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CIVILIAN APPLICATIONS OF 
LASER FUSION 

ABSTRACT 

We have evaluated the commercial aspects of laser fusion in an attempt to relate the 
end products (neutrons and energy) to significant commercial applications. We have found 
that by far the largest markets and highest payoffs for laser fusion are associated with elec
tric power production. Hence, much of this report evaluates the prospects of producing 
commercial electricity with laser fusion. To this end, we have described in detail a new and 
promising laser fusion concept—the liquid lithium waterfall reactor. In addition, we have 
taken the most attractive features from our laser fusion studies and used them to compare 
laser fusion to other long-range sources of energy (breeder reactors and solar energy). I* is 
our contention that all three sources of electrical energy should be developed to the point 
where the final selections are primarily based on economic competitiveness. The other 
potential applications of laser fusion (fissile fuel production, synthetic fuel production, ac-
tinide burning, and propulsion) are also discussed, and our preliminary plan for the 
engineering development of laser fusion is presented. 

INTRODUCTION 

Need For An Inexhaustible Energy Source 

The increasing demand for energy in the United 
States coupled with a shrinking supply of fossil fuels 
has led this country to reassess our energy reserves 
and resources. The results of that reassessment 
(Figs. 1 and 2) show that our fossil fuels are limited. 
For example, in 1976, petroleum and natural gas 
supplied 77% of (he total U. S. energy demand; yet 
Fig. 2 shows the total U. S. resources could not meet 
that fraction of the demand beyond the turn of the 
century. All of our exhaustible resources put 
together (petroleum, natural gas, coal, oil shale, 
geothermal, and uranium in fission burner reactors) 
could only meet the demand until somewhere be
tween 2050 and 2225, depending on the demand 
growth rate. Li. S. exhaustible reserves could only 
meet the demand until about 2040, even in the most 
optimistic scenario. Thus, it is apparent that "inex
haustible" sources such as fission breeders, solar 
energy, and fusion reactors are the only sources 
capable of meeting long-term U. S. energy demand. 

Of course, the need to develop long-term sources 
of energy is not limited to the U. S. Indeed, world 
energy needs will increase much faster than the 

U.S. rate because many third world nations will be 
greatly increasing their energy comsumption during 
the next century, although their domestic energy 
supplies are smaller than ours. Therefore, unless in
exhaustible sources are developed, the world energy 
shortfall will develop sooner than Fig. 2 indicates. 
The resulting socio-political stresses could lead to 
wars over dwindling energy sources. To meet our 
own and the world's energy needs, the U. S. is 
currently developing inexhaustible sources of 
energy including solar energy and fusion reactors. 

The Payoff 

Electrical energy consumption in the United 
States has been historically growing at approx
imately twice the rate of total energy consumption 
(7% per year for the last 25 years). However, a con
tinuation of historical growth is highly unlikely. 
ERDA's most recent estimate ' (April 1977) is that 
electrical capacity will grow from the present 530 
GWe to 1390 GW,.in 2000. These projections repre
sent electrical demand growth rates of 5.3% from 
the present to 1985, 5% from 1985 to 1990, and 4% 
from 1990 to 2000. Even with these reduced growth 
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Fig. 1 . U. S. exhaustible energy sources. Reserves refer to an assured supply of raw materials that can be converted to energy while 
resources refer to raw Mterials that may become recoverable at higher prices, with more exploration, or with new technology. 

rates the electricity fraction of our total energy con
sumption is expected to increase from the present 
27% to 44% by the end of the century. 

In Table I we have extended ERDA's estimate of 
electrical energy capacity to 2050. The projections 
have been made at lower rates of growth in order to 
provide a lower bound estimate on the number of 
electrical installations that will be required in the 
first half o( the next century. The significant feature 
of these projections is that even at zero annual 

Table 1. Projection of U.S. electrical capacity from 
2000 to 2050. 

Annual rate 
of growth, % 

Installed 
capacity, GVfp 

Cumulative 
number of GWe 

injullaSonj" 

6092 
2285 
1390 

8141 
3520 
2307 

'Assumes 30-year plant lifetime. 

growth from 2000 to 2050, more than 2000 power 
plants of GWe size will have to be constructed. At a 
cost of a billion dollars per plant, the 2300 plants 
represent an investment of more than 2 trillion 
dollars. 

In our development scenario, we have estimated 
that it will cost 10 to 20 billion dollars to develop in
ertia! confinement fusion into a commercially 
available source of energy. Th's s. >=t estimate is con
sistent with projected costs for the development of 
the fast breeder reactor (24 billion) and magnetic fu
sion energy (16 billion).2 The point to be made is 
that development costs during the next 25 years for 
long-range sources of electrical energy will be in the 
tens of billions of dollars, whereas the pay-off to our 
children in the next century will come in the form of 
available energy at reasonable cost with savings in 
the trillions of dollars. 

Fuel For Inertial Confinement Fusion 

Early commercial fusion sources of energy will 
use deuterium-tritium (DT) fuel, in which the 
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tritium is bred from lithium by neutron capture in 
the blanket. Thus, OT fusion's basic fuels will be 
deuterium and lithium. Deuterium is present in sea 
water at a ratio of one part in every 6500 atoms of 
hydrogen. The oceans and other surface waters on 
earth contain mors than 1 0 l 3 tonnes of deuterium. 
This enormous quantity ensures an almost inex
haustible supply. 

Lithium is commercially recovered in the United 
States from pigmatite and land-based brines. Pres
ent reserves are estimated 3 to be on the order of 
10 ' kg and to cost $20/kg. This supply of lithium 
would last more than a hundred years in a full fu
sion economy. Additional resources of lithium re
coverable at three times present prices have been es
timated to be in excess of 4 X 10 9 kg. 

Table 2. inexhaustible resources available from die oceans. 

Resource 
Concentration, 

g/tonne 

Thermal 
energy 

per gram, 
kWh/g 

ll.fl 

Allowed 
cost* pet 
totuw of 
seawater, 
S/tonne 

Energy 
avauabfe 
at 1976 

consumption 
rate, yean 

Deuterium 
Lithium 
Uranium ( 2 3 5 U ) 

34 
0.17 
0.000011 

261,OOOb 

83,O00b 

24,000 

8^20,000 
14,100 

0.27 

4460° 
7 
0.00014 

6 x 1 0 n 

9 X I0 8 

1.7 X 104 

'Allowable cost for fuel i& limited to 5% of the cost of electricity (1.5 mllkfkWh). 
Asnunej that 40% of the tritium is bred in 'Li reactions. 

cCurrcnt cost of deuterium it about $2 per tonne of uawater. 
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Like deuterium, the lithium resource in the ocean 
is virtually limitless. Table 2 compares the physical 
and potential economic properties of deuterium, 
lithium, and uranium extracted from the oceans. If 
we limit the price for lithium in a fusion reactor to 
less than 5% of the present cost of electricity (~ 1.5 
mills/kWh), its value would still be more than 
SI 7,000/kg. This is a price that appears more than 
adequate to assure the economic feasibility of ex
tracting lithium from the oceans, thereby guarantee
ing a virtually inexhaustible source of fuel for fu
sion. 

Long-Rpnge Plan 
This report tries to answer the questions: 
• Why do we need laser fusion? 
• What are the potential applications of laser 

fusion? 
These questio is lead to a third question: How do we 
take laser fusion from the physics experiments of to
day to the commercial applications of tomorrow. At 
LLL, we have initiated a long-range plan (see Ap

pendix) to help answer this question. The plan will 
guide the Laboratory in its attempts to keep the 
laser fusion program in line with changes in 
technical progress, national needs, and the nation's 
commitment to inertial confinement fusion. 
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I. EXECUTIVE SUMMARY 

In our evaluation of the commercial aspects of 
laser fusion, we have tried to relate the end products 
(neutrons and energy) to significant commercial ap
plications. Some of the more attractive applications 
include electric power production, propulsion, high-
temperature process heat, fissile fuel production, 
burnup of radioactive fission waste, and synthetic 
gas production. In Fig. 1-1 these applications have 
been separated into two categories: applications 
that use the fusion reaction for energy or for 
neutrons. 

We have found that by far the largest markets 
and highest payoffs for inertial confinement fusion 
are associated with electric power production. 
Hence, a major portion of our effort has been 
devoted to evaluating the prospects of producing 
commercial electricity with laser fusion. In our 
systems studies, we have designed and analyzed 
higii-avcrage-power laser and reactor concepts that 
could be used in a laser fusion power plant. The 
most attractive features resulting from our laser and 
reactor design studies have been used to compare 
laser fusion to the other long-range sources of 
energy (breeder reactors and solar energy). The 
comparisons have been made on the basis of abun
dance, social costs (health, environment, and 
safety), technical feasibility, and economic com
petitiveness. As a result of these comparisons, we 
have found that while laser fusion technology is not 
.-s advanced as that of the fast breeder reactor it of
fers the following advantages over fission: 

• No use of weapons grade material, thereby 
avoiding the possibility of diversion for blackmail 
or sabotage. 

• No afterheat cooling problem in case of loss-
of-coolant accident. 

• No nuclear runaway from a reactivity inser
tion or criticality accident. 

• An inexhaustible fuel supply that is available 
at low cost from the ocean. 

• Significantly less radioactive byproduct': with 
much shorter half-li'es. 

In comparison to solar electric energy, laser fu
sion offers the following advantages: 

• Significantly reduced cost. 
• Geographical and climatic independence. 
• Significantly reduced land use. 
• No effect on climate. 
• More feasible as i base load facility (no 

energy storage systems required). 
• Reduced transmission of electricity. 

It is our contention that all three long-range 
sources of energy should be developed to the point 
where the final selections are primarily based on 
economic competitiveness. 

Applications other than central station electric 
power offer the possibility of increasing the overall 
impact of laser fusion and of hastening its commer
cial application. Nonelectric applications that we 
have investigated in this report include fissile fuel 
production, actinide burning, synthetic fuel produc
tion, and propulsion systems. The decision to pur
sue any of these alternative applications in conjunc
tion with the production of commercial electricity 
must be made by weighing the recognized benefits 
against the additional costs for development. In 
determining recognized benefits, we have con
sidered: 

• The need for the application. 
• Alternatives to laser fusion for providing the 

application. 
• The possibility of the application having an 

earlier impact than central station electric power. 
The primary factors favoring early introduction of 
nonelectric applications are reduced laser fusion 
performance criteria and relaxed economic con
straints. 

Central Station Electric Power 
with Laser Fusion 

Technical Feasibility of 
Laser Fusion 

Fusion, like all of the advanced sources of elec
trical energy, is expected to be technically more 

Laser fusion 

Synthetic fuel 
Fifile fuel 
Actinide burning 
Radioisotope 
Production 

Electric power 
Propulsion 
Process heat 

Fig. 1 -1 . Applications oflaser fusion. 
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complex than existing light water reactors (LWRs) 
or fossil-fueled power plants. The technical 
feasibility of laser fusion power plan,, requires 
development of an efficient reactor system that 
operates reliably at high average power. As an alter
native to magnetic confinement fusion, laser fusion 
offers features that could significantly reduce its 
technical complexity, thereby reducing the amount 
of advanced technological development thtt will be 
required to produce a technically successful fusion 
power plant. These features include: 

• No magnets* (asterisked items are design 
dependent) 

• Sizing flexibility (i.e., lower powei units) 
• Possibility of multiple chambers to provide 

higher availability 
• Flexible geomeiry 
• No direct conversion required 
• Reduced vacuum pumping requirements* 
• Reduced radioactivity from neutron activa

tion* 
• Reduced neutron damage to structural 

materials* 
In Chapter 2 we describe a reactor design concept 
that features all of the advantages listed above. The 
major technical problems associated with a laser fu
sion power plant that must be solved to realize all of 
the above advantages include the development of: 

• A high-average-power driver with the re
quired efficiency (>1%) and reliability (>70%). 

• A first-wall able to withstand the effects of 
x rays, debris, and neutrons from the fusion 
microexplosion. 

• Structural materials that can withstand the 
cumulative damage effects of high-energy neutrons 
and cyclical stresses. 

• Final-focusing elements that can be placed far 
enough away from the microexplosion or protected 
so that they can last a reasonable length of time. 

• The technology to cheaply mass-produce fu
sion targets. 

Sufficient solutions to the technical problems 
listed above will allow laser fusion power plants to 
efficiently produce electricity with high plant 
availability. The overall efficiency ot such a plant 
can be evaluated through a basic power How 
diagram like the one shown in Fig. 1-2. The simple 
expression shown in this figure gives the plant recir
culating power fraction* (P i r,/P g) as a function of 
laser efficiency (ijL), pellet gain (Q), thermal ef
ficiency (ijt), neutron energy fraction (f„), and 
blanket energy multiplication (MB); i.e., 

*Assuming most of the power recirculated is used by ihe laser. 

RPF = s ^ 
P g ~ v L Q \ U + f n ( M B - D ) 

Recirculating power fraction is a basic figure-of-
merit for any power plant. For . jference purposes, 
fossil-iueled power plants operate with recirculating 
powers less than 5% while the majority of present 
nuclear plants operate at or slightly above this 
figure. Laser system efficiency (r/ij is a lumped 
parameter that includes power conditioning, 
medium rcjeneration, iasing, and or. ical transport 
efficiencies. It is defined as the ratio of focusable 

T ) L Q M 

Fusion ^ (1-fp) P i n »?L Q 
chamber 

Q 

Electrical 
conversion 

system 

D Bus 
e , bar 

where: 

Q = pellet gain = 

M B = 

*h = 

P i n = 
P

9 = 

laser system efficiency 
thermonuclear energy 
laser light energy 

neutron energy 
thermonuclear energy 
blanket energy multiplication 
electrical conversion efficiency 
electrical power input to laser 
gross electrical power 

Fig. 1 - 2 . Laser fusion power Row diagram. 
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beam energy to electrical energy input. Blanket 
energy multiplication (MB) is defined as the ratio of 
blanket thermal energy to fusion neutron energy. 
The overall system efficiency (IJS) of a laser fusion 
power plant can be related to the recirculating 
power fraction (RPF) by the equation: 

7)s = 7,, (1 - RPF) 

From the expressions for recirculating power 
fraction and system efficiency, it logically follows 
that the product of laser efficiency (i?L) and pellet 
gain (Q) should provide an excellent figure-of-merit 
for gauging the prospects of efficiently generating 
electrical power with laser fusion. This product, 
which is called fusion energy gain, represents the 
ratio of thermonuclear energy produced to electrical 
energy input to the laser. Fusion energy gain is an 
extremely revealing performance parameter because 
economic power production with laser fusion will 
fundamentally lie with the pellet energy gains 
achieved and the overall efficiencies at which large 
pulsed ignition sources can operate. In Fig. 1-3 thu 
recirculating power fraction is plotted as a function 
of fusion energy gain for power plants with a 
blanket energy multiplication of 1.0 and several 
thermal efficiencies. Reference designs for laser fu
sion power plants have used recirculating power 
fractions in the neighborhood of 25%. However, it 
may be difficult to compete economically at these 
high values because in general, plant capital costs 
scale with the gross electrical power while revenues 
scale with the net electrical power. 

Cost Comparisons with Breeders ind Solar 
Like fission reactors, all of the long range sources 

of energy will be capital intensive. The cost of elec
tricity from capital intensive power plants is directly 
proportional to plant cost and inversely propor
tional to plant capacity factor. We have used this 
relationship to compare the cost of electricity from 
laser fusion, breeder reactors, and solar energy. A 
detailed cost analysis of a laser fusion power plant 
has not been performed. Instead, we have focused 
on identifying the economic constraints which will 
ultimately prevail. In line with this objective, we 
have concentrated on providing estimates of the 
allowed cost of the laser and reactor portions of an 
economically attractive power plant. Our results 
show that a GWC laser fusion power plant can 
generate electricity at costs that are within 50% of 
present prices with laser and reactor systems whose 
combined costs are as much as 800 million dollars. 

Capital costs for liquid metal fast breeder reac
tors (LMFBRs) are estimated to be 50 to 75% more 

than those of LWRs. Therefore, LMFBRs with 
capacity factors similar to LWRs (70%) can be ex
pected to generate electricity at costs that are 20 to 
40% more than present prices. Present estimates in
dicate that solar power plants will cost two to three 
times more than LWRs presently cost. Moreover, 
they will operate with capacity factors that are less 
than 30% because of the diurnal variation of insola
tion. As a result solar electric power plants can be 
expected to generate electricity that costs some six 
to nine times more than present prices. 

From the cost comparisons presented here, it is 
obvious that the electricity generated by any of the 
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Fig. 1 - 3 . Plant recirculating power requirements as a furciion 
of fusion energy gain. A blanket energy multiplication factor of 1.0 
was used. 

long-range sources of energy will be significantly 
more expensive than electricity is now. However, 
within a factor of two, the cost of energy in the U. S. 
economy is much less critical than assured supply. 
Present total energy costs are only 5% of the U. S. 
gross national product, and it has been estimated 
that a doubling of energy costs would result in a 2 or 
3% reduction in consumption with little effect on 
economic growth in the long run. 

Lasers for Laser Fusion Power Plants 

The development of a driver for an inertial con
finement fusion reactor is technologically challeng
ing. The driver must be capable of taking a small 
fraction of the power generated by the reactor 
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system, form it into pulses of energy at the rate of I 
to 10 per second, concentrate the energy into a pulse 
a billionth of a second in duration, and project it 
onto a target a millimeter or so in diameter from a 
safe distance. Three kinds of beam generators have 
the potential to be an incrtial confinement fusion 
driver: ion beams, electron beams, and lasers. Solid 
state lasers arc currently being used for scientific 
feasibility experiments because they offer the 
quickest and most cost-effective way of attaining 
high-gain microexplosions and scientific breakeven. 

