 

and the 1200-MWe (commercial size) laser hybrid rsactor plants is 

presented in Table 10-1. The remainder of this section discusses 

qualifications of the cost estimate, 

CAPITAL COST ESTIMATE QUALIFICATIONS 

The following items are excluded from the project scope and, therefore, 

are not included in the estimate; 

• The entire laser facility including the building, asso
ciated cooling tower, and any electrical equipment or 
connections not normally part of a conventional power 
plant 

» The final laser optical system attached to the reactor 

• The DT fuel pellet manufacturing facility (fusion fuel 
cycle) 

• Any construction of roads, railroads, barge facilities, 
etc., outBide the plant boundary 

« Switchyard and power transmission lines beyond the 
plant high voltage terminals 
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CAPITAL COST SUMMARY 
OF LASER HYBRID RL'ACTOR PLANTS 

(LESS LASER SYSTEMS) 
($ Millions) 
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• Client engineering, financing, and other client costs 

• System chemicals, fuels, and heat transfer media 

• Process royalties and licenses 

• Site investigation and land acquisition 

• Allowance for funds during construction 

• Training of plant operators 

• Plant startup and operation 

• Special fabrication facilities 

Pricing Levels 

The estimate reflects June 1976 price and wage levels. No allowance 

has, been made for future escalation, 

Tritium Systems 

The tritium systems are unusual in two respects: most of (he equipment 

is c t remely small compared with commercial chemical plants, and, 

secondly, the hazardous nature of "ritium requires unusually stringent 

sta,:lards for manufacture and assembly of the system components. 

Costs wtre estimated in keeping with conceptual estimating techniques 

for normal process plants. However, because of the stringent reliabilit-, 

required, i!«: need for unusual materials, and the reressity of locating 

the system deep within the containment, a special allowance was made 

for the recovery process systems and for additional ventilation equip

ment required for air processing. 

Reactor 

The cost of the reactor was estimated on the basis of a conceptual design, 

quantity Uikeoff, and unil cost application. 
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Construction Labor 

A specific unit labor rate was astd only in determining the installation 

cost of the tritium system and the reactor equipment. A typical figure 

is approximately $13.00 per manhour. In estimating the costs of the 

other systems, a certain component is implicit. 

Indirect Field Costs 

Indirect costs are those items of construction costs that cannot be ascribed 

to direct portions oi the facility and thus are accounted separately. They 

include the following: 

• Temporary Construction Facilities. Temporary build
ings, working areas, roads and parking areas, and 
utility system and general purpose scaffolding. 

• Miscellaneous Construction Services. General job 
cleanup, maintenance of construction equipment and 
tools, material handling, and surveying. 

• Construction Equipment and Supplies, Construction 
equipment, small tools, consumable supplies, and 
purchased utilities. 

» Field Office. Field labor of craft supervision, engi
neering, procurement, scheduling, personnel admini
stration, warehousing, first aid, and the costs of 
operating the field office. 

i Preliminary Check-Oat and Acceptance Testing, 
Testing of materials and equipment to ensure that 
components and systems are Operable, 

• Project Insurance. Public liability, property dama:«, 
and builder's risk insurances. 

• Taxes and Permits. State and local taxes and permits. 

Engineering Services 

The engineering services include engineering costs, other home office 

costs, and fee. Engineering includes preliminary engineering, site 

investigation, optimization studies, specifications, detail engineering, 

vendor-drawing review, and support to vendors. Other home office 
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costs comprise procurement, construction and acceptance testing, and 

quality assurance, construction and acceptance testing, and project 

management. The fee is a function of the total project cost, 

The sum of these three categories falls into historically consistent 

percentages in the range of 10 to 20 percent depending on the complexity 

and magnitude of the project. For this study, a figure of 20 percent of 

field construction costs has been used as typical for a plant that is large 

in size and new in concept. 

Contingency 

The estimate includes a contingency allowance for the uncertainty that 

exists within the conceptual design in quantity, pricing, or productivity 

and that is under the control of the constructor and within the scope of 

the project as defined. Implicitly, the allowance wilJ be expended during 

the design and construction of the project, and it cannot be considered 

as a source of funds for overruns or additions to the project scope, For 

this study, a contingency allowance of 20 percent was allowed for con

ventional items a.id 30 percent for conceptual items. This resulted in 

an overall contingency allowance of approximately 23 percent, 
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Section 11 