The driver characteristics arc determined pri
marily by target design. Target calculations together 
with economic and system constraints have estab
lished preliminary laser system performance 
requirements for commercial electric power produc
tion. The nominal requirements include 

Wavelength 250-2000 nm 
Pulse duration 1-10 ns 
Pulse energy 300-3000 kJ 
Pulse power >200 TW 
Pulse repetition rate 1-10 11/. 
Average pow,*7 1-10 MW 
Overall efficiency >l% 

These requirements continue to evolve, reflecting 
new knowledge in target and laser physics, materials 
and laser engineering, systems analysis, and 
economics. 

There is no laser that currently satisfies all these 
requirements. Design of such a laser should be 
based on two aspects: efficiency and scalability. A 
laser system of high efficiency will have lower recir
culating power needs and lower capital equipment 
costs. The efficiency depends on the losses due to 
power conditioning, fluorescence production, 
coupling to the laser molecule, optical extraction, 
and pumping, cooling, and chemical regeneration of 
the flowing gases. 

.Scalability to large size is important because a 
laser built with a large single-aperture size and high 
energy per pulse lowers costs by reducing the num
ber of beams and components. The scalability de
pends on optical and e-beam foil damage limits, 
pump constraints, flow and gas uniformity con
straints, parasitic suppression, thermal distortion, 
and arrival at a configuration that simultaneously 
pushes all the important technology barriers. 

In the search for a laser that can meet the above 
requirement, several laser media appear to be 
promising. Depending on the medium, three dif
ferent kinds of stimulated emission can occur: 

• Electric dipole allowed transitions 

• Eilcctric dipole forbidden transitions (e.g., 
magnetic dipole or electric quadruple) 

• Optically induced transitions (e.g., Raman 
scattering, frequency tripling, etc.) 

Examples of laser media that fall into the first 
category include rare gas and rare gas halogen ex-
cimcrs.* Laser media of the second type include 
iodine, the Group VI elements, and the rare earth 
vapors. The third type includes processes such as 
electronic Raman scattering in HgJ or backward 
wave Raman scattering. In Chapter 2, we present a 
preliminary evaluation of the efficiency and 
scalability of photolytically pumped Group VI 
atomic lasers. In Tabic I-1, we list features of 
photolytie lasers that recommend them for fusion 
power plants. These features include favorable 
target coupling characteristics, high-energy storage 
per aperture, promising overall efficiency, and a 
choice of lasing atom and pump molecule combina
tions. 

Table 1-2 presents the major results of the evalua
tion. The maximum overall system efficiency and 
the maximum overall stored energy for a single am
plifier module is given for the specific case of a 
fluorcscer-pumped windowless configuration. 

These calculations emphasize obtaining max
imum size: higher efficiencies would result even for 
the same configuration, if we trade off scalability 
for efficiency. Amplifiers can conceivably be built 
large enough to reach I MJ in a reasonable number 
of beams. Obtaining adequate efficiency will be the 
most difficult task; only the selenium system 
promises an overall efficiency above 1%, and even 
then this value is at the high end of a range of es
timated efficiencies. The iodine system requires a 
tenfold higher power input than the selenium 
system. This could only be accomplished by 
operating at 10 times the recirculating power or 10 
times the fusion pellet gain, circumstances that arc 
cither economically or physically unlikely. 

This evaluation has been instrumental in showing 
that a fluorescence-pumped photolytic laser has the 
potential to be a full size fusion driver. There are 
significant uncertainties remaining, and much ex
perimental work on kinetics, gain measurements, 
self absorption, bleaching wave dynamics and beam 
quality remains to be done. However, if the experi
ments now being undertaken bear fruit, fusion laser 
amplifiers of significant size ( > I 0 5 J) and adequate 
efficiency are possible. 

* An excimer is a molecule which only exists in the excited stale; 
e.g., Xej. where the asterisk indicates the molecule is in the ex
cited slate. 
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Tabic 1-1, Features of phot oly tic lasers. 

1. Choice of system: 

Lasing Lasing Parent I-'luorcscer Ktuorcscer 
atom wavelength, nm moletJc excimcr wavelength, nm 

Iodine 1130 C 3 F ? I XcBr* 280 
Oxygen 558 N 2 0 Ar̂  130 
Sulfur 772 COS Ki^ ISO 
Selenium 489 COSc Xc'2 170 

2. Favorable target coupling characteristics: 

• Wavelength: * = 0.5 - 1,3 urn 
• Short pulse duration: T ~ 1 - 10 ns 

3. High-energy storage: 

• VM»,Mm, - M 0 J ' c n ' 2 

4. Favorable scaling characteristics: 

• Configurations allow flowing, high-avcragc-powcr .systems. 
• Can use low-pressure (~1 aim), low-temperature <~300 K), low-index gases (e.g., helium) for good beam qualrty. 
• Beam quality and gain uniformity limited by gas density uniformity, not by e-hcam deposition imiformtv-
• Aperture scaling limited by materials and gain constraints rather than by properties of the atoms and molecules. 

5. Efficiency ^1% possible from the physics. 

Table 1-2. Efficiency and scalability of phololytically pumped Group VI lasers. 

Oxygen Sulfur Selenium Iodine 

Maximum amplifier size 350 kj 130 kj 210 kj 140 Id 
Overall laser system efficiency 0.33% 0.72% 1.53% 0.14% 

The crucial issue is to improve the overall 
efficiency—both the electrical and flow efficiencies. 
The best chance of doing this involves improving 
the coupling of the pump radiation to ihc laser 
species, a problem amenable to some innovative 
thought. Excimcr laser pumping is one 
possibility—better directionality of the pump beam 
will help immensely, although excimcr laser efficien
cies are less than excimer fluorescer efficiencies for 
all the rare gases. Accordingly, LLL has developed 
several ideas for pumping geometries that use both 
sides of the slab of fiuorescer gas, a stratagem which 
can raise both the electrical efficiency and the flow 
efficiency by nearly a factor of two. This would put 
the selenium laser in the 7% electrical efficiency 

range (3-4% overall efficiency range), making it an 
attractive prospect for a commercial power plant 
driver. 

An Inertial Confinement Fusion Reactor Concept 

Approximately .12% of the energy from a DT 
thermonuclear microexplosion is in the form of 
x rays and energetic debris. This energy is deposited 
over a very short range in the first wall causing high 
tempers lures, ublation, and cyclical stresses. Several 
different approaches to the firs! wall problem have 
been considered including wet wall, magnetically 
protected wall, dry wall, and fluid wall concepts. 
These approaches differ primarily in the way the in
ner surface of the vacuum chamber interacts with 
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the x rays and microcxplosion debris. The wet wall 
concept features a thin layer of liquid metal over a 
metal wall. This layer protects the wall from the 
blistering and ablation (hat would normally occur. 
In the magnetically protected wall approach, a 
solenoid diverts the pellet debris from the radial 
portion of a cylindrical blanket to conical collectors 
at the top and bottom. In the dry wall approach, a 
sacrificial metallic or ceramic liner is placed be
tween the fusion chamber and the blanket. 

The fluid wall concept is a new and promising ap
proach which has been developed in our scoping 
studies. In this approach, the first structural wall is 
shielded from x rays, neutrons, plasma, and shock 
effects by a thick falling region of lithium in liquid 
or solid pellet form. The fail' contains enough 
moderating material to degrade the fusion neutron 
spectrum to the point where neutron damage levels 
in structural materials will be low. These lower 
levels allow consideration of smaller blanket struc
tures which could last for the useful lifetime of the 
plant. 

The liquid lithium waterfall reactor is shown in 
Fig. 1-4. The principal feature of this design is a 
thick continuously recyclable first wall of lithium. 
On each shot the waterfall is disassembled; between 
each shot it is reestablished. The lithium is con
tinuously pumped to the top of the vacuum cham
ber through a reservoir region which separates the 
first wall from the pressure vessel. A small fraction 
of the lithium in the fall and resevoir regions is cir
culated to the heat exchanger which in turn 
transfers heat to the steam generation cycle. Liquid 
lithium serves as the primary coolant, the neutron 
moderator, and the fertile material for tritium 
breeding. It also protects the structural wall. 

Our calculations show that a 60-cm thick region 
of falling liquid lithium can be maintained with less 
than 5% of the plants' output power. The fusion 
neutrons deposit the majority of their energy in the 
falling lithium region, thereby mitigating the 
problems associated with neutron damage and ac
tivation of the structure. For example, our neu
ronics calculations show that the 60 cm region 
attenuates the fusion r.e_..,;n flux to a point where 
the blanket structure can last the lifetime of the 
plant (30 yrs). 

As one might suspect, the liquid lithium waterfall 
concept has excellent tritium breeding charac
teristics and inherently good cooling characteristics. 
With no structural material between the fusion 
neutrons and the lithium fall, the design takes full 
advantage of the lithium tritium breeding reactions. 
!n fact, this reactor concept will produce enough 
excess tritium (T > 1.5) to relieve other applications 

such as propulsion and synthetic gas production of 
the burden of breeding and recovering their own 
tritium. 

Lithium is compatible with stainless steel to tem
peratures approaching 800 K, this compatibility 
allows thermal to electrical conversion efficiencies 
approaching 40%. With an operating temperature in 
the neighborhood of 750 K, the vapor pressure of 
lithium is sufficiently low (-10 _ J Torr) to maintain 
adequate vacuum conditions in the laser fusion 
chamber. In fact, the lithium waterfall will itself act 
as a vacuum pump by condensing the lithiuin that is 
vaporized from the microexplosion. 

Chapter 2 presents a preliminary conceptual 
design of a laser fusion power plant that incor
porates the liquid lithium waterfall reactor concept. 
After selecting a representative set of laser and 
target parameters, we found that the plant could 
produce 1160 M W of thermal power. The thermal 
energy is converted to electrical energy with an ef
ficiency of 38%. Of the total 440 MWC produced. 
80 MVV of electrical power is recirculated for plant 
operation (lasers and lithium flow). This results in a 
power plant with a net electrical production of 360 
MWC and an overall system efficiency of 31%. 

Fusion-Fission Hybrid Reactors 

Fusion-fission hybrid reactors can be viewed as 
subcritical fission blankets. They are driven and 
controlled by an internal source of high energy 
neutrons, the fusion reactor. The hybrid reactor 
combines naturally the power-richness of fission 
systems with the fast-neutron-richness of fusion 
power sources. The term fast-neutron-rich should be 
emphasized because it is the 14.1-MeV neutrons 
from DT-fusion reactions that provide the reactor 
with the ability to generate substantial amounts of 
power and fissile fuels from the abundant fertile 
materials: 2 : ! 2Th and 2 3 8 U. Since the hybrid reactor 
operates in a subcritical mode with a low fissile-
material inventory, there is an absolute guarantee 
against a nuclear excursion. 

For several years, we have been investigating 
potential of producing fissile fuel and electricity in a 
laser-fusion-driven subcritical fission blanket (i.e., a 
hybrid reactor). Our earlier studies '" 3 primarily 
used neutronic methods of analysis to identify at
tractive systems and provide an upper-bound es
timate of performance. They also demonstrated that 
fusion-fission hybrids could be designed to meet a 
broad spectrum of fissile-fuel-producing and 
energy-multiplying requirements. The following are 
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Pellet injector and 
vortex generator 

Heat exchanger -

-Beam transport tube 
and vacuum pump port 

- Falling liquid lithium 

-Pressure vessel 

-Structural wall 

-Recirculating liquid 
lithium 

Recirculation pumps 

Fig. 1 -4 . Liquid lithium waterfall concept. 

the three most significant features that emerged 
from our neulronic scoping studies: 
t. Laser fusion hybrids produce 10 times more 
fissile fuel (per unit of thermal energy generated) 
than fission breeder reactors. 
2. Laser-fusion hybrids ecomonically produce 
electricity with much lower laser efficiencies and 
pellet gains than those required for pure fusion. 

3. Inertially confined fusion systems can more 
easily accommodate a fission blanket than mag
netically confined systems. 

The energy-multiplication characteristics of all 
the hybrid blankets we have neutronically analyzed 
are summarized in Fig. 1-5. As the figure 
dramatically points out, much less fusio -.nergy 
gain is required if the fission blanket is constructed 
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of fissile material with a high energy-multiplication 
capability (M B). for example, in an energy 
breakeven mode, the required fusion energy gain for 
a depleted uranium-fueled hybrid is 2 to 10 times 
less than the fusion energy gain required for a 
thorium fueled hybrid. 

Figure 1-6 shows the production cap bilities of 
laser-driven hybrids and fission breeder reactors 
along with the consumption requirements of ther
mal burner and converter reactors. (Reactors are 
considered "burners" for values of C < 0.8, 
converters for 0.8 < C < 1.0, and breeders for 
C > 1.0 where C, the conversion ratio, is defined as 
the ratio of fissile atoms produced to fissile atoms 
destroyed.) In Fig. 1-5, we saw that depleted 
uranium-fueled hybrids can operate with much 
lower fusion energy gains than those required for 
thorium blankets. Figure 1-6 shows that thorium-
fueled hybrids outperform uranium-fueled hybrids 
on the basis of fissile fuel produced per unit of ther
mal energy. 

It is interesting to match the consumption re
quirements of the fission reactors to the production 
capabilities of the breeders. A thorium fast-fission 
hybrid provides enough fissile material to fuel 20 

high-temperature gas-cooled reactors (HTGRs) of 
equivalent thermal power while a depicted uranium-
fueled hybrid produces enough fissile material to 
fuel seven light water reactors (LWRs) of equivalent 
thermal power. Conversely, if fast breeder reactors 
(FBRs) were used to fuel LWRs, they would not 
produce enough excess fissile material to fuel even 
one LWR of equivalent thermal power.* 

Our neutronic results were encouraging, but it 
was apparent that a more accurate assessement of 
the hybrid's potential and a definitive ranking of the 
more promising concepts would also require studies 
of the engineering safety and economic issues. With 
this in mind, Bechtel Corporation was engaged to 
assist us in a conceptual design study of a laser fu
sion hybrid. The design that evolved is a depleted-
uranium-fueled, fast-fission blanket which produces 
fissile plutonium and electricity. The fission blanket 
surrounding the fusion chamber was designed with 
current fission technology so as to simplify the 
assessment of the hybrid system's technical 
feasibility. 

•The excess fissile material produced in an l-'BR is best used to 
fuel a new I BR 

Blanket type— 

J in -Er 

a 

fe 

3 4 5 10 20 
Blanket energy multiplication 

Fig. 1-5 . Laser fusion energy gain requirements for hybrid fusion-fission systems. 
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Fig. 1-6. The production and conMimplion or fissile fuel. 

One of the study's objectives was to determine if 
fissile fuel could be produced with laser fusion. This 
part of the study consisted of analyzing the in
tegrated engineering performance of Ihe conceptual 
design and identifying the required laser/pellet per
formance. The performance of the laser fusion 
hybrid was also compared to a typical fast breeder 
reactor. The results from the conceptual design 
study substantiate the previously given upper-
bound neutronic results. They show that the laser 
fusion hybrid produces enough fissile material to 
fuel more than six light water reactors (LWRs) of 
equivalent thermal power while operating in a 
regime which requires an order of magnitude less 
laser and pellet performance than pure laser fusion. 
In comparison to a fast breeder reactor, the hybrid 
produces 10 times more fissile fuel. 

We also found thai the hybrid will be two to three 
times more expensive than a light water reactor. The 
cost estimate varies primarily because of the uncer
tainties in the design of the pellet production facility 
and the laser system. However, the cost of electricity 
is more important than the hybrid's capital cost in a 
scenario in which hybrids provide fuel for LWRs. In 
Fig. 1-7, the cost of electricity has been plotted as a 
function of the cost of LWR fissile fuel for hybrids 
with varying capital costs. The results indicate that 
the cost of electricity is insensitive to the capital cost 
of the laser fusion hybrid. Specifically, the cost of 

electricity increases by only 20 to 40% when the 
capital cost of the hybrid ranges from two to three 
times more than the LWR. 

Light water reactors will be the major (and most 
likely the only) source of commercial nuclear elec
tric power for the remainder of this century. Their 
dominance over coal fired plants as base-load elec
trical generators will be strongly dependent on the 
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Fig. 1 - 7 . Cost of fissile fuel and electricity from a hybrid. The 
intersection points of the curves determine the cost of electricity 
and fissile fuel in the hybrid-LWR scenario. For example, the cost 
of electricity increases by only 20 to 40% when the capital cost of 
the hybrid ranges from two to three times more than the LWR. 
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adequacy of their long term fissile fuel supply. By 
converting the 2 3 8 U in uranium to fissile plutonium 
(he hybrid could extend the fissile fuel supply for 
economically proven LWRs by two orders of 
magnitude. Fast breeder reactors also offer the 
prospect of more fully utilizing the uranium 
resources; however, they will not provide fissile luel 
for LWRs. Therefore, the usefulness of fast breeder 
reactors will be entirely dependent on their 
economic competitiveness as power plants. 

When we analyzed the cost of a laser fusion 
hybrid, we found that it was two to three times more 
expensive than a light water reactor. The variance in 
the cost estimate is primarily due to the uncertain
ties in the design of the target production facility 
and the laser system. However, the major issue con
cerning a laser fusion hybrid is not how much it will 
cost but rather how much electricity will cost if 
hybrids provide fuel for burner reactors. In Fig. 1-7, 
the cost of electricity has been plotted as a function 
of fissile fuel cost and hybrid capital cost. These 
results indicate that the cost of electricity is insen
sitive to the capita) cost of the laser fusion hybrid. 

Actinide Burning 

The neutrons from DT fusion systems can be 
used to transmute or change the long lived waste 
products from fission reactors (primarily actinides) 
to short lived or stable isotopes. This method has 
been proposed as an alternative to geological 
storage for the long lived waste. Since actinides have 
half lives that are long compared to geological 
events such as ice ages and earthquake fault move
ment, the acceptablility of a geographical disposal 
concept is debatable. 