OPERATING ECONOMICS 

Forecasts of operating economics for future laser hybrid power producing 

facilities must be approached with caution. For the most part they are 

speculative until further advances are made in the design of the hybrid con

cept, However, it is necessary to understand in what region of cost the 

hybrid scheme would exist if a facility were put into operation, As the 

capital costs control, to a large extent, the Operating costs, a capital cost 

analysis is made between the SOO-MWe net and the 1200-MWe net laser 

fusion hybrid reactor facilities and a typical LWR plant. This is followed 

by a review of some of the basic design parameters affected by power out

put increase. A further economic analysis is made by comparing the 

operating cost of the two hybrid facilities (less lasers") and the possible 

cost effect of a laser facility addition. Finally an economic summary is 

presented, 

CAPITAL COST ANALYSIS 

The 500-MH'c net fusion hybrid reactor plant is essentially a demonstration 

plant. Unit costs for this type of plant are highly sensitive Lo capital ccst. 

The trend in the nuclear industry is to design power plants within the range 

of 1200 to 1300 MWe net because of this sensitivity. Twin 1200 to 1300-MWe 

"LQSS lasers ' refers to t. hybrid plant without a laser facility and also 
refers to hybrid plant net electrical output before laser power require
ment. Unless stated otherwise, 500-MWe and 1,200-MWe net ratings 
are less lasers. 
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net ui.its would be a further preference. A capital cost analysis for 

a 1200-MWe net laser fusion hybrid reactor plant and a typical 1200-

MWe net LWR plant is shown in Table 11.1. The 500-MWe net l.lser 

facility is included to show the cost trend from a demonstration to a 

commercial facility. These estimates include owners cost and an allowance 

for funds during construction. 

The power output of the 1200-MWe facility increases by a factor of 1.4 

over that of the 500-MWe facility. On this basis, the liOO-MWe system 

cost increases are as follows: 

Item Increase 

Nuclear steam supply system 1.75 

Other mechanical equipment 1.43 

Piping 1.4 

Instrumentation 1.22 

Electrical 1.8 

Civil and structural 1.2 

The capital cost for a 1200-MWe .'acility increases by a factor of I, 48 

c.'er that for the 500-MWe plant, The unit cost per kilowatt-hour in

stalled decreases from $2,784/kWh to $l,715/l<Wh, (These unit costs <•*-

elude the laser facility,) 

In comparison to the 1200-MWe net LWR plant, the 1200-MWe net 

hybrid plant has significantly higher costs for the nuclear steam 

supply system and other mechanical cost accounts. The reactor ard 

sodium systems are the major reason for this increase. The tritium and 

HVAC systems cause a major cost increase in other mechanical equipment 

coats. There is a lesser increase in costs in the remainder of the accounts; 

the civil and structurai increased ccsf is due mainly to the increased yield

ing volume requirements, and the increase in piping and electrical accounts 

is due lo sodium transport and sodium heating, respectively. 
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Table 11-1 

CAPITAL COST ANALYSIS 
IS Million) 

Capital Cost Item 

LWR 
I20f net 

(Typical costs] 

Laser Fusion 
Hybrid Plant (less lastrs) 

Capital Cost Item 

LWR 
I20f net 

(Typical costs] 500 MWe 1200 MWe 

Nuclear steam supply 
system 

Other mechanical 
Civil and structural 
Piping 
Instrumentation 
Electrical 

78 
101 
142 
77 

9 
43 

154 
141 
132 

75 
9 

40 

268 
201 
158 
105 

11 
72 

Total direct 450 551 815 

Field costs 
Engineering and home 

office 
Contingency 

79 117.5%) 

SO (15%) 
91 (15%) 

116 (21%) 

133 (?0%) 
184 (23%) 

171 (21%) 

197 (20%) 
272 [23%) 

Total plant cost 700 984 1,455 

Omers tost 8°i> 
A. F.D.C.'*) 
LWR 9 yr. 
Laser 10-' yr. 

56 
197l2b%) 

79 
329 (31%) 

116 
487 (31%) 

Total capital cost 953 1,392 2.058 

Cust per kW installed 794 2,784 1.715 

Scdium loading 
Lithium liading -

1 
12 i 

lal Allowance for funds during construction 
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The percentage increase for field costs, engineering and home office, 

and contingency is higher for the laser facility mainly because of unknowns, 

The LWRuses conventional technology, and construction technology for 

these plants is •well known. 

The schedule of construction, which has a profound effect on capital tost 

due to the interest charged during construction, is estimated to be on the 

same time scale as an LMFBR plant. This may he conservative, as the 

reactor for the hybrid laser plant is subcritical and therefore, the test 

period may be shorter. In contrast, the laser facility startup period is 

presently unknown. 

DESIGN PARAMETER COMFARISON 

The major change in design parameters when increasing the power output 

of a hybrid facility is in the laser, reactor, the thermal energy transport 

and conversion system, and the tritium recovery and HVAC systems. 