If all the waste products from fission reactors are 
allowed to decay, the actinide waste will comprise 
most of the radiological hazard after 400 years. 
Thus, if the actinides can be transmuted into stable 
isotopes or fissioned into relatively short lived fis
sion products, the duration of the radioactive 
hazard can be reduced substantially. Several studies 
haye investigated the possibility of recycling ac-
tinide waste in thermal fission reactors and fast 
breeder reactors. These studies have shown that ac
tinide burning in fission reactors is feasible and 
most efficient in the harder neutron spec a of fast 
breeder reactors. It logically follows that fast-
neutron-rich fusion systems could even more effec
tively serve the same role. 

Two studies of actinide burning in fusion reactors 
have been completed. Battelle Northwest Labo
ratory (BNWL) performed a study of actinide burn
ing in a beryllium blanket with a first wall fusion 

neutron flux of 10 MW/m 2and an irradiation time 
of 500 days. They concluded that the first wall 
loading was an order of magnitude too small for ef
fective transmutation in the moderated neutron 
spectrum of the beryllium blanket. The Fusion 
Power Division of Westinghouse (WFPS) has re
cently completed an investigation of actinide burn
ing in a fast spectrum. The irradiation time in the 
study was 30 years with first wall neutron fluxes of 
1.15, 5, and 10 MW/m2 in a Tokamak configura
tion. The WFPS reactor blanket produced 13,000 
MW, of power. Their results for the 1.15 MW/m 2 

case were similar to that of the BNWL study, which 
shows a hazard index no better than that of natural 
decay of the waste in the 10 5 year period. However, 
for the 10 MW/m 2 case, the hazard index ci the 
waste is reduced about three orders of magnitude. A 
comparison of the relative ingestion hazards from 
actinides as a function of decay time for various fu
sion neutron first wall fluxes following 30 years of 
irradiation is shown in Fig. 1-8. Note that the injec
tion hazards of the unirradiated actinides are 
reduced to those of the parent ore within 100 years 
and become increasingly less hazardous with time 
thereafter.* These results clearly demonstrate that 
for effective burning of actinide waste the product 
of irradiation time and first wall flux must be on the 
order of 100 M W-year/m 2. 

•The actinide hazard is concentrated rather than diluted in a 
large volume like the parent ore. 

Decay time — years 
Fig. 1 -8. Comparison of relative ingestion hazards from ac
tinides as functions of decay time. 
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Because inertially confined fusion systems can 
operate at higher first wall loadings and more easily 
accommodate fissioning blankets, they will be more 
effective actinide burners than magnetically con
fined fusion systems. An alternative scheme for 
burning actinide waste in an inertially confined fu
sion system is to incorporate the actinide waste into 
the fusion target. This option has the advantage of 
increasing the neutron fluence per shot by more 
than nine orders of magnitude. Calculations have 
shown that most of the actinide material seeded into 
the target can be burned. The disadvantages of 
burning the actinides in the target are that pellet 
fabrication and processing of fission product waste 
becomes more complicated than burning the ac
tinides in a blanket and that the actinide mass burn 
rate is very small due to limits on the amount that 
can be compressed. 

It would appear thai the inertially confined fusion 
reactor would be more attractive for aciinide burn
ing applications than alternative systems (LWR. 
LMFBR, and magnetically confined fusion). 
However, the aciinide burning process is of 
questionable desirability for the following reasons: 

• High-level wastes would be handle'' ,iore of
ten than they would be ir all fission rector waste 
were immediately encapsulated and stored. 

• The short-term hazards increase during early 
irradiation as a result of the production of ad
ditional actinides from neutron capture. 

• Applications for actinides exist. 
• Reduction of effective half-life from the 

natural half-life for actinides is of questionable 
value. Even without irradiation, the actinide inges
tion hazard decays to the hazard of the parent ore 
after a relatively short storage period (100 years). 

If society deems the long-term radiological 
hazards from fission reactor actinides high enough 
to merit construction of actinide burners, then iner
tially confined fusion technology could best per
form the required irradiation. 

Synthetic Fuel Production 
Our oiJ and natural gas supplies are declining 

rapidly. Hence, the ability to produce large quan
tities of portable chemical fuels for our homes, in
dustries, and vehicles will be a necessity within the 
next 100 years. Natural gas has been the preferred 
fuel for residential heating and industrial process 
heat because it is environmentally acceptable, easy 
to use, and, up until recently, inexpensive and 
reliable. Depletion of natural reserves has given 
added emphasis to the search for an alternative fuel, 
and the potential role of hydrogen has been dis
cussed in this respect, both as a fuel itself and as an 

intermediate product used in the production of syn
thetic fuels. 

Hydrogen production processes can be classified 
on (he basis of the form of primary energy used: 
thermochemical, electrolytic, or radiolytic. 
Hydrogen production by radiolysis can be achieved 
in several schemes which require an intense source 
of radiation and generally employ water as the 
starting material because of its abundance. The 
penetrating neutron radiation of an inertial confine
ment fusion reactor could be used for radiolysis by 
incorporating sufficient quantities of H 2 0 in the 
blanket regions surrounding the fusion vacuum 
chamber. More than 25% of the energy released by 
the fusion microexplosion is carried by the pellet 
debris, alpha particles and x rays. This energy is 
deposited in the vacuum chamber wall and thus 
would not be available for radiolytic decomposi
tion. 

A concept often used in the discussion of 
radiation-induced chemical processes is the G value. 
The G value for the formation of a chemical species 
is defined as the number of molecules produced per 
100 eV of energy desposited in the production 
regions by incoming radiation. The generally ac
cepted G value for H 2 from water is 0.45 while G 
values as high as 13.6 have been measured in experi
ments using pure steam exposed to high-energy 
neutrons. The' conversion efficiency of nuclear 
energy deposited in the hydrogen producing regions 
to usable chemical energy is equal to 0.01 Gh, where 
h is the heat of combustion of H2 (2.5 eV). Thus for 
a G factor of 13.6, 34% of the energy deposited in 
the steam is converted to the potential combustion 
energy of H2, while 66% of it appears as the thermal 
energy of the steam. 

Note that only a fraction of the available neutron 
energy would actually be deposited in the steam 
blankets; the remainder would be deposited in reac
tor structural materials and, ilius. wouid be un
available for radiolysis of H 20. The system ef
ficiency for hydrogen power production, defined as 
the ratio of usable chemical energy produced to the 
energy deposited in all regions of the reactor, is on 
the order of 15% for the G =•• 13.6 steam system. 

The hydrogen production efficiencies presented 
here can be put into perspective by comparing them 
to thermochemical processes which produce syn
thetic fuels with efficiencies ranging from 30% to 
over 60%, and electrolysis of water which produces 
hydrogen with efficiencies of 50-100%. Assuming a 
40% thermal-to-electric conversion efficiency, the 
electrolysis process produces hydrogen with an 
overall efficiency up to 40%. An interesting alter
native to the simple radiolysis process would be to 
convert the thermal energy deposited in the system 
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to electricity and use the electricity to produce 
hydrogen by electrolysis (radiolysis/electrolysis 
hybrid). Figure 1-9 compares the various conver
sion processes on the basis of recoverable energy per 
unit of thermal energy available. 

Current costs of natural gas supplies are in the 
area ofSl/million Btu but may climb to S3/million 
Btu before the end of the century. The present es
timated cost of synthetic gas from coal gasification 
plants ranges from about S4.S0/million Btu for the 
current process to as low as $3.S0/million Btu for 
future plants. In situ coal gasification may be able to 
produce gas at a cost of about $2/million Btu. 

The cost of hydrogen produced by the various 
laser fusion driven processes is, at minimum, equal 
to the cost of energy from the fusion reactor divided 
by the overall energy conversion efficiency. For the 
sake of providing a lower bound estimate of cost, 
assume that a laser fusion power plant can produce 
electricity at the same price as an LWR (~25 
mills/kWh). Table 1-3 gives the source energy cost 
of producing hydrogen by the various processes. 
These values reflect only the cost of using the laser 
fusion reactor as the source of energy for the 

various processes. Additional costs will vary for the 
different processes depending on the cost of the 
components required. Large electrolysis units, for 
example, will add about $1 /million Btu to the cost 
of hydrogen. It should also be noted that the cost of 
source energy for the processes that do not require 
electrical energy have been reduced from $2.93 to 
$2.46/million Btu because the electrical power 
generating equipment (turbine generators and tur
bine buildings) accounts for 20% of the capital cost 
of an LWR and the total capital cost is about 80% 
of the price of electricity. 

It is clear that there is no economic incentive for 
the production of synthetic fuels with laser fusion at 
the current price of natural gas nor at the projected 
cost of gas from coal gasification. Even so, such a 
system may eventually be required. Oil and natural 
gas currently account for about 75% of this nation's 
energy consumption. As these fuels are depleted, the 
ability to produce large quantities of portable fuel 
will become a necessity. Laser fusion driven 
hydrogen production processes represent a virtually 
inexhaustible supply of portable fuel. 
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Fig. 1 -9. Combustion energy of 
hydrogen recoverable per unit of fusion 
reactor thermal energy. The fraction of the 
neutron energy deposited in hydrogen 
processing regions is generously assumed to 
be 100% for radiolysis ofwaterand 60% for 
radiolysis of steam. It is unlikely thai a 
dedicated radiulysis hydrogen production 
facility couid ever prove practical unless a 
liquid medium with a higher (• value is 
found. Therefore, a hypothetical C> = 20 
liquid medium system is shown. 

Table 1-3. Energy source component of the cost of hydrogen. 

Energy source 
component of 

Cost of source Energy conversion hydrogen cost, 
energy, $/MBtu efficiency S/MBtu'1 

Hiermochemical 
Electrolysis 
Radiolysis 
Radiolysis/electrolysis 

2.46 
2.93 
2.46 
2.93 

0.304.65 
0.24-0.40 
0.16-0.38 b 

0.36-O.SO 

3.80-8.20 
7.30-12.20 
6.SO-15.40 
5.90-8.10 

Does not include cost of chemical processing plant, electrolysis units or radiolysis components required. 
0.16 and 0.38 correspond to G values of 13.6 and 20, respectively. 
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Propulsion Systems 

Propulsion systems powered by laser fusion reac
tors could be used to drive large aircraft, ships, and 
extraterrestrial craft. Such systems could be in
stalled in military vehicles before laser fusion elec
tric power plants become a reality because of 
relaxed economic constraints. However, this 
assumes that adeauate supplies of tritium can be 
made available for propulsion systems before com
mercial electric fusion reactors with excess tritium 
breeding capacity are operational. 

If the same trend occurs during the development 
of fusion power as with fission power, propulsion 
systems will play an important role. Today, 
throughout the world, no less than 250 shipboard 
nuclear propulsion systems have been built. 
Although most of these are on military platforms, 
five are presently in service on civilian ships. Even 
before the recent rapid increase in oil prices, the 
trend was toward more nuclear ships, on the order 
of 300-500 by the year 2000. In addition, prospects 
for aircraft nuclear propulsion systems will 
probably be re-examined, and as earth-orbit shuttle 
services become operational, earth-lunar and inter
planetary missions will be considered. 

Tradeoffs between fossil-fueled and nuclear-
fueled propulsion will continue to be difficult to 
make because of the potential environmental 
hazards of nuclear reactors. As a power supply for 
terrestrial propulsion, nuclear fusion has the advan
tage over nuclear fission of releasing far less 
radioactivity to the environment in case of an acci
dent. The radiological hazard of the fusion reactor 
power systems considered here is primarily due to 
the tritium fuel supply and the structure-associated 
radionuclide inventory in the blanket. A 0.1-kg 
tritium mass in the fuel supply amounts to 10 6 Ci of 
uniquely low biological hazard activity and repre
sents 2 million horsepower hours (1.5 million kWh) 
of energy. Moreover, the tritium may be stored in 
high-integrity containers. The induced activity in 
the reactor structure would be nonvolatile (i.e., 
would constitute only a very localized biological 
threat), and amount to only about 10 7 Ci. This is to 
be contrasted with the 1 0 1 0 Ci of volatile fission 
products associated with a fission power source of 
comparable rating (10 9 W thermal, or 3 X 10 5 

mechanical horsepower). 
A fusion power system for propulsion must be 

designed for minimum specific volume and mass. 
Thus, the reactor must operate with a high first wall 
loading. A laser fusion propulsion system will be 
superior to a magnetic fusion propulsion system 
because its specific volume and mass can be more 
readily reduced by increasing the pulse repetition 

rate and the first wall loading. A summary of the 
performance characteristics of advanced propulsion 
systems for several applications is presented in 
Table 1-4. 

Use of laser fusion for marine propulsion offers 
the lowest technical risk. The listed marine require
ments in Table 1-4 appear to be well within pro
jected efficiencies and scaling laws for laser fusion 
power systems. The more spacious and mass 
tolerant shipboard environments permit use of a 
helium cooled, graphite moderated version of a 
laser fusion reactor operating on a closed Brayton 
cycle. This reactor system will be radioactively 
cleaner than a liquid-metal-cooled system. 
Moreover, the use of helium will allow high tem
peratures and avoid the problems associated with 
liquid metals in water environments. From 
gravitational considerations, the first wall of the 
reactor should be a dry wall rather than a wet or 
fluid wall concept. Lithium will not be required 
because this high-performance reactor will operate 
on a parasitic deuterium-tritium fuel cycle. 

As with marine propulsion, some experience has 
been gained in the development of advanced nuclear 
reactors for aircraft propulsion. This experience is 
embodied in what remains from the Aircraft 
Nuclear Propulsion (ANP) project which was ter
minated in the early I960's. This program was 
plagued with unpredictable technical problems 
associated with the helium and liquid-metal-cooled 
reactors of that era and various components such as 
air-heat exchangers, bearings, pumps, seals and the 
reactor-shield assembly. This, along with uncertain 
cost benefits and the potential of public unaccept-
ability of the risk, led to the demise of the program. 
The latter problem will be shared by airborne fusion 
systems to some degree. 

Aircraft propulsion systems powered by laser fu
sion reactors do not appear to be an attractive alter
native to chemical fueled or fission powered 

Table 1-4. Summary of propulsion system 
characteristics. 

Specific Specific 
Technical mass, volume, 

Application ^k Power* l̂ /kW, m3/MW 

Marine 
Navy Moderate 90MWS 30 80 
Commercial Low 90MWS 90 200 

Airborne High 360 MW 0.4 0.6 
Space Highest 130 GW 0.05 Not 

critical 

Subscript s refers to shaft power. 
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systems. The fusion plants will require a much 
larger specific volume and mass than current 
chemically fueled propulsion plants. The portions 
of the fusion power plant whose weight and volume 
must be traded off against the chemical fuel load in
clude the laser system, pulsed power supply, reac
tor, coolant and payload shielding. Preliminary 
calculations show that it will be difficult for the 
reactor alone to meet the mass and volume con
straints, even for first wall thermal fluxes as high as 
10MW/m 2 . 

Two space applications of fusion propulsion are 
being considered: an earth-moon shuttle or ferry 
and an interplanetary space craft for manned mis
sions. These applications can take advantage of the 
enormous specific impulse" relative to that of 
chemical rockets. N ucleons are accelerated in fusion 
reactions to velocities on the order of 10 7 m/s, mak
ing a specific impulse on the order of 10 6 s ob
tainable in principle. Chemical rockets have specific 
impulses limited to less than 4S0 s. Fission systems 
will be limited to specific impulses of less than 
2000 s. 

The ability of the space craft to move through 
space is normally measured in terms of AV. This in
dex is the sum of all propulsive energy required for 
translations between stable orbits throughout the 
entire mission in units of feet per second. AV is a 
function of the specific impulse of the propulsion 
system and the payload and spacecraft structure 
fractions. Approximate AV's for various missions 
are given in Table 1-5. 

Chemical systems have AV's most suitable to 
near-Earth operations because of their low specific 
impulse. For example, if a chemical system were 
designed to make a manned Venus reconnaissance, 
the payload fraction would be negligible. Even with 
an advanced fission/chemical staged rocket 
(nuclear stage specific impulse ~ 1200 s) the payload 
would only be a few percent of the total vehicle 
weight. 

"Specific impulse = impulse per unit weight; i.e., (ma) At/(mg) 
= (Av/Al) Al/g = Av/g (unit is 'time). 

Table 1-5. Spacecraft capability required for various 
missions. 

Million AV, fps 

Escape from Eartii 
Round irip Earth orbit to 

moon surface 
Venus manned reconnaissance 

40 X I0 3 

40 X 10 3 

150 X 10 3 

Reasonable translunar shuttle times should be on 
the order of 24 hours. Fission systems with AV's on 
the order of 43,000 fps, i.e., 3,000 Tps more than the 
minimum required, could make the trip in 24 hours. 
Fusion systems with abundant AV could make the 
trip so fast that local maneuvers would consume 
most of the transit time. A high-performance vehi
cle, powered by a laser fusion propulsion system has 
been postulated. Figure I-E0 gives the calculated 
performance for a system that produces 130 GW,. 
For a super-high-performance propulsion system of 
this kind, interplanetary trajectories may be quite 
accurately calculated by neglecting solar and 
planetary gravitation effects. As shown in the 
figure, a round trip from Earth to any point in the 
solar system may be made in less than one year by a 
system that carries a 100-ton payload and has a 
propulsion system mass of 300 tons. An initial fuel 
loading of 200 tons of deuterium is sufficient for 
such maximum missions. Interstellar missions of a 
few decades transit time are also feasible. 

The initiation of a sustained series of fusion 
microexplosions within a thrust chamber consisting 
of an asymmetric magnetic mirror is the essence of 
laser fusion rocket propulsion. The magnet 
geometry shown in Fig. I-11 is similar to that used 
in mirror plasma confinement except that charge 
particle confinement is neither required nor desired. 
The thrust of the vehicle is produced by the redirec
tion of plasma debris from the microexplosions 

Closest approach distances to Earth 
Jupiter Uranius 

600 
Venus Mare 1 Saturn 1 Pluto 

i < I s l a 600 
1 ' 1 ' ' 1 1' I1 I I I 

500 
Specific impulse = / 

_ 0.55 X 106 s / -

If 400 Payload = 100 tons / 

0> 

§ 300 
1-

/ -

200 
Round trip J / 

100 - >^ ^ ^ O n e way — 

i ^ ^ l l , 1. 1 1 . 
1 0.1 1 1 1 10 1 100 

0.05 0.5 5 50 
Distance — Astro Units 

Fig. 1-10. Extraterrestrial .aser-fusion-powerod vehicle per-
fonnance. 
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Intercoil tiebar and radiator 
(one of four) 

neutron shield 

• B Coil and neutron shield 

- B Shield radiator 

Fig. 1 - 1 1 . Thrust clumber. 

through the larger of the mirror loss cones, and out 
the rear of the spacecraft. 

Neutrons and x rays produced in the fireball are 
worse than useless; if intercepted, their energy must 
be rejected to outer space. The target design must 
maximize the ratio of debris energy to neutron and 
x-ray energy while minimizing required laser 
energy. Vehicle mass is dominated by the need for 
heat rejection to space which must be done 
radiatively. Waste heat is developed in two ways: 
component inefficiency, and neutron and x-ray in
terception. The above factors dictate an open thrust 
chamber so that less than 2% of the solid angle seen 
by the microexplosion is occupied. Thus, while 
charged particles are redirected by the magnetic 
mirror providing thrust, most of the unwanted 
neutrons and x rays escape to space harmlessly. 
Only 2% of the neutrons and x rays hit the radiation 
shields for the magnetic-field-producing supercon
ducting coils, the payload shadow shield or the laser 
beam mirrors. However, even though this 2% repre
sents a large heat rejection load, it has some value 

because the neutrons breed some tritium onboard in 
the lithium shields. 

At present, the optimal design for a spacecraft 
laser fusion target (intermediate pR design) consists 
of deuterium with just enough tritium to facilitate 
ignition. Such a target burns far more efficiently 
than low pR pellets; thus a smaller specific laser size 
will be needed. The laser reexcitation energy could 
be produced by directly converting the energy from 
the interaction of the charged plasma debris with an 
induction coil. Between 50 and 70% of the fusion 
energy is in charged debris from the microexplo
sion. 

Because marine propulsion appears to be the 
easiest system to adapt to laser fusion and the one 
that has the best chance of early commercial 
success, we believe that studies of marine systems 
should proceed in tandem with laser fusion 
technical development. These studies should include 
the impact of a laser fusion reactor on hull design as 
well as the impact of potential spinoffs on the 
development of small stationary power plants. 
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2. CENTRAL STATION ELECTRIC POWER 
WITH LASER FUSION 

A Comparison of Loog-Range 
Sources of Electrical Energy 

The criteria used to compare laser fusion to other 
long-range sources of electrical energy include 
abundance, social costs, technical feasibility, and 
the cost of electricity. The term "social costs" is 
used to denote burdens borne by society that are not 
directly reflected in the cost of electricity. These in
clude health risks, environmental issues, safety, and 
nuclear weapons proliferation. The technical 
feasibility of a future source of electrical energy can 
be assessed by the degree of engineering complexity 
and the amount of advanced technology required 
for high-average-power operation in an efficient 
manner. All of the long-range sources of energy are 
cost intensive. As a result, the cost at which they 
produce eiectricity is dominated by their capital 
costs and plant capacity factors. 

Social Costs 
The generation of electricity inevitably results in 

risks to human health and adverse effects on the en
vironment. A meaningful assessment of producing 
electricity with laser fusion requires that its social 
costs be compared to those of alternative sources of 
energy. The health effects considered in the com
parison involve prompt and delayed deaths, genetic 
diseases, serious illness, and discomfort. Environ
mental effects range from land use and resource 
depletion to world-wide climate changes. Some of 
the social costs, such as improving safety and reduc
ing air pollution, are reflected in the cost of elec
tricity; however, in general the social costs show up 
as hazards to life and damage to the environment. 

Characteristics of inertially confined fusion 
power plants on a deuterium-tritium fuel cycle that 
signficantly affect their social costs include: 

• High-energy neutrons which cause structural 
damage and activation 

• Kilogram quantities of tritium present in the 
power plant 

• Large lithium inventories 
• Electricity generation via thermal energy con

version 
• A self-contained fuel cycle 
• Large reactor structures 
In Table 2-1 we have quantified the most impor

tant social costs that result from a laser fusion 
power plant with the characteristics presented 
above. Here, we compare laser fusion with the long-

range alternatives (breeders, solar energy, and 
magnetic fusion) and the major existing producers 
of electricity (coal and LWRs). The majority of the 
entries in Table 2-1 were obtained from an ERDA 
sponsored study recently completed at Battelle 
Northwest Laboratories.' The major differences 
between laser and magnetic fusion result from our 
contention that the problems associated with fusion 
neutron damage and activation can be reduced by 
an order of magnitude in a laser fusion system. A 
reactor concept that emphasizes this feature is 
presented later in this chapter. 

Land Use 
Solar and coal-fueled power plants use an order 

of magnitude more land than the other energy 
producers. The large variance in land use for solar 
power plants results from the differences in the 
degree of insolation and whether thermal-electric or 
photovoltaic systems are used. The fuel needs of a 
GWe coal plant require the mining of some 100 to 
400 acres of land each year. At presc i* uranium ore 
concentrations (0.2%), some 20 to 5 r î res of land 
must be mined annually for a GWe LWR. As high-
grade uranium ore is depleted, the land require
ments for an LWR will approach and may even 
surpass those of coal. 

Transportation Requirements 
A GW, coal-fired power plant requires more than 

10,000 tonnes of coal per day of operation. As a 
result coal transportation presently accounts for ap
proximately 10% of the freight car haulage in the 
United States. The large difference in the transpor
tation requirements for laser and magnetic fusion 
primarily results from the requirement to replace 
the neutron-damaged blanket structure in the 
mangstic fusion power plant periodically (I to 5 
years). 

Gaseous Effluents 
This category identifies air pollution problems 

that contribute to the overall health risk. Air pollu
tion has long been known to be a cause of illness 
and death as well as discomfort. The prinicipal 
health effects of coal-fired plants are thought to 
result from sulfur-related pollutants. These account 
for approximately 75% of the gaseous effluents of a. 
coal plant with scrubbers. 
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Table 2-1. The social costs (health, environment and safety) of generating 1 GW„ of electricity. 

Coal LWR 
Breeder 
reactor Solar 

Magnetic 
fusion 

Laser 
fusion 

Land use (acres) 
Power plant 
Fuel cycle (30 years life) 

300 
3,000-12,000 

100-200 
600-12,000 

100-200 
15 

6,000-19,000 
0 

100-200 
0 

100-200 
0 

Transportation requirements 
(tonne/yr) 3 X 10 6 200 23 Unknown 100-400 10 

Gaseous effluents 
40,000 

0 
0 

21 

15,700 
350,000 

5 

2000 
150,000 

Unknown 

0 
0 

0 

1000 
0 

Nonradioactive (tonne/yr) 
Radioactive (Ci/yi) 

Tritium 
Other 

40,000 

0 
0 
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15,700 
350,000 

5 

2000 
150,000 

Unknown 

0 
0 

0 

1000 
0 

0 

1000 
0 

Solid waste 
Nonradioactive (tonnc/yr) 
Radioactive (m3/yr) 

1 X 10 6 

0 
91,000 
340-1100 

9,100 
450-1200 

Unknown 
0 

Negligible 
450 

Negligible 
30 

Safety 
Accident consequences 
Accident probability 

Proliferation hazard 

Low 
High 
No 

Very high 
Very low 
Ves 

Very high 
Very low 
Vcs 

Very low 
Very low 
No 

Low 
Very low 
No 

Low 
Very low 
No 

Low 
High 
No 

Very high 
Very low 
Ves 

Very high 
Very low 
Vcs 

Very low 
Very low 
No 

Low 
Very low 
No 

The release of C 0 2 from the coal burning process 
may pose an even more serious long-term problem 
by causing significant climate changes. CO2 in the 
atmosphere heats the earth by the so-called 
greenhouse effect because it is transparent to the in
cident solar radiation bu absorbs the heat 
reradiated from the earth. Wjcthssr the effect of in
creasing the amount of C 0 2 in the atmosphere will 
combine with natural changes and other causes to 
produce an adverse effect on our climate remains to 
be demonstrated. This uncertainty could take on an 
overriding significance in the comparison between 
coal and nuclear fission. Specifically, it argues 
against complete reliance on coal at this time. 

Solar power plants will not release any significant 
quantities of gaseous effluents; however, they can be 
expected to adversely affect the local climate by 
changing the absorption and reradiation properties 
of the earth's surface in their vicinity. Solar-energy 
collectors that would cover half the surface in any 
given area could be expected to alter the tem
perature and the surface wind conditions. 

Fusion reactors will contain kilogram quantities 
of tritium within their confines, and it is inevitable 
that some of this radioactive material will be 
released to the environment in gaseous form. 
Battelle 2 has estimated that the tritium release from 
a GW e Tokamak fusion reactor will be 
approximately 1000 Ci/yr. We have assumed the 
same tritium release for laser fusion. The potential 

health risk of this relatively small amount of tritium 
can be put into perspective by noting that the 
natural production of tritium by cosmic rays yields 
a steady-state inventory of 10 8 Ci, which accounts 
for 0.02% of the radiation dose we receive from 
natural sources. Tritium is a radioactive material 
with a uniquely low biological hazard. It has a half-
life of 12.26 years and emits a weak beta (18.6 keV). 
Tritium is readily absorbed by biological systems, 
but it has a very short biological half-life: less than ) 
day for T 2 and about 8 days for T2O. 

The relatively large releases of tritium from fis
sion reactors occur when the spent reactor fuel is 
reporcessed. However, these releases of tritium are 
small compared to the gaseous fission products 
(primarily 8 5Kr) that are also released from the 
irradiated fuel. 

Solid Radioactive Waste 
An LWR uses 30 tonnes of fuel per year. At reac

tor shutdown, a tonne of spent fuel contains 3.0 X 
10 8 Ci of radioactive wastes. After 10 years, its 
radioactivity has decayed to 3 X 10 5 Ci. The high-
level wastes (primarily fission products) constitute 
the majority of the radioactivity for the first few 
hundred years. However, high-level wastes con
stitute less than 1% of the volume of radioactive 
material listed in Table 2-1. The major health 
hazards from the remaining low-level wastes result 
from the actinides. These transuranic elements, in 
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general, exhibit very long half-lives and are ex
tremely toxic. 

The major source of solid radioactive waste in fu
sion power plants is neutron activation of the 
blanket structure. When exposed to first-wall fusion 
neutron fluxes that support acceptable power den
sities {> 1 MW/m 2), these blanket structures are ex
pected to survive from 1 to 5 years.3 Later in this 
chapter, we present a laser fusion reactor concept 
that reduces the fusion neutron flux on the blanket 
structure by an order-of-magnilude, thereby allow
ing us to consider structures that could last the 
lifetime of the power plant. 

Safety 
Mining and transportation accidents const' le 

the major health hazards from coal-fired power 
plants. These events have been estimated to cause 
approximately "' ' deaths per GWC plant-year. 4 To 
date the safely iccord of LWRs has been excellent. 
No accidents causing death have occurred in more 
than 200 reactor years of commercial operation. 
However, the fact that fission reactor accidents 
could have serious consequences for public health 
h:s long been recognized. The Rasmussen Reactor 
L. fcty Study 5 estimated that an extremely serious 
accident (a sequence of events leading to core 
meltdown and breaching the secondary contain
ment) under very adverse conditions would kill as 
many as 3,000 to 4,000 people in a few weeks and 
tens of thousands of people over a 30-year period. 
The probability of this type of accident occurring is 
so low that the report estimates the accidental death 
rate from LWR operation to be more than two or
ders of magnitude lower than for coal. Nevertheless, 
there are some people who believe that the conse
quences of a fission reactor accident are so great 
that the risks are unacceptable no matter how low 
the probability of occurrence. 

A comprehensive accident analysis of fusion 
power plants cannot be made yet because detailed 
plant designs and site descriptions are required. 
However, preliminary assessments of possible acci
dents indicate that both the probability and conse
quences of a catastrophic accident in a fusion reac
tor would be substantially lower than for a fission 
reactor. Features of fusion systems that lead to this 
conclusion are: 

• Significantly less radioactive byproducts; i.e., 
no fission products or actinides 

• The relatively low biological hazard of tritium 
(the release of kilogram quantities of tritium would 
result in maximum doses in the 10's of rems—well 
below lethal levels) 

• No afterheat cooling problem in case of a 
loss-of-coolant accident 

• No nuckir runaway or power excursion from 
a reactivity insertion or criticality accident. 

Liquid metal fires appear to be the most probable 
cause of a serious accident in a laser fusion power 
plant. Combustion of the liquid metal in the blanket 
could release kilogram quantities of tritium and 
much larger quantities of chemically hazardous 
hydroxides. The radioactivity bound up in the 
blanket structure would not be vaporized because 
the flame temperature of liquid lithium is lower 
than the vaporization temperature of candidate 
structural materials. The toxic LiOH produced in 
the combustion of lithium could be more lethal than 
the tritium; LiOH is present in the smoke, and it 
causes lung burns when inhaled. Therefore, its 
lethal consequences can be avoided with a gas mask 
and protective clothing, and it can be expected to 
dissipate as rapidly as the smoke from a conven
tional fire 

Proliferation 
This entry in Table 2-1 emphasizes the fact that 

fusion does not require fissile materials which can 
be used to make nuclear weapons. Thus, the follow
ing problems associated with fission reactors can he 
avoided: 

• Increasing nuclear weapons proliferation 
• Diversion of nuclear weapons material 
• Sabotage or nuclear facilities 

Proponents of fission reactors argue that the hazard 
of nuclear weapon proliferation exists independent 
of American nuclear power. They point out that 
restrictions on U. S. nuclear programs or exports 
simply reduce our influence over nuclear power 
developments abroad, thus diminishing our ability 
to deal with the important problems of sabotage 
and diversion by terrorist groups. 

In summary, a cursory comparison of the systems 
and data in Table 2-1 seems to indicate that the 
social costs of solar energy, magnetic fusion, and 
laser fusion are significantly lower than alternative 
sources. A more precise comparison and rankin; of 
these three sources is not possible at this time for 
two reasons. First, the technical design of large-
scale solar or fusion power plants has not 
progressed far enough for a detailed analysis of 
social costs. Second, the social costs themselves vary 
with time and present a difficult and complex pat
tern of interrelated factors. 

The central point to be recognized at this initial 
stage is that social costs, which are intimately linked 
to the cultural and political processes in society, 
may become the controlling factors in the develop
ment of energy technologies. The adoption of a 
relatively expensive system (within a factor of two) 
in terms of capital investment and electricity cost to 
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the consumer may. in terms of social costs, be the 
wisest course of action for society in meeting future 
energy needs. 

Technical Feasibility of Laser Fusion 

fusion, like all advanced sources of electrical 
energy, is expected to be technically more complex 
than existing LWR or fossil-fueled power plants. 
The technical feasibility of laser fusion power plants 
rests primarily with the developments required for 
high-avcragc-power operation in an efficient and 
reliable manner. As an alternative to magnetic con
finement, laser fusion offers features that could 
significantly reduce its technical complexity, 
thereby reducing the amount of advanced 
technological development that will be required to 
produce a technically successful fusion power plant. 
These features include: 

• No magnets* (asterisked items are design-
dependent) 

• Sizing flexibility (i.e.. lower power units) 
• Possibility of multiple chambers to provide 

higher availability 
• flexible geometry 
• No direct conversion required 
• Reduced vacuum pumping requirements* 
• Reduced radioactivity from neutron activa

tion* 
• Reduced neutron damage to structural 

materials* 
Later in this chapter, we describe a reactor design 
concept that features all of the advantages listed 
above. Before these advantages can be realized, the 
major technical problems associated with a laser fu
sion power plant must be solved. These include the 
development of: 
1. A high-average-power driver with the required 
efficiency (>I%) and reliability (>70%) 
2. A first wall able to withstand the effects of 
x rays, debris, and neutrons from the microex-
plosion 
3. Structural materials that can withstand the 
cumulative damage effects of high-energy neutrons 
and cyclical stresses 
4. Final-focusing elements that can be placed far 
enough away from the microexplosion or protected 
so that they can last a reasonable length of time 
5. The technology to cheaply mass-produce fusion 
targets 
In the next section, we analyze and compare laser 
systems that have the potential to be high-average-
power drivers for a power plant. The material 
damage and final focusing element problems (2 
through 4) will be dealt with in the final section of 

this chapter where we present the results of studies 
that have focused on identifying and analyzing reac
tor concepts for laser fusion. 

In our development scenario for inertia! confine
ment fusion (Appendix), we show that t h e . " 
technology to cheaply mass-produce fusion largeis 
could be :ome the pacing element in the engineering 
and commercial phases of development. 