The reactor, reactor service, and steam generation buildings are larger 

in size, and the auxiliary systems increase proportionately to electrical 

output. Nearly all other facilities remain relatively unchanged or have a 

slight increase. The basic changes in design parameters from a 500.MWe 

net output to 1200-MWe net output of a laser fusion hybrid reactor facility 

are listed in Table 11-a. 

To produce 1300 MWe net (less lasers) from a hybrid reactor system, the 

laser input energy is assumed as . Z MJ with a pellet gain of 100 and the 

average pulse rate uf the las or at 24, S pps. This thermonuclear burn is 

sufficient to produce a 3370-MWt output from the reactor. The fission 

blanket is depleted uranium. An increase in auxiliary system requirements 

results in an approximate increase in auxiliary power from a 40-MWe to 

a 100-MWQ consumption. This results in the 1200 MlVe net rating. 
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Table U-2 

BASIC LASER FUSION HYBRID REACTOK PLAM PARAMETERS 
FOR COST COMPARISON 

Item 500 MWe (leas Users] 1200 MWe (less lasers} 

Laser 10 MJx 20.1 pps (avg,) 20 MJ x 24. 8 pps |avg.) 

Reactor 

Size 

Shape 

Core height 

Fission blanket 
process tubes 

No. of fuel elements 

Total niasB of uranium 

Nominal output 

Auxiliary power 

7 m chamber 
16 m OD 

Cylindrical element, 
spherical shell 

7 m 

272 

272 

351 mg 
1400 MWt 
540 MWe gross 
500 MWe net 

40 M\V 

10 m chamber 
20 m OD 

Cylindrical element, 
spherica! shell 

10 m 

384 

768 (2 per 

tube] 

682 mg 

3370 MWt 
1300 MWe gross 
1200 MWe net 

100 MW 

Thermal Energy Transport 

Primary loop 
Sodium 

Lithium 

Secondary Loop 
Sodium 

Hoops (OD 36", 
24") 

1 loop(OD 10-1 

4 loops (OD 24", 
16") 

4 loops (OD44 , 
32') 

I loop (on 18'1) 

5 loops OD 32", 
28") 

Civil and structural 

Reactor facility building 

Reactor service building 

Steam generator build
ing 

Turbine building 

9, 045 x 10 ft3 

1.891 x l o V 

4.129 xlO ft 

3, 9 x l o V 

11 .3x10 ft 

2.17 x l o V 

5.16 x I0 6 f t 3 

7 . 6 x l 0 6 f t 3 

11-5 



OPERATING COSTS 

Tho operating cost ia dominated by the capital cost charge rale and the 

output capacity. The major benefit derived from a 1200-MWe net output 

is the reduction in unit costs from $2,784 per kW installed to $1,715 per 

kW installed. (This excludes ths laser facility and is not an absolute cost.) 

This reduction is reflected in the operating costs shown in Table 11-3. 

These costs are calculated on the basis of; 

• A 15 percent capital charge rate on the capital cost 
shown in Table 11-1 

a Operation and maintenance costs hjaed on LM^BK 
facility cost estimates plus first wall, reactor inter, 
nals, ».n<" tritium system replacement 

• Fuel cyc.e costs 

The plant capacity factor ia assumed to be 7(1 percent. 

Table 11-3 

ESTIMATED OPERATING COSTS (LESS LASERS) 

Item 500-MWe Net 
(mills/kWh) 

1200-MWe Net 
(mills /kWhl 

Capital charge 

Operation and maintenance 

Fission fuel 

fiS.l 

5.16 

-2.8 

41.95 

2.45 

-3.93 

Toial 70.46 40.47 

If a laser facility is included in the capital and operating costs, the unit 

costs per kilowatt-hour will increase. The amount of this increase ii un

known, but a rough estimate can be made based oi a number of assumptions: 
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• The anticipated recirculating load from laser driven 
hybrid facilities is approximately 25 percent, Laser 
power consumption can 'hen be assumed as 20 percent 
of the .id output. 

• If the total laser facility direct cost is 1, the total in
stalled cost would approach Z. 5. If operation and 
maintenance to the laser system is assurr.ed as 5 per. 
cenl of equipment capital cost per year and is added ;o 
the capital charge, each SlOO million direct cost of the 
laser system would result in a $42. 5 million opcralinc. 
rest per voir. 

• !:" the fuel cost for fusion pellets is 1 c/pellet (a desir
able economic measure), for every 10 pulses per 
second of the laser, $2, - million per year is required 
for f".sion fuel. 