Solutions to the technical problems listed above 
will allow laser fusion power plants to efficiently 
produce electricity with high plant capacity factors. 
The overall efficiency of a laser fusion power plant 
can be evaluated through a basic power flow 
diagram like the one shown in Fig. 2-1. The simple 
expression shown in this figure gives the plant recir
culating power fraction (Pj n/P g) as a function of 
laser efficiency (i)|.), pellet gain (Q), thermal ef
ficiency (tjt>. neutron energy fraction (f„), and 
blanket energy multiplication (M|j): i.e., 

! a i 
PB ~ T?L 0 r?T (0.8M + 0.2) • 

Recirculating power fraction is a basic figure-of-
merit for any power plant. For reference purposes, 
fossil-fueled power plants operate with recirculating 
powers less than 5% while the majority of present 
nuclear plants operate at or slightly above this 
figure. Laser system efficiency (r)L) is a lumped 
parameter that includes power conditioning, 
medium regeneration, lasing, and optical transport 
efficiencies. It is defined as the ratio of focusable 
beam energy to electrical energy input. Blanket 
energy multiplication (M B ) is defined as the ratio of 
blanket thermal energy to fusion neutron energy. 
The overall system efficiency (r;s) of a laser fusion 
power plant can be related to the recirculating 
power fraction (RPF) by the equation: 

7is = tj, (1 - RPF). 

From the expressions for recirculating power 
fraction and system efficiency, it logically follows 
that the product of laser efficiency (T^J and pellet 
gain (0) should provide an excellent figure-of-merit 
for gauging the prospects of efficiently generating 
electrical power with laser fusion. This product, 
which we shall label fusion energy gain, represents 
the ratio of thermonuclear energy output to elec
trical energy input to the laser. Fusion energy gain is 
an extremely revealing performance parameter 
because economical power production with laser fu
sion will fundamentally lie with the pellet energy 
gains achieved and the overall efficiencies at which 
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Fig. 2-1. Laser fusion power flow diagram. 

large pulsed ignition sources can operate. In Fig. 2-
2, the recirculating power fraction is plotted as a 
function of fusion energy gain for power plants with 
a blanket energy multiplication of 1.0 and several 
thermal efficiencies. Reference designs for laser fu
sion power plants have used recirculating power 
fractions in the neighborhood of 25%. However, it 
may be difficult to compete economically at these 
high values because, in general, plant capital costs 
scale with the gross electrical power while revenues 
scale with the net electrical power. 

Cos) of KIcclricitN 
The cost of electricity hum a power plant is deter

mined by the revenue required to provide for a 
return on capital investment, the cost of fuel, and 
the cost of operation and maintenance. Like fission 
reactors, all potential long-range sources of energy 
will be capital intensive: therefore, the cost at which 
they produce electricity will be primarily deter
mined by their capital charpes. The capital invest
ment component of the cost of electricity is deter
mined from the simple relationship: 

(0.114) -C • R 
C (mills/kWIi) = • 

where 
C_ is the total capital cost (direct and indirect) of 

the plant in S/kW 
R is the fractional rate of retu-n on capital per 

year 
Cf is the capacity factor, defined as the ratio of 

electricity actually produced in a fixed period to the 
amount that would be produced if the plant 
operated continuously at full capacity 

Kor a commercial power plant, the rate of return 
on capital must be sufficient to pay interest, allow 
for depreciation, provide a return on the equity, and 
pay income tax. This translates into an effective 
capital charge rate that varies depending on the 
financial structure of the utility; 15% is fairly 
typical. 

300 

5 10 50 100 
Fusion energy gain - i)L Q 

Fig. 2-2. Plant recirculating power requirements as a function 
of fusion energy gain. 
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In Table 2-2, we present a recent Hcchtcl Cor
poration estimate'' of the capital and operating 
costs (in 1976 dollars) of an I.WR ordered in 1976 
for operation in 1985. The capital portion of the 
operating cost is based on a capital charge rate of 
15% per year and a capacity factor of 70%. The fuel 
costs are based on charges of S40/lb for U3Oj, (3.2 
mills/kWh), SlOO/kg/SWU* for uranium enrich
ment (2.4 mills/kWh), and $100/kg for fuel fabrica
tion (0.50 mills/kWh). It is interesting to compare 
the cost of generating electricity from this capital in
tensive LWR to that of its current competitor—a 
fuel intensive coal-fired plant. The cost of electricity 
in mills/kWh for a coal plant (with scrubbers) 
operating in 1985 breaks down as follows7: 

Capital charges 13.7 
Fuel 12.0 
Operation and maintenance 2.8 

Total 28.5 mills/kWh 

Cost of Electricity from Laser Fusion 
We have not performed a detailed cost analysis of 

a laser fusion power plant. Our cost analyses have 

•SWU = .separative work unit. 

Table 2-2. Capital and operating costs of a 
1200-MWC LWR ordered in 1976 for opera
tion in 1985 (1976 dollars). 

• Capital costs 

Nucleu steam supply system (NSSS) 
Other mechanical 
Civil and structural 
Piping 
Instrumentation 
Electrical 

Total direct 
Indirect costs 
Total capital cost 

Cost, 10°$ 
78 

• Capital cost per kW installed J794/kW„ 

« Total cost 
Capital 
Fuel 
Operating and maintenance 

Total cost 

Cost, mills/kWh 
1942 
6.3 
1.5 

27.22 

primarily focused on identifying the economic con
straints that will ultimately prevail. In line with this 
objective we have concentrated on providing upper 
bound estimates on the allowed costs of the laser 
and reactor portions of an economically attractive 
fusion power plant. 

In Fig. 2-3 the allowed capital cost difference in 
S/kW between laser fusion and the reference LWR 
in Table 2-2 has been plotted as a function of the 
cost of uranium in S/lb. The following are the 
assumptions used to generate the curves in the 
figure: 

• The laser fusion fuel cycle accounts for 3 
mills/kWh. 

• Operation and maintenance costs for laser fu
sion are the same as those for the LWR (1.5 
mills/kWh). 

• Both power plants operate with a capacity 
factor of 70% and a capital charge rate of 15%; per 
year. 
For a laser fusion power plant with a system ef
ficiency of 36%, a fuel cycle cost of 3mills/kWh will 
allow a pellel fabrication cost of 0.03c per MJ of 
yield. This allowed value translates to fabrication 
costs ranging from 12c to $1.20 for pellet yields 
from 400 to 4000 MJ. 

Some perspective for the relationships shown in 
Fig. 2-3 can be obtained by noting that uranium at 
S30/lb contributes 2.5 mills/k Wh to the cost of elec
tricity. This fueling cost is equivalent to a capital 
cost difference of $100/kW at a capital charge rate 
of 15% and a capacity factor of 0.7. Estimates of 
reasonably assured supplies of high-grade uranium 
ore (0.08 to 0.2% uranium) indicate that there will 
be enough uranium at prices below $I00/Ib to fuel 
LWRs through this century. At higher prices, lower 
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grades of ore could be used. However, their use 
would increase the mining and land use require
ments of LWRs to the point where they would 
surpass those of coal-fired plants. At uranium prices 
greater than S500/lb. it may be possible to extract 
uranium from sea water, thus guaranteeing a vir
tually inexhaustible supply. 

The nuclear steam supply system (reactor and 
primary coolant loop) of the reference LWR costs 
SI38/kW (indirect and direct costs) and it accounts 
for approximately 20% of the total cost, in Fig. 2-4 
we have plotted the allowed cost of the nuclear-
island equivalent of a laser fusion power plant 
(lasers and reactor system) as a function of the cost 
of uranium. These curves were generated by adding 
the capital cost differences in hig. 2-3 to the cost of 
the I.WR nuclear island. As such they provide an 
upper bound estimate of the allowed cost of the 
nuclear island equivalent of a laser fusion power 
plant. The results show that a GW t laser fusion 
power plant can generate electricity at costs that arc 
within 50% of present prices with laser :md reactor 
systems whose combined costs are as much as 800 
million dollars. 

Cost Comparisons With Breeders 
and Solar Electric Power Plants 

Capital costs for liquid metal fast breeder reac
tors (LMFBRs) are expected to be significantly 
higher than those of LWRs. Direct estimates from 
the EPRI/ERDA cooperative design projects 
currently in progress indicate that LMFBRs will 
cost from $400 to $600 per kWc more than an LWR, 
with fuel cycle costs ranging from 1.5 to 5 
mills/kWh. 8- 9 By assuming a fuel cycle cost of 3 
mills/kWh we can use the information in Fig. 2-3 to 
determine the cost of electricity from LMFBRs. The 
results show that breeders will generate electricity at 
costs that are 20 to 40% more than present prices 
and that they will not economically compete with 
LWRs until uranium prices are more than 
$120/lb—well into the next century. These 
economic results when coupled with the larger 
social costs associated with plutonium reprocessing 
and recycle argue strongly for derferring the com
mercial introduction of the LMFBR for 10 or 20 
years, thereby allowing the U. S. to pursue a 
broader R & D program. Such a program could 
provide a range of attractive choices with introduc
tion dates extending into the next century. 

Two processes for converting solar energy into 
electricity have been proposed: solar thermal-
electric and solar voltaic. Solar thermal-electric 
systems use fixed or movable arrays of mirrors to 
reflect the sun's energy onto a central tower, which 
heats a working fluid that produces electricity in a 

conventional steam cycle. Present estimates indicate 
that these power plants will cost about S20OO/k W. 2 
to 3 limes more than an I.WR. 1 0 Moreover, solar 
power plants will exhibit a capacity faclor of less 
than 30% because of the diurnal variation of insola
tion. As a result solar thermal-electric power plants 
can be expected to produce electricity that costs 
some six to nine times more than present prices. 

Solar voltaic systems use crystals (silicon, gallium 
arsenide, and polycrystalline substances) to directly 
convert solar energy into electricity. Conversion ef
ficiencies of about 10%. have been achieved. 
Nevertheless photovoltaic methods are presently far 
less competitive than solar thermal-electric systems: 
however, substantial improvements may be possible 
with new techniques that could substantially reduce 
the cost of collectors and increase their efficiency. 
The cost of solar collectors must be reduced to 
about $ I /ft -—several hundred to a thousand limes 
less than the present cost before they can produce 
competitively priced electricity. 

From the cost comparisons presented here, it is 
obvious that the electricity generated by any of the 
long-range sources of energy will be significantly 
more expensive than electricity is now. However, 
within a faclor of two. the cost of energy in the U.S. 
economy is much less critical than assured supply. 
Present total energy costs are only 5% of the U. S. 
gross national product, and it has been estimated 
that a doubling of energy costs would result in a 2 or 
3% reduction in consumption with little effect on 
economic growth in the long run. I 0 
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Lasers Tor Laser Fusion 

The purpose of the driver system in an inerlially 
confined fusion power plant is conceptually simple. 
It must take a small fraction of the steady state elec
trical power produced by the reactor, form it into 
pulses of energy at the rale of I to 10 per second, 
concentrate the energy into pulses a billionth of a 
second in duration, and concentrate the energy in 
space by projecting it about 10 m onto a target 
pellet a millimeter or so in diameter. Three types of 
driver systems can potentially accomplish this con
centration of energy in time and space: ion beams, 
electron beams, and photon beams. 

It is premature to thoroughly compare these dif
ferent systems; we shall not do so here. We will, 
however, indicate why we feel that lasers are a 
desirable choice for the near, intermediate, and far-
term applications. Of course, it is also too early to 
discard any contender, for each system has different 
advantages and disadvantages that will determine 
the system's development. For example, suitable 
heavy ion accelerators of < 100 GeV beam energy 
appear to be technologically feasible. The ion beam 
system draws on the most mature physics and 
engineering base and is therefore easier to visualize 
in full scale. The efficiency is projected to be high, 
> 10%, which will allow a low recirculating power 
fraction. Accelerators would have the capability for 
high repetition rate, reliability, and operating 
lifetime required for a commercial power plant. Un
fortunately, all existing heavy ion accelerators are 
relatively low-current devices. Consequently, it is 
uncertain that the high beam current required for 
inerlial confinement fusion can be accelerated, 
transported, and focused onto the target. Moreover, 
large accelerators are quite expensive, and signifi
cant research will be required to determine whether 
high-current accelerators can be built at reasonable 
cost. Nevertheless, the potential high efficiency, 
high-average-power capability and moderate 
technical risk compel us to examine this option 
carefully. 

Electron beams are also attractive alternatives 
from the standpoint of size, simplicity, and ef
ficiency. Progress is being made at Sandia in scaling 
20- to 30-ns E-beams to substantial energies per 
pulse. The crucial problem is the inability to focus 
beams of electrons from far enough away to allow 
the generating diode to survive. Either a break
through in the physics or an engineering innovation 
allowing renewable or regenerative electron guns is 
required. The expected efficiency is attractive and 
the average power capability is fine as long as the 
diode is not destroyed on every shot. The electron 
beam needs a focusing element that can concentrate 

the energy onto the pellet from a safe distance. 
A laser system appears to be an ideal way to con

centrate energy in space from a safe distance. The 
system might take the form of a gas laser driven by a 
broad area long pulse width electron beam: such E-
beams are technologically less demanding. 

Laser-induced fusion can be approached using 
many different target concepts which, in terms of 
projected applications, dictate a range of laser-
system performance requirements. During the next 
few years, the viability of the various target con
cepts will be evaluated through fusion experiments 
(using the Janus, Argus, and Shiva laser systems) 
and target design iteration. Our target calculations 
and reactor system studies have established 
preliminary laser system performance requirements 
for commercial electric power production. The 
nominal requirements are 

• Wavelength 
• Pulse duration 
• Pulse energy 
• Pulse power 
• Pulse repetition rate 
• Average power 
• Overall efficiency 

250-2000 nm 
1-10 ns 
300-3000 kJ 
>200 TW 
1-10 Hz 
1-10 MW 
>]% 

These requirements continue to evolve, reflecting 
new knowledge in target and laser physics, materials 
and laser engineering, systems analysis, and 
economics. Important constraints are encountered 
in each area. For example, in the case of the laser 
wavelength, the physics constraints favor short 
wavelengths to compress the pellet with the least 
energy. Short wavelengths prompt investigation of 
transitions between electronic energy states. 
However, the material and technological con
straints limit us to consideration of wavelengths 
larger than about 250 nm because of severe two-
photon optical absorption effects. Operation with 
short wavelengths also impacts the system and 
economics constraints because the short wavelength 
gas lasers we know today are somewhat less efficient 
than infrared lasers. For each laser parameter, there 
is a similar balance and interplay between the 
physics technology and systems constraints, which 
often seems to leave very little room in parameter 
space to realize an acceptable solution. In fact, no 
current laser concept is perfect, but we have iden
tified some promising candidates. 

The medium in which the laser beam is amplified 
significantly affects the laser's ability to satisfy the 
fusion power plant requirements. Depending on the 
medium, stimulated emission can occur on 
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• Electric dipole allowed transitions 
• Electric dipole forbidden transitions such as 

magnetic dipole or electric quadrupole transitions 
• Optically induced transitions such as Raman 

scattering or frequency tripling 
Laser media of the first type, including the rare-gas 
and rare-gas-halogen excimers, exhibit stimulated-
emission cross sections in the range 10"' 6 to 10"" 
cm 2 , with upper-laser-level radiative lifetimes of 
tens of nanoseconds and instantaneous stored 
energy densities of less than 1 J/liter under efficient 
excitation conditions. In contract, laser media of the 
second type, including iodine, Group Vl-A atoms, 
and rare-earth molecular vapors, exhibit 
stimulated-emission cross sections in the range 
10 - 1 8 to 10 - 2 0 c m 2 , with upper-laser-level radiative 
lifetimes up to hundreds of microseconds, and in
stantaneous stored energy densities up to tens of 
J/liter under reasonable pumping conditions. The 
third type, including Antistokes electronic Raman 
Scattering in Hgj, is more difficult to evaluate since 
it is in an early research stage. The radically dif
ferent physical and kinetic properties of the first two 
types of laser media dictate distinctly different laser-
system concepts and technologies. 

Of the three types of advanced laser media 
sketched above, the photolytic Group Vl-A laser 
has the largest information base. An evaluation of 
the efficiency and scalability of one version of this 
laser follows in a later section, but first it is valuable 
to shift focus from the physics considerations to the 
systems viewpoint of evaluating a laser candidate on 
the basis of overall efficiency. 

There are two important and separate aspects to a 
large laser system: efficiency and scalability. A 
power plant laser system of high efficiency will have 
lower recirculating power needs and lower capital 
equipment costs. For the photolytically pumped 
Group VI laser, the efficiency depends on losses due 
to power conditioning, generation of the electron 
beam, optical pump photon production, coupling to 
the lasing molecule, optical extraction, and the 
pumping, cooling, and chemical regeneration of the 
flowing gases. 

Scalability refers to the ability to reach the high 
pulse energies required by a laser fusion reactor 
with power amplifier modules of reasonable size. A 
laser built with a large aperture and pulse energy 
lowers costs by reducing the number of beams and 
components. Thus, in a commercial system, 10 
beams in a few beam clusters would be superior to 
100 individual beams. The scalability depends on 
mirror and e-beam foil damage limitations, pump 
constraints, flow and gas uniformity constraints, 
parasitic suppression, thermal distortion, and 

arrival at a configuration that simultaneously 
pushes all the important technology barriers. 

In any given laser system, it is usually possible to 
trade off efficiency vs scalability to achieve an op
timal system. It now appears that achieving high ef
ficiency rather than high energy per pulse or high 
average power will be the most difficult for visible 
gas laser systems. 

There are a number of considerations in the 
determination of overall laser system efficiency 
which are often overlooked. A high average power 
gas laser system can be thought of as three separate 
subsystems: optical conditioning, electrical con
ditioning, and gas conditioning (Fig. 2-5). The op
tical train transports the beam from the final am
plifier aperture through isolators that prevent 
return of reflected light, through a port to the final 
focusing element, and then through the chamber 
background gas to the target pellet. Losses include 
absorption and scattering of lenses and mirrors, as 
well as beam-shaping and diffraction-spillage losses. 
A typical optical train might require ten optical ele
ments. The optical conditioning efficiency is the 
ratio of power on target PQ to the laser power P L 

In a well designed system, the optical efficiency 
might be in the range of 90-95%. 