With these very broad assumptions, a rough estimate oi capita] cost for 

the two hybrid facilities IB presented in Table 11-4, 

Table 11.4 

ESTIMATED OPERATING COSTS (WITH LASERS) 

I:em 

500- Mtt'e 
100 MWe-20.1 pps lasers 

400 MW* (lasers L.'isideredl 
2.45i x 10^ kWh.'yr 

1,200-MWc 
,M0 MWe.24.B ?DS Users 
960 MWeltassrs considered! 

5.886 s II)9 k l V v r 

imilb/kWhl imillj.'kWhi 

Fission iui'l -2,24 -3,1=. 

OpiT.ilnn ,t:;d 
niajlit, -na rice 
ll.'SS 
usc-rsi 

• .41 *. »i 

. mt;il ,-!-..irj,-
It-J* 

fS,1 -:.44 

, , , , 

.-''::•!. -Mi 

i ' 1 -1 ' " f i l l ' ! 

Si:h:r:::il 

' 
, , , , 

.-''::•!. -Mi 

i ' 1 -1 ' " f i l l ' ! 

Si:h:r:::il 

1 

, , , , 

.-''::•!. -Mi 

i ' 1 -1 ' " f i l l ' ! 

Si:h:r:::il 

1.6 .oil 

, , , , 

.-''::•!. -Mi 

i ' 1 -1 ' " f i l l ' ! 

Si:h:r:::il PI j .3 

Laser capital 
ar.d operaims 
cost per SlflO 
million direct 
capital rosl. 

" ; , v . : 
1 
! 
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COST SENSITIVITY 

Allowing for a laser facility cost of $150 million direct cost, the estimated 

unit cost of power from a 960-MWe net output laser fusion hybrid facility 

would be approximately 64 mUls/kWh. Cost sensitivity to variations in 

parameters of a 1200-MWe laser fusion hybrid facility, lasers considered, 

is given below: 

• Holding 960-MWe output constant: 

- If the allowable funds for engineering services, field 
costs, contingency, owners cost, and AFDC were 
the same as LWR plant construction allowances, the 
unit cost would decrease 9.5 mills/kWh. 

- Increase of plant factor from 70 percent to 80 per
cent decreases unit cost 8 mills/kWh. 

- Effect of $100 million direct capital cost increases 
or decreases cost by t, 4 mills/kWh. 

• By increasing Ihe power or.tput (all other things held 
constant): 

- A 100-MWe increase in output results in a 6 mills/ 
kWh decrease in unit cost. 

- A 200-MWe increase in output results in an 11 
mills/kWh decrease in unit cost. 

• The laser power consumption with 25 percent recircu
lating load results in a power requirement of 240 MWe. 
This indicates the laser would be approximately 2 per-
cent.efficient. 

- If the laser efficiency increases to 3 percent effi
ciency, the unit cost would decrease by 4. 6 mills/kWh. 

- If the laser efficiency decreases to 1 percent effi
ciency, the unit cost increases by 23.3 mills/kWh. 

ECONOMIC SUMMARY 

The major costs in the laser fusion hybrid reactor scheme exist in the 

direct nuclear stearri supply System (NSSS), other mechanical capital cost 

accounts, allowable costs for engineering and home office, contingency, 

and allowance for funds during construction. Together these costs reflect 
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70 percent of the capital cost. To reflect this as a unit cost in the 1200-

MWe net plant (lasers considered), the NSSS and other mech'.nical accounts 

are equivalent to 12 mills/kWh unit cost and the other above allowable costs 

reflect a 24 mills/kWh unit cost. The major contribution to these costs 

are the reactor, sodium systems, r.ritium recovery, and relatively higher 

allowances (percentages of cost) for engineering, contingency, and the 

construction period. 

The fuel cost for the hybrid scheme is encouraging. The fission fuel cycle 

is, in effect, a revenue source and, at -3,15 mills/kWh, offsets the 

operation and maintenance costs of the 120f>-MWe facility. Fusion fuel 

cost is a relatively insensitive factor in the total operating cost if pellets 

can be produced at approximately 1 c per pellet. 

If the laser facility direct capital cost can be held between $100 and $200 

million, the cost of the laser facility operation will be in the region of 15 

lo 20 percent of the total unit cost of power. 

The variation of power output, increased plant operating factor, reduction 

in allowable funds tnd decrease in direct capital cost outlay within 

reasonable limits have individual effects that vary from 6 to 9. 5 mills/kWh. 

Increasing laser efficiency 1 percent has a benefit of 4 to 5 mills per 

kilowatt hour. However, a highly sensitive factor is the reduction in laser 

efficiency below 2 percent. 
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