The electrical conditioning efficiency is the ratio 
of laser radiation produced to the electrical power 
provided for the pulse forming network. It is the 
product of the component efficiencies for the pulse 
forming network, E-beam, optical pump, quantum 
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Fig. 2-5. Laser system power now diagram. 
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transfer, and optical extraction 

%c ~ i 
r EC 

1| PI' ''EB ''OP ''Q ''EX In % 

The flow conditioning efficiency is the ratio of the 
laser radiation produced to the electrical power re
quired to circulate the gas, to remove the entropy 
and waste heat, and to chemically regenerate the gas 
if required 

nVC ~ " V F C • 

The overall laser system efficiency is the combina
tion of these subsystem efficiencies 

''Laser 
System + K 

W } PL 

quired to return the fluid to its initial slate on each 
round trip. It is the sum of the fraction required for 
pumping and cooling, £,, t , and for chemical 
regeneration, £CR-

S = Spc + ĈR • 

The mass flow rale can be written in terms of the 
pressure, velocity (u) and ratio of specific heals (7) 
as follows: 

( y \ P u h L 
A T - I ; C PT 0 

The circulating power can be written in terms of the 
pressure, velocity and ratio of specific heals as 

7-*— V 
The laser system efficiency is effectively the product 
of the optical train efficiency and the smaller of the 
electrical or flow subsystem efficiencies. It is 
therefore quite possible for a poorly designed flow 
and chemical regeneration system to overwhelm the 
electrical losses. 

The flow conditioning efficiency is often ex
pressed in terms of the volumetric efficiency of a 
laser cavity (pulse energy per unit volume and per 
unit pressure, E). The average power leaving the 
laser can be written in terms of the volumetric ef
ficiency (usually in joules per liter-atmosphere). 

using an approximation good for subsonic mach 
numbers considerably less than unity. 

The most efficient flow velocity is the minimum 
speed allowed by the pulse repetition frequency 

u = f ( (PRF) , 

where the flush factor f is the ratio of distance 
flowed between pulses to the optical cavity size in 
the flow direction f. Flush factors of f = 1.3 to 2 arc 
typical of subsonic gas lasers. Using these expres
sions, we relate the flow conditioning efficiency to 
the volumetric efficiency t; as follows 

P L = E p (hSL) PRF , 

where p is pressure, PRF is the pulse repetition frc-
quenc), and (h/,L) are the dimensions of the op-
Heal cavity of the laser in the pump, Dow, and op-
tical, directions respectively. Note that although E 
is usually expressed in joules per liler-alm, it is 
properly dimcnsionless (E = I corresponds to E = 
100 J/lilcr-alm). 

The flow conditioning power is proportional to 
the mass flow rate m and the stagnation tem
perature of the gas T 0 

r f C i * c „ T„ 

where C p is the specific heat at constant pressure 
and { is the fraction of the circulating power re-

7 ^ T f < * P C + «CR> 

The pumping, cooling, and chemical regeneration 
requirements vary from laser to laser; as an es
timate, we use some typical numbers characteristic 
of flowing gas lasers used in other applications. To 
obtain high beam quality (small density fluctuations 
in the gas) a nozzle and flow screen arrangement 
having a substantial pressure drop appears to be 
necessary. For a 30-psi total pressure drop around 
the wind tunnel circuit a pressure ratio of three is re
quired lor the pumps. This results in a loss factor'' 
for pumping and cooling of $pt- = 0.55. The re
quirements of pulsed laser acoustic damping and 
optical medium uniformity may dictate these large 
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pressure drops. If it is possible to achieve a 5-psi 
pressure drop typical of an ordinary subsonic wind 
tunnel, the loss factor is reduced substantially to ( p c 

= 0.20. Lasers operating at low total pressure will 
have the advantages of lower mass flow rates and 
lower pumping power requirements, but they will 
suffer greater temperature rises during the pulse. 

We are now in a position to demonstrate the 
relationship of the overall laser system efficiency to 
the optical, electrical, and gas flow subsystem ef
ficiencies. The gas conditioning efficiency is ex
pressed in terms of the volumetric efficiency K. 
Figure 2-6 shows the overall laser system efficiency 
as a function of the electrical subsystem efficiency 
with the volumetric efficiency as a parameter. 

l o r example, imagine a visible laser system with 
an electrical efficiency of S% and E = 0.10 (10 J per 
litcr-atm). This results in an overall efficiency of 
3.6%. If the volumetric efficiency is 3 J per liter-aim, 
the overall efficiency drops to 2.2%, a factor of two 
lower than if we consider only the electrical ef
ficiency. As a second example, a multiline C 0 2 laser 
system might have an electrical efficiency of 6.3% 
and a volumetric efficiency of 8.5 J/liler-alm, 
corresponding to an overall efficiency of 3.8%. The 
overall efficiency is the proper number to use in fu
sion reactor calculations. There is clearly a strong 
incentive to design efficient low-pressure-drop flow 
systems, or better yet, to find laser media with ex
tremely high volumetric efficiency. 

Scaling Analysis of Phololytjc 
Group Vl-A and Iodine Fusion Lasers 

A completely suitable high-avcrage-powcr gas 
laser for fusion power plants has not yet been iden
tified. Deficiencies are apparent in all concepts, 
usually manifested in insufficient overall efficiency 
rather than scalability to high pulse energy or 
average power. Although fusion gas laser tech
nology is still young, we believe it is not 
premature—using the most promising short-
wavelength gas lasers—to begin the problem-
finding process that accompanies the conceptual 
design of full-scale systems. I 2 We have launched 
such an investigation, with the following objectives: 

• To construct a simple systems model of a 
high-averagc-powcr gas laser system (400 to 1000 
kJ, I to 10 pps (pulses per second)], which can be 
used to compare candidate lasers on a consistent 
and realistic basis. 

• To define laser subsystem requirements, in
cluding electrical power conditioning, gas con
ditioning, chemical regeneration, and optical inter
facing with a reactor. 
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Fig. 2-6. Ovtralllawr system efficiency: ». = O.M.f = 1.J.J 
= 0.20. 

• To perform initial system performance and 
cost fadcoffs within the laser system and in con
junction with the reactor system. 

• To identify key technical issues for advanced 
gas laser research and development. 

To fulfill these objectives, we begin with the 
generic class of duorescer-pumped photolytic lasers. 
We assert that, as a class, they adequately present 
the pulsed power, F.-beam, gas flow, chemical 
regeneration, optical quality, and damage problems 
characteristic of many high-avcrage-power fusion 
laser systems, thus allowing assessment of the ap
plicability of this technology to commercial power 
generation systems. A companion study is being 
performed for laser-pumped photolytic lasers. 

The laser medium chosen for the first comparison 
study consists of atomic species radiating on elec
tronic transitions. These excited atoms arc formed 
by photolylic dissociation from the parent molecule 
which is carried in a rare-gas buf fer . I 3 , 1 * The four 
atoms of interest are oxygen, sulfur, selenium, and 
iodine. The source of photolysis photons is 
fluorescence from an E-beam-excilcd rare gas, 
possibly doped with another molecule to enhance 
fluorescence radiation in the absorption band of the 
molecule to be photolyzed. 

Table 2-3 lists the features of photolytic lasers 
that recommend them for fusion power plants. 
These features include favorable target coupling 
characteristics, high energy storage per aperture, 
promising overall efficiency, and a choice of lasing 
atom and pump molecule combinations. 

Figure 2-7 shows one possible configuration of a 
high-avcraf i nwer photolytic laser system that ap
pears very scalable to large volumes and high energy 
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Table 2-3. Features o f phototytic lasers. 

1. Choice of system: 

Lising Lasing Parent Fiuorcsccr Fluorcscer 
atom wavelength, nm molecule excimer wavelen&lt, nm 

Iodine 1130 W XeBr» 280 
Oxygen 558 NjO ArJ 130 
Sulfur 772 COS Krj 150 
Selenium 489 COSe Xo- 170 

2. Favorable target coupling characteristics: 

• Yfwetaijtiti >i - 6.5 - V I im 
• Short pulse duration: T - 1 - 10 ns 

3. High-energy storage: 

• F. _„ ~ 1-10 Jlcm' 

4. Favorable scaling characteristics: 

• Configurations allow flowing, high-avenge-powcr systems. 
• Can use lowpressurc ( ~ l atm), low-temperature (~300 K), low-index gases (e.g., helium) for good beam quality. 
• Beam quality and gain uniformity limited by gas density uniformity, not by c-beam deposition uniformity. 
• Aperture scaling limited by materials and gain constraints rather than by properties of the atoms and molecules. 

5. Efficiency >\% possible from the physics. 
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per pulse. The fiuorescer gas and laser gas regions 
are kept apart by the stability of cofiowing streams 
of different gases. The pressure and velocity of the 
two gases are matched; the density, temperature, 
and Mach number differ. The laser does not need uv 
transmitting windows—a tremendous advantage 
since such windows probably would not be able to 
withstand damage from high fluence levels of 
photons and 1-MeV electrons in addition to the 
steady and shock pressure loads over the large spans 
(greater than 30 cm). 

The configuration chosen is not the only possible 
phololytic laser. If a window can be found that 
allows operation of the fiuorescer gas at a 
significantly higher pressure than the laser gas, or if 
an efficient UV laser pumped scheme can be 
devised, higher overall efficiencies may result. The 
flowing windowless fiuorescer pumped geometry 
was chosen for this first study because we have sub
stantial information on fiuorescer efficiency but not 
on rare gas laser efficiencies. Furthermore, the con
figuration is demonstrably scalable to high average 
power. Comparisons between calculated efficiencies 
for different laser atoms will be more important 
than the absolute levels. Additional improvements 
in efficiency will no doubt come through future in
novation in pumping configuration. 

The lasing sequence is begun by the firing of two 
opposed 1-MeV E-beams for approximately 1 lis. In 
the case of the selenium laser sketched in Fig. 2-7, 
electrons radiolyze the xenon, resulting in copious 
xenon excimer (XeJ) fluorescence radiation. The las
ing medium consists of approximately 3 X 1 0 l 6 

cm " 3 of COSe in 1 atm of helium buffer gas, which 
provides a pressure match to the fiuorescer and 
provides sufficient heat capacity to minimize the in
crease in gas temperature. The fluorescence radia
tion dissociates the parent molecule; the resulting 
excited Se* atom stores the energy for 10 2 -10 3 ns. 

The molecular absorber is optically thick to the 
fluorescence radiation. The photolysis occurs by a 
bleaching wave that is driven into the medium, dis
sociating the molecule and causing the mixture to 
become transparent. The sequence ends with injec
tion of a l-ns laser pulse that depopulates the 
medium during amplification. The laser systems us
ing 0*, S \ and I* operate similarly. 

Note that the configuration shown in Fig. 2-7 is a 
classic scalable geometry with the pump, flow, and 
optical extraction axes mutually orthogonal. This is 
a convenient way to decouple these important 
processes and reach the largest possible sizes based 
solely on constraints of the individual processes. 

Efficiency. Figure 2-8 is a power flow diagram of 
a photoiytic laser system. Electrical power is taken 

continuously from the power plant's generating 
system and dissipated by the electrical power con
ditioning (PEC), 'he fiuorescer gas conditioning 
(P F G c ) . and the laser gas conditioning (PLGC)- The 
laser system output is the laser radiation focusable 
on target after the optical train PH. The overall laser 
system efficiency is then: 

'LS p + p + p ' 
r EC r FGC M.GC 

which can be written as in the previous section 

\ " E C " F C / 

The optical system efficiency is simply the ratio of 
the power on target divided by that emerging from 
the final laser aperture, which takes into account the 
losses in the optica) transport system required to get 
the beam into the reactor building and focused on 
target. These losses include absorption and scatter
ing of lenses and mirrors, as well as beam-shaping 
and diffraction-spillage losses. A typical optical 
train might require ten optical elements. As in the 
previous general analysis, we have assigned a value 
of 95% to this optical efficiency. 

The electrical system etficiency is the ratio of laser 
radiation produced to electrical power provided to 
the pulse-forming network. It is the product of the 
pulse-forming network, E-beam, fiuorescer, coupl
ing geometry, quantum, and extraction efficiencies, 
as follows: 

"EC = » P F ' ' E B , W Q ' ' E X • 

In Table 2-4, these efficiencies are estimated for the 
four candidate photoiytic lasers. A range of values 
is given for each laser; the lower figure represents 
today's technology whereas the upper figure is the 
goal: a reasonable number believed achievable with 
future development. The larger number in a sense 
represents the best that is envisioned for the con
figuration assumed in Fig. 2-7; further innovation 
would be needed to improve these estimates 
substantially. 

The efficiency of the optical pump is the product 
of the intrinsic fluorescence efficiency of the gas, i j F 

(40 to 50% for the rare gases, 15% for XeBr in 
Ar) l 5 ' 1 7 and a geometrical factor, ifc- The latter ac
counts for the loss of fluorescence radiation not 
directed at the laser medium (15 to 40%). The ex
traction efficiency is determined from the level 
degeneracies and the fill factor. 
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Table 2-4. Electrical to laser efficiencies for photolytic lasers. 

Efficiency, % 

Parameter Oxygen Sulfur Selenium Iodine 

Pulse forming 1 P F 80-90 80-90 80-90 80-90 
E-beam diode and 

foil holder «EB 75-80 75-80 75-80 75-80 
Intrinsic fluorescence "F 40-SO 40-SO 40-50 IO-1S 
Fluorescence geometric 

coupling "c 15-40 15-40 15-40 1540 
Qavttum efficiency 

"Q 20 19 35 21 
Extraction efficiency "EX 83 83 75 67 

Total electrical to 
laser efficiency "EC 0.6-2.4 0.6-Z4 0.95-3.8 0.13-0.61 
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Two conclusions are immediately apparent from 
Table 2-4. The selenium laser is electrically superior 
because its quantum efficiency is 50% higher than 
that of the other Group VI atoms. This is due, in 
turn, to operation on the transauroral line rather 
than the auroral line, which is not likely in the ox
ygen or sulfur systems because of the greater gain of 
the auroral transitions in these atoms. The sulfur 
laser might also be operated on the transauroral line 
for higher quantum efficiency, but the scaling is 
then limited by the fact that the amplifier must be 
sized to compensate for the gain on the auroral line, 
which is IS times greater. The iodine laser seems in
ferior for two reasons. First, the match between the 
XeBr* fluorescence band and the C3F7I absorption 
band is not nearly so close as for the Group VI 
atoms, resulting in two to three times lower 
fluorescence efficiency. Second, the quantum and 
extraction efficiencies are not as favorable. For ex
ample, the degeneracies in the iodine levels at best 
allow for only 67% extraction of the inverted pop
ulation compared with 75 to 83% for the Group VI 
atoms. 

The flow system efficiency is simply 

% C " P F G C + P L G C • 

The required fluorescence and laser gas flow con
ditioning power are of two kinds. The first is the 
pumping power needed to make up stagnation 
pressure losses (entropy generation) due to screens 
and flow straighteners, friction in the heat ex
changers required to cool the flow, the laser waste 
heat addition, acoustic absorbers, and the like. This 
loss is proportional to the circulating flow power. 
The second power is that needed for chemically 
regenerating the parent molecule dissociated in the 
laser process. This is proportional to the number 
density of molecules and is otherwise very depend
ent on details of the chemical engineering. Because 
our estimates of these losses for N 2 0 , COS, COSe, 
XeBr, and C 3F 7I are not yet firm, and because the 
recombination fraction is stiJi uncertain, we omil 
these losses from this analysis. They may 
overwhelm the pumping power losses, particularly 
for the iodine laser, even though the parent 
molecule density is only 10 l 6 t o 10 "per cm 3. 

Generalizing the flow efficiency expressions from 
the previous analysis to two streams, we obtain 

nvc"»(**** , t v » r 

where p is the gas pressure, y the ratio of specific 
heats, W F and W L the widths of the fluorescer and 
laser streams, hi^N* is the energy stored per unit 
volume in excited states and, as before, i( e x is the 
fraction of the stored energy that can be extracted. 

The flow efficiency depends on the relative sizes 
and pressure drops of the two streams and on the 
ratio of overall pressure to excited-state density 
(more precisely, on the ratio of transitional energy 
density to the extractable energy density of excited 
states). Obviously, it is desirable to operate at low 
helium pressure and high lasing molecule density. 
Note that the flow efficiency is independent of 
cavity volume or pulse repetition frequency, if the 
laser is operated at the minimum mass flow. 

The flow system efficiency calculation depends on 
the results of scaling relationships such as the 
relative widths of the laser and fluorescer streams, 
the pressure (I atm), and the parent molecule num
ber density. However, in order to keep the discus
sion of efficiency self contained, we give the results 
of the flow efficiency calculations in Table 2-5 for 
the four lasers of interest, exclusive of any chemical 
regeneration losses. The electrical and optical ef
ficiency losses are repeated in this table in order to 
display the overall efficiency. 

We immediately note that the flow efficiencies are 
so poor for this configuration that they significantly 
influence the overall efficiencies. Because the 
fluorescer flow and laser How must be pressure-
matched in a windowless system, one must operate 
at high enough total pressures (and therefore mass 
flows) to stop the E-beam efficiently in the 
fluorescer flow region. This makes it difficult to 
reduce the total pressure much below the assumed 
value of I atm. In addition, the oxygen and iodine 
lasers use argon, a relatively low-alomic-weight 
fluorescer which requires a much greater width of 
gas to stop the electrons, and therefore have a con
comitant larger pumping power requirement. Other 
configurations, perhaps using windows and low-
pressure laser gases, would have higher flow and 
overall efficiencies. 

Scalability. Four factors dominate the sizing of 
photclytic lasers: parasitics, beam quality, E-beam 
foil damage, and the decay time of the population 
inversion. We have considered these factors in an 
analysis of the feasibility of constructing 100-kJ 
pulse amplifiers. The results are encouraging; it ap
pears that it will be less difficult to obtain size than 
efficiency. 

Parasitic oscillations must be suppressed in large 
laser amplifiers to prevent unwanted premature 
depopulation of the excited states. In the laser direc
tion, it is quite likely that saturable absorbers will be 
used to isolate amplifier stages and prevent target 
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Table 2-5. Overall laser system efficiencies for windowless fluorescence-pumped photolytic lasers. 

Efficiency, % 

Subtyatem Oxygen Sulfur Selenium Iodine 

Electrical T,^ 2.4 1A 3.8 0.61 
Flow nyv 0.40 1.1 2.8 0.2 
Optica! n 0 95. 95. 95. 95. 

Overall laiei tyitem 0.33 0.72 1.53 0.14 
efficiency 

"LS = — 2 s 
L S (J-+-L.) 

VEC "FC/ 

preheating. This allows the use of high gain length-
products, particularly if aerowindows rather than 
solid windows are used, for they eliminate the back-
reflecting problem. Consequently, we use the 
product of the small signal-gain and length, goL = 6 
as the parasitic limit on maximum length. This is a 
large but not unreasonable limit. 

Parasitic oscillations must also be prevented in 
the transverse directions, particularly in the high 
gain fluorescer region. The flow direction is 
bounded in the upstream direction by a nozzle wall 
that may reflect light. However, the downstream 
direction is bounded by an aerodynamic diffuser 
full of hot absorbing gas, so we would anticipate no 
reflected radiation. In the pump direction, the laser 
cavity is bounded by fluorescent gas regions, which 
may or may not be transparent to the laser radiation 
depending on the ion density in the fluorescing gas. 
If they are transparent, the laser radiation could 
reflect off the E-beam foils, which have some 
reflectivity in the visible spectrum. We use a 
parasitic limit of goW|, = 3 to be conservative, 
where W L is the width of the active laser gas in the 
pump direction. 

There are other limitations on the width in the 
pump direction, such as quenching of the excited 
states of the photolyzed gas by the parent molecule 
during the pump pulse. This limit can be overcome 
by pumping harder for shorter times, provided two-
photon absorption does not set in. One pumping 
constraint is the E-beam foil damage (Fg) limit of 
20 J/cm 2 , corresponding to 20 A/cm 2 for 1 JIS or 
200 A/cm 2 for 0.1 lis at electron energies of about 1 
MeV. The bleaching-wave velocity is simply the 
fluorescent photon number flux divided by the ab
sorber (parent molecule) density. With an E-beam 
fluence limit of 20 J/cm 2 , a bleaching wave can be 

driven >60 cm into a gas with 3 X 10 l 0 absorbers 
per cm 3 . This result is relatively independent of the 
pumping time, which can be chosen to minimize 
quenching problems. 

Mirror damage limits are not really of concern in 
this example because there is enough freedom to 
choose an input fluence such that high efficiency is 
achieved while maintaining an output fluence less 
than the mirror threshold. 

Beam quality is an important constraint for large 
lasers. The chief sources of phase degradation and 
angular spread for the coherent beam are the sur
face finish and thermal distortion of mirrors and 
density fluctuations in the gas. The latter cause non-
random linear fluctuations in the index of refrac
tion. 

Each optical component is allowed part of an 
overall distortion budget, calculated from the 
greatest beam-quality loss that can be tolerated 
while still focusing on a fusion target. As an exam
ple, we performed the following linearized analysis. 
Assume that the optical train needed for interfacing 
with the fusion reactor is composed of ten mirrors, 
the last of which is a 2-m-diam focusing mirror. 1 8 

This final mirror might be located 100 m from the 
center of the target chamber to minimize the cham
ber's open wall area, through which neutrons can 
escape. The beam is focused on a 0.5- to 1.0-mm-
diam target. 

The gas laser amplifier is assumed to have an in
put beam of zero phase variance and a minimum 
local gas density variation level (Ap/p) due to flow 
noise of 10 "3. This level is the least amount yet 
achieved in a laser cavity, although 5 X 10 -* might 
be reachable. Helium is used as the buffer gas 
because argon produces 7.5 times more fluctuation 
in the index of refraction than helium at the same 
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average density and density-fluctuation level. It ap
pears that S to 10 meter-atmospheres of laser gas 
can be tolerated from these considerations. 

The length, height, width, and number density 
considerations may be combined to calculate the 
maximum storable energy per amplifier module; 
i.e., in a single aperture (Fig. 2-9). Oxygen, the 
system with the lowest gain, stores the greatest 
energy because oxygen systems—limited in both 
flow length and laser length by gain con
straints—store more energy per module by reducing 
the lasing molecule density and increasing the 
volume by a proportionately greater amount In 
fact, only the oxygen system can store more energy 
than can be extracted, because of a mirror-damage 
fluence threshold of 10 J/cm 2 . Consequently, for 
the oxygen-system curve in Fig. 2-9, only number 
densities less than about 8 X 1 0 1 6 represent extract-
able energies. 

Conclusion of Photolytic Group IV Scaling 
Analysis. Figure 2-10 presents a graphic summary of 
results of this initial study of high-average-power 
photolytic gas lasers. Amplifiers can be built large 
enough to achieve 1 MJ with less than a dozen 
beams. Obtaining adequate efficiency will be the 
most difficult task; only the selenium system 
promises an overall efficiency above 1% for this 
windowless configuration. The iodine system re-
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Fig. 2-9. Maximum stored energy per aperture for photolytic 
laser systems. 

quires a tenfold higher power input than tne 
selenium system. This could be accomplished only 
by operating at ten times the recirculating power or 
ten times the fusion pellet gain, circumstances that 
are either economically or physically unlikely. 

This stuHy has been instrumental in showing that 
a fluorescence-pumped photolytic laser has the 
potential to be a full-size fusion driver. There are 
significant physical uncertainties remaining, and 
much experimental work on kinetics, gain measure
ments self absorption, bleaching wave dynamics, 
and beam quality must be done. But we are confi
dent that if the experiments now being undertaken 
bear fruit, fusion laser amplifiers of significant size 
( > 1 0 5 J) and adequate efficiency are possible. 

A crucial issue is the improvement of the overall 
efficiency—both the electrical and flow efficiencies. 
The greatest leverage we have in this area is in im
proving the coupling of the pump raualion to the 
laser species, a problem amenable to some in
novative throught. Excimer laser pumping is one 
possibility—better directionality of the pump beam 
will help immensely, although the excimer laser ef
ficiencies are less than excimer fluorescer efficien
cies for ail the rare gases. We have examined pump
ing geometries which use both sides of the slab of 
fluorescer gas, a stratagem that can raise both the 
electrical efficiency and the flow efficiency by nearly 
a factor of two. This would put the selenium laser in 
the 7% electrical efficiency range (3 to 4% overall ef
ficiency range), making it a truly attractive prospect 
for an advanced gas laser system. 
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Fig. 2-10. Efficiency and scalability of photolytic gas laser 
systems. A fluorescer pumped windowless geometry was used. 
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Reactor Concepts For 
Laser Fusion 

During ihc last year, we initiated scoping studies 
to identify attractive reactor concepts for producing 
electric power with laser fusion. These studies were 
carried out by developing several exploratory reac
tor concepts and then subjecting them to the criteria 
we presented earlier for comparing long-range 
sources of electrical energy: abundance, social costs, 
technical feasibility, and economic competitiveness. 
The major problems affecting the technical 
feasibility of a laser fusion power plant were- pre
sented earlier. In this section we explore solutions lo 
the two major reactor vessel problems: 

• The effects of high-energy neutrons and cyclic 
stresses on the blanket structure 

• The effects of x rays and debris from the fu
sion microexplosion on the first-wall 

Our level or confidence in developing the 
technology to solve these problems has been deter
mined by the amount of system development re
quired beyond the state-of-the-art. Economic 
feasibility will be strongly dependent on the solution 
to these technical problems; it has heen assessed in 
terms of factors including reactor size, power den
sity, first-wall and blanket lifetimes, duly cycle, 
fabrication costs, stored energy requirements, and 
recirculating power fractions. 

The reactor concepts include: 
• A liquid-lithium-cooled stainless steel 

!:.anifold 
• A gas-cooled graphite manifold 
• Fluid wall concepts, such as a liquid lithium 

waterfall, or a ceramic-lithium pellet waterfall 
Before describing these concepts, we introduce 

some background information on fusion reactor 
technology and the design parameters and con
straints that are common lo all of the reactor con
cepts. This discussion of reactor technology deals 
primarily with the functions that a blanket system is 
required to perform and the problems associated 
with performing these functions in the hostile en
vironment created by the fusion microexplosion. 

All of these reactor concepts are based on an iner-
tially confined deuterium-tritium fusion reaction. 
We have selected thermonuclear yields ranging 
from 400 to 4000 MJ and pulse repetition rates from 
I to 10 Hz. Selected combinations of these 
parameters result in reactor systems that produce 
400 to 4000 MW of thermal power and 120 to 
1500 MW of electrical power with net efficiencies 
ranging from 30 to 40%. The variance in net ef
ficiency results from the different thermal efficien
cies and recirculating power requirements of the 
various concepts. At fuel pellet yields of 400 to 4000 

MJ. a fuel cycle cost of 3 mills/kWh will allow fuel 
pellet fabrication costs ranging from 12c lo $1.20. 
The selected parameter space for fusion neutron 
llux at the first wall ranges from 1 to 10 MW/m 2. 
resulting in first wall radii ranging from 1.5 to 15 m. 

The effects of neutrons, x rays, and debris from 
the thermonuclear microexplosion represent the 
primary technical concerns that must be dealt with 
in laser fusion reactor concepts. All of our reactor 
concepts employ large focal length optics lo 
mitigate the damaging effects to Ihe final focusing 
elements. At a focal length of ID m, the final optics 
would survive the microexplosion, but they may 
have to be replaced at relatively short intervals. At 
f = 100 m the damaging effects are reduced by two 
orders of magnitude, thus assuring the survival of 
Ihe final focusing elements for intervals that are 
long enough not to adversely affect the plant avail
ability factor. High-energy neutrons also damage 
and activate most structural materials. The large 
amounts of low-level radioactive waste thus gener
ated represent a maintenance and disposal problem 
that is common to all types of DT fusion systems. 
X-ray and debris damage to first wall materials is a 
problem primarily associated with inertia) confine
ment fusion systems. 

Several different approaches to the first wall 
problem have been discussed in the literature, in
cluding use of a dry wall, " wetted wal l , 2 0 , 2 ' and 
magnetically protected wall. n These approaches 
differ primarily in the way in which the inner sur
face of the first wall interacts with the x rays and 
microexplosion debris. In the dry wall approach a 
sacrificial metal or ceramic liner is placed between 
the fusion chamber and the blanket. The wet wall 
concepts feature a thin layer of liquid metal that 
covers the metal wall and protects it from the 
blistering and structural ablation that would 
otherwise occur. The magnetic protection concept 
uses a solenoid to divert the pellet debris away from 
the sides of a cylindrical blanket and into conical 
collectors at the top and bottom. 

The fluid wall concept is a new and promising ap
proach developed in our scoping studies. In this ap
proach, the first structural wall is shielded from 
x rays, neutrons, and debris by a thick waterfall of 
lithium in liquid or solid pellet form. The fall con
tains enough moderating material to degrade the fu
sion neutron spectrum to the point where neutron 
damage levels in the structural materials are signifi
cantly reduced. These lower damage levels allow 
consideration of smaller blanket structures which 
could last for the useful lifetime of the plant. 

The blanket system must perform several func
tions while coping with the hostile environment 
created by the fusion microexplosion. It must: 



• Convert the fusion energy into thermal energj 
• Provide for efficient removal of the thermal 

energy 
• Breed enough tritium to replace that which 

was burned in the fusion reaction 
• Maintain the required vacuum in the fusion 

chamber 
Sixty-five to seventy-five percent of the fusion 

energy is in the form of high-energy neutrons. 
Therefore, a neutron-moderating material is re
quired to convert kinetic energy to thermal energy. 
In genera), elements with low atomic numbers and 
high scattering cross sections are effective 
moderators: water, hydrides, beryllium, and 
graphite are common examples. Although 
somewhat less effective, lithium can also be con
sidered as a neutron-moderating material. 

Because there is no significant natural supply of 
tritium, a DT fusion reactor must breed i;» own 
tritium. Several neutron reactions produce tritium, 
but the only tritium-producing reactions with high 
enough cross sections to be useful are those involv
ing lithium. Natural lithium is 7.4% 6Li and 92.6% 

7Li. and tritium can be produced from either 
isotope by: 

6Li + n •* 4He + T + 4-8 MeV , 

7Li + n -* 4 He + T + n - 2.5 MeV . 

lenuation of I *im light by cascade breakdown 
and or thermal blooming can be reduced to accept
able levels with fusion chamber pressures of 0.1 
Torr or less. The pumping requirements needed to 
maintain this vacuum will depend on the material 
vapori/ed and the type of pump used. For a lithium-
wetted first wall concept, the 0.1-Torr vacuum can 
be maintained under the worst conditions with a 
vacuum pump that requires about 2% of the gross-
electrical power and approximately 10% of the sur
face area (the worst conditions assume all the debris 
and x-ray energy is used to vaporize lithium). 

I.iquid-I.ithium-C ooled Stainless Steel Manifold 

This concept (Fig. 2-11) represents a conventional 
approach to a laser fusion power plant, requiring 
less advanced technology than the fluid wall con
cepts. In this concept, the microexplosion is sur
rounded by a cylindrical annulus of stainless steel 
into which vertical coolant channels have been 
drilled to form a manifold. Liquid lithium flows 
down these channels and is recirculated to the top 
through a bulk coolant region that separates the an
nular manifold from an outer pressure vessel. Liq
uid lithium serves as primary coolant, neutron 
moderator, and fertile material. 

The stainless steel manifold concept is compatible 
with either a dry or wet first wall approach. In the 

The 7Li reaction has a threshold of approximately 
4 MeV and a much lower cross section than the 6Li 
reaction: nevertheless, it is very important because it 
produces a tritium atom without depleting the 
neutron population. If the neutrons are moderated 
before reaching the fertile lithium, the 7Li reaction 
is not utilized (since it requires a high-energy 
neutron) and any leakage neutrons result in a 
tritium-breeding ratio less than 1.0. In such cases, 
the blanket must also contain a neutron multiplier 
to maintain an adequate breeding ratio. Beryllium 
and lead with high (n, 2n) and low capture cross sec
tions are examples of good neutron multipliers. 
However, beryllium is a limited resource material 
whose use could significantly reduce fusion's poten
tial as a long-range source of energy. 

The vacuum requirements in the fusion chamber 
are primarily determined by considerations of laser 
beam propagation and damage to the injected fuel 
pellet. If the DT fuel can be incorporated into the 
pellet in a nencryogenic or insulated form, and 
hence be less subject to heat damage, laser beam 
propagation will be the primary factor determining 
the vacuum requirements in the fusion chamber. 
Our results 2 i indicate that beam defocusing and ai-
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Fig. 2 -11 . Liquid lithium cooled stainless steel manifold con
cept. 
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dry wall approach, we have analyzed a graphite 
liner that is supported by stainless steel and cooled 
with l iquid l i th ium. The graphite liner is designed 
Tor an operational lifetime of one year. In the wet 
wall approach, we have investigated the possibility 
and effects of maintaining a thin (3-mm) fi lm of l iq
uid lithium on the inner surface of the manifold. 

T r i t i um-b reed ing considerat ions l im i t the 
thickness o f a solid stainless steel structural wall to 
less than 10 cm. However, it would be impossible to 
utilize a structural wall even this thin without inter
nal cooling. The solid manifold design was con
ceived to provide additional cooling and improve 
the tritium-breeding performance for a given mass 
of structural material. In fact, we have calculated 
tritium-breeding ratios greater than one for 40-cm-
thick manifolds containing 50% stainless steel and 
50% lithium by volume. The calculations were made 
using the T A K T Monte Carlo neutron transport 
code 2 4 w i t h the L I . I . - F N D I . cross section l i b ra ry . 2 5 

The stainless steel manifold wil l operate at a 
neutron first wall loading of I to 2 M W / m 2. and 
this wil l require a relatively large chamber radius 
(10 to 15 m for a 4000 MW, system). A major disad
vantage wil l result i f cyclic stresses and neutron 
damage l imit the lifetime of the manifold to a few 
full-power years; this concept wi l l then produce 
large amounts of low-level radioactive waste in the 
form of activated steel. It should also be noted that 
l i thium is an clement whose corrosive effects in
crease with increasing temperature. For use with 
stainless steel, l i thium temperatures must be limited 
to about 500°C. This peak temperature corresponds 
to a conventional steam cycle thermal efficiency of 
38%. 2 b 

Gas-cooled Graphite Manifold 

The graphite manifold (Fig. 2-12) is similar to the 
stainless steel manifold concept except that the ver
tical coolant channels are drilled into an array of 
graphite blocks that make up the fusion chamber. 
The vacuum vessel is an outer shell of reinforced, 
prestressed concrete. High-pressure helium gas is 
pumped through the coolant channels, some or all 
o f which are filled with pellets of a lithium-bearing 
ceramic. As the trit ium diffuses out of the l i thium 
compound in which it is bred, it is removed from the 
channels by the gas coolant. 

The graphite manifold design is a reactor concept 
that exhibits low activation and low tr i t ium inven
tories. Moreover, the possibility of an accident oc
curring that could release readioactivity to the en
vironment is greatly reduced because the l i thium is 
present in less reactive (solid) form ( L i 2 0 , L i A l 2 0 
for example). The graphite moderates the neutrons 
below activation energy levels. I t also moderates the 

neutrons to energies below the threshold for the 7 L i 
tritium-producing reaction. This makes it advan
tageous to enrich the l i thium in H.i.' thereby reduc
ing the required l i thium and tr i t ium inventories. 
Depending on the particular design, a neutron mul
tiplier such as beryllium, may be required to main
tain a tritium-breeding ratio greater than 1.0. The 
use of a gas coolant wi l l allow high operating tem
peratures and result in high thermal conversion ef
ficiencies. 

Some problems with this concept have been iden
ti f ied. The use of beryllium to multiply neutrons 
and enhance tritium-breeding presents a problem in 
terms of beryllium's toxicity ar>d relative scarcity. 
We are investigating the possibility of using lead as 
the neutron-multiplying material. Large amounts of 
pumping power wil l be required to cool the system 
and purge the tr i t ium from the pellet-filled chan
nels. Finally, the structural integrity of the graphite 
chamber in the microexplosion environment may be 
inadequate. 

Fluid Wall Concepts 

Wet walls and sacrificial dry wall liners have 
previously been proposed as methods of protecting 
the metallic first wall from the soft x rays and pellet 
debris of fusion microexplosions. The f luid wall 
concepts were conceived to protect the first metallic 
wall from high-energy neutrons in addition to the 
x rays and debris. We have investigated two types of 

• Natural lithium contains 7.4% I.i. 

'Coolant channels filled with ceramic 
lithium pellets 

Fig. 2-12. Gascooled graphite manifold concept. 
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f luid walls: the ceramic-lithium pcllci waterfall and 
the l i q u i d l i l h i u m w a t e r f a l l . I t has been 
demonstrated in the nuclear fission industry that 
once scientific feasibility has been achieved, the 
mater ia ls development p rogram paces the 
demons t ra t ion o f technical and economic 
feasibility, l-luid wall concepts wil l be less depen
dent on mateiials development because radiation 
damage is significantly reduced. The analysis of the 
l iquid l i thium system is farther simplified by the 
availability of data on the properties of l iquid 
l i thium and the existence of liquid-metal experimen
tal facilities constructed in support of the 1.M1BR 
program. 

The principal feature of the cerumic-lithiuin pellet 
waterfall d i g . 2-1.1) is a thick layer of falling solid 
ceramic-lithium pellets that shields the first struc
tural wall from the microexplosion. The pellets are 
continuously recirculated to the top of the vacuum 
chamber through a reservoir region between the 
first wall and the pressure vessel. The pellets are 
cither transported ihrough heal exchangers or 
cooled by the flow o f high-pressure helium gas in 
the reservoir region. Tri t ium is bred in the ceramic 
l i thium compound and recovered as it diffuses out. 
Preliminary calculations indicate a tr i t ium breeding 
ratio greater than 1.0 can easily be achieved 

The thick region of falling pellets wi l l moderate 
and absorb neutrons before they reach the first 
structural wal l , resulting in a significant reduction 
in the degree of first wall damage and possibly the 
amount of radioactive waste produced by neutron 
activation. The use of l i thium in a ceramic form is 
an important feature of this concept in that it 
eliminates the corrosive problems of l iquid l i thium 
and significantly reduces the associated chemical 
hazard. 

Major questions, such as tr i t ium diffusion from 
the pellets and structural integrity of the ceramic 
compound, cannot be answered satisfactorily with 
existing data. A means of efficiently transporting 
the pellets, particularly into and out o f the vacuum 
chamber, is another area of major uncertainty. 

The l iquid l i thium waterfall concept (Fig. 2-14) 
has emerged as an extremely promising reactor con
cept for a laser-fusion power plant. It features a 
thick continuous fall of l iquid l i thium that protects 
the first structural wall from direct exposure to the 
microexplosion. The principal purpose of the fall is 
to reduce the neutron radiation damage in the first 
structural wal l , allowing it to last for the useful life 
of the plant. Besides moderating neutrons the fall 
also absorbs the photons (x rays and reflected laser 
l ight), pellet debris (alpha particles, unburned fuel, 
and other pellet material) and any blast wave emit
ted by the microexplosion. Because the fall is kept 
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Fig. 2-13. lulling balls oincvpl. 

oFT the chamber wall, any shock wave generated in 
the fall is not directly transmitted to the structural 
wall. The majority of the fusion energy is thus 
deposited in the liquid l i th ium, which serves as 
pr imary coolant, fertile material for t r i t i um 
breeding, and first wall. 

Note that fluids other than l iquid l i thium could 
certa in ly be used to pe r fo rm the neu t ron 
moderating function of the fall. The primary con
straints on the fall material are that the substance 
must: 

• Have a reasonably low melting point so the 
fluid state can be effectively maintained. 

• Have a low enough vapor pressure at the 
selected operating temperature (>400°C but as high 
as possible) to permit an adequate vacuum condi
tion to be maintained. 

• Have neulronic characteristics that permit an 
adequate trit ium breeding ratio to be achieved. 
Tri t ium breeding considerations preclude the use of 
a neutron absorber and require that l i thium be in
corporated in the reactor system in a suitable man
ner. 

One possibility is to use lead as the primary con
stituent of the fall: the lead effectively degrades the 

41 



Pellet injector and 
vortex generator 

Falling liquid lithium 

Pressure vessel 

Structural wall 

Recirculating liq 'i lithium 

Recirculation pumps 

Fig. 2 - 1 4 . Liquid lithium waterfall concept. 

high-energy neutron spectrum through (n, 2n) reac
tions and inelastic scatterings. Our TART- 4 

calculations indicate that a Tew vol% of ''Li in the 
Pb fall would be enough to maintain a tritium 
breeding ratio greater than one. Alternatively, a 
small vol% of lead could be added to the lithium fall 
to more efficiently moderate the neutron spectrum. 
The use of Pb-Li alloys would decrease the system 
tritium inventory. On the negative side, recircula
tion pumping power would increase, and grain 

boundary corrosion of steels might present com
patibility problems. The various aspects of such a 
system are being investigated. For the present, 
however, the discussion will be confined to a natural 
liquid lithium fall. 

Laser fusion reactors have a flexible geometry 
that is not available in magnetic confinement reac
tors. While a point source of energy is more effec
tively utilized in spherical geometry, we have se
lected the cylindrical geometry shown in Fig. 2-14 
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tor several reasons. A voriev generator in ject a 
sheet of" l i thium to protect the lop ul ihe reactor 
tpr imarih from v ra>s and debris). I his sheet is 
thinner than the waterfall and does not provide the 
same degree of protection irom neutron damage. 
Therefore, it is advantageous to hn\c the lop of the 
ehamher farther from the inieroe\plosion than arc 
the side walls. Ihe spherical end-cap on the cylin
drical chamber el'fecliveK accomplishes this. Ihe 
lithium is in direct contact with the walls at the bot
tom of the vacuum chamber, and shock waxes can 
he directly transmuted to the chamber walls at this 
point. Howe\er. the chamber is well supported 
structural!) in this area. Furthermore, bv moving 
the bottom region farther awav and decreasing the 
surface area of the lithium pool at the bottom, the 
effects of the directly ir.insmitled shock wave are 
reduced. 

Horizontal irradiation of the target wil l be re
quired to lake advantage of long-focal-lenglh final 
optics. Ihe tips of the laser beam tubes must 
penetrate the waterfall and be directlv exposed lo 
the microexplosion at a distance less than the cham
ber wall radius. Fortunately, these high damage 
areas represent onh a minute fraction of the total 
surface area (a few hundredths of a percent) and 
sophisticated measures and special materials could 
he used to protect them. Alternative!), sacrificial 
tube ends could be used and remoielv fed inward as 
the lips slowly vaporize. 

The atlenuaiion of ihe high-energy neutron flux 
as ihe neutrons pass through l ithium is shown in 
Fig. 2-1?. The plotted flux has been multiplied by 
4n-R - lo eliminate the geometric attenuation factor 
and generalize the curves for different radii to the 
l i thium surface. "Mie.se curves are also normalized to 
an unatlenuaied 14-MeV flux (no target, l i thium, or 
geometric attenuation). The ihree curves include the 
flux of all neutrons above the indicated energies. 
Note that 70 cm of l i thium is sufficient to attenuate 
ihe high-energy (>10 MeV) neulron flux by nearly 
an order o f magnitude. 

First Structural Wall Lifetime. Of course, the 
parameter of real importance for determining the 
life of the first structural wall is not merely the flux 
but rather the damage resulting from the tempered 
flux. The primary neutron damage mechanisms are 
atomic displacements and gas production (primarily 
helium). Displacement damage is expressed as dis
placements per atom (dpa). and gas production is 
expressed as atom-parls-per-million (uppm). The 
damage limits for 316-SS i>» an operating tem
perature of 500°C are estimated to be 150 dpa and 
500 appm he l ium. 3 Kor an unprotected first wall of 
316-SS. at a neutron wall loading of l M W / m 2, the 
displacement damage rate is about 10 dpa per full 

Distance from front surface - cm 

Fig. 2 - 1 5 . Hi(ih-iiii-rm iii ' i i ln>nfln\ indie lilhiuiii v,:Uvr(:iU. 

power year, and ihe helium production rate is about 
220 appm per full power sear. The damage limits 
for He production would thus be reached in only 2.3 
years at this wall loading. 

By softening and depleting the fusion neutron 
spectrum, the lithium waterfall concepl allows the 
stainless steel wall to remain below the damage 
limits for much longer periods of operation, even at 
smaller wall racii . To make it easier lo compare our 
concept to others, we quote structural wall loadings 
in terms of equivalent dry wall 14-MeV neutron 
loading. That is 

0.8 P 

4TTR 2 

where 
I. = wall loading. M W / m -
P - thermonuclear power. M\V (80 f , in 

neutrons) 
R - chamber radius, m 

Of course, our actual wall loading is considerably 
less as a result of neutron interactions in ihe com
pressed fusion target and (he l i thium fall. 

As seen in Fig. 2-16 the allowable first wall 
fluence increases exponential ly w i th l i th ium 
thickness. Note that 40 cm of l i thium is required to 
reduce helium production to the point where the 
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first structural wall could last for 30 years at 
I M W / m 2 (at 70% capacity factor). Displacement 

damage is less restrictive. 
We have evaluated the requirements of a system 

that maintains a minimum protective lithium 
thickness of 60 cm.. In determining the neutron 
damage to the structural first wall, we have also 
taken advantage of the fact that the emitted 14 MeV 
neutrons are attenuated by the compressed l )T fuel, 
a characteristic unique to inertia! confinement fu
sion. Our Monte-Carlo neulronics calculations in
dicate that a fusion target with u compressed fuel 
density-radius product, />R, of about 3 g/cm 2 is 
roughly equivalent to 13 cm of Li in terms of reduc
ing helium production; hence, the compressed 
target increases the effective blanket thickness to 
73 cm. Since helium production dominates, the 
allowable flucnce is 90 M W-yr/in 2 . In other words, 
the system could be operated at 4.3 M W / m 2 for the 
30-year plant life at a 70% capacity factor. 

As a candidate reactor vessel for our reference 
power plant design, we have selected a reactor 
system producing 1000 M W of thermonuclear 
power (700 MJ yield, 1.4 pulses per second) in a 
cylindrical chamber with a radius of 4 m. This 
corresponds to a neutron first wall loading of 4.0 
M W / m 2 and represents a design in which the 
blanket structure could last for the life of the plant. 

In the process of attenuating neutrons and in
teracting with the microcxplosion plasma the 
lithium fall absorbs a large fraction of the total 
nuclear energy deposited in the reactor. Figure 2-I7 
presents the cumulative energy deposition through 
the lithium full and blanket region as a function of 

the distance from the front surface of the fall. 
Again, a compressed target /iR of 3.0 has been 
assumed, resulting in a neutron energy deposition in 
the target of 2.2 McV per [>T reaction. This plus the 
3.5-McV alpha energy per IJT reaction accounts for 
32% of the thermonuclear yield which is deposited 
essentially at the surface of the lithium fall in the 
form of x rays, alpha particles, and other energetic 
debris. The remaining fusion neutron energy, ac
counting for uppoximalely 6X% of the total yield, is 
multiplied by 1.24, primarily as a result of exoergie 
tritium-producing reactions with ''I.i: 

"Li + T t 4.H McV. 

The total energy deposited in the reactor is 20.5 
MeV per fusion reaction, giving a system energy 
multiplication factor* of 1.16. As indicated, the ma
jority of this energy is deposited in the 60-cm-lhick 
lithium fall, Uccause lithium is the primary coolant, 
the system does noi rely on conduction of heat 
through structural materials to remove the thermal 
energy, lithium is in fact an excellent coolant with a 
specific heat capacity equal to that of water and 
three limes better than that of sodium. A major ad
vantage of absorbing all the x-ray and debris energy 
and much of the neutron energy in the coolant is 
that the cyclical thermal stresses in the structural 
walls are essentially eliminated. 

*Sy\tctlt MttlliplicutHHt };wh>r 
innmiclciir energy. 

Il)cnu;j| cjierfly/Jhtr-

0 50 100 
Distance from front surface - cm 

Fig. 2 -17 . Cumulatlvccnergydeposition.Thcencriiyalisorbed 
is iirutci (hm (he thermonuclear W W because the aculraa ab
sorption reaction in *l.l is cKoergic. The vapor rcejon between the 
M l and stainless steel wall docs not absorb much energy and. 
therefore, is not shown in the figure. 
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An alternative scheme proposed by the Univer
sity or Wisconsin 3 for the liquid lithium waterfall is 
to make the fall thick enough (>ttO cm) to absorb 
over 90% of the total energy. In this way, the recir
culating reservoir region would not be required for 
tritium breeding or energy removal, and the struc
tural first wall could be independently cooled at a 
lower temperature. A decrease in the wall tem
perature would significantly relax radiation damage 
limits for dpa and appm Me. -1 The first wall could 
then be operated at a higher wall loading and thus 
increase the power density of the reactor system. 
Naturally a higher power density results in a smaller 
reactor vessel si/.e for a given power system; 
therefore, the capital cost of the reactor is reduced. 

Tritium Breeding. As one might suspect, the liq
uid lithium waterfall concept has excellent tritium 
breeding characteristics. With no structural 
material between the fusion neutrons and the 
lithium fall, the design takes full advantage of the 

7Li (n.n'T) reaction. The reaction only occurs with 
high-energy neutrons. Figure 2-18 shows the dis
tribution of tritium breeding from ''Li and 7Li reac
tions in a SO-cm lithium fall and 100-em recir
culating lithium blanket region. A one-dimensional 
spherical model was used in (his Monte Carlo 
calculation, 2 4 and a compressed target />R of 3.0 
g/cm 2 was assumed. A tritium breeding ratio of 1.0 
is obtained in the fall alone, and the total tritium 
breeding ratio is 1.7. The excess tritium produced in 
this reactor could in fact supply fuel for other laser 
fusion applications where tritium breeding is dif
ficult or impractical. Two examples of such applica
tions are radiolytic hydrogen production where it is 
desirable lo deposit the neutron energy in steam 
rather than lithium blankets, and propulsion ap
plications where weight and volume considerations 
arc extremely important. 

The total equilibrium tritium inventory in the liq
uid lithium will depend on the quantity of lithium 
required for the reactor system and the tritium 
reprocessing efficiency. The total lithium inventory 
is roughly estimated at 600 metric tons for the 1160-
MW, (1000 MW of thermonuclear power), 4-m-
radius system. At a tritium reprocessing capability 
of 10 appm, ihis corresponds to about 2.5 kg of 
tritium, which is equivalent to the amount of tritium 
injected as fuel pellets in just 4 days of operation of 
Ihis system (assuming 25% pellet burn). 

Chamber Vacuum. As previously slated, the 
vacuum condition required for laser beam propaga
tion is on the order of 0.1 Torr. figure 2-19 shows 
that (he vapor pressure of lithium is orders of 
magnitude less than 0.1 Ton at reasonably high 

Lithium fall 

Recirculating lithium 
region 

V 0.56 

'1.00 

T„ = 0.62 
T 7 = 0.11 

.oc -0 /73 

.... = 1-73 

• 50cm natural lithium fall 
• 100cm natural lithium "ecirculatingregion 
• Target p R = 3.0 g/cm 2 

Fig. 2 - 1 8 . Tritium breedlnit performance. 

temperatures. Corrosion considerations require 
that, for use with stainless steel, lithium tem
peratures must be limited lo less than 500°C. The 
vapor pressure at this temperature is less than 5 X 
10 -•' Torr. 

1000 900 
1 

10" 

10" 

*7 io- 3 

10" 

10" 

10" 
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Lithium melting 
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I i 
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Fig . 2 - 1 9 . I.llhkim vipor pressure vtt temperature. AH tem
perature* shown are in degree* Kelvin. 'Hie equation plotted Is l \ 
(Torr) = H.I9 X I 0 1 c»pt-IK444/T). 
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Each microexplosion will vaporize a certain 
amount of lithium, thus increasing the chamber 
pressure above the required 0.1-Torr vacuum condi
tion. The amount of lithium vaporized and the 
resulting chamber pressure will depend on the initial 
system conditions and on the way the fusion energy 
couples with the liquid lithium. Various portions of 
the fusion energy could conceivably be used to hest 
liquid lithium, vaporize lithium, and heat lithium 
vapor. If the chamber pressure equals the liquid 
vapor pressure prior to the microexplosion, even 
deposited neutron energy could vaporize lithium. 
The debris and x-ray energy, which is deposited 
over a very short range at the fluid surface, will ef
fectively blow off lithium vapor. 

After the initial transient events, a certain amount 
of lithium vapor will exist in the chamber. The 
amount of lithium vaporized and the resulting 
quasi-equilibrium pressure rise in the chamber are 
determined as follows: 

With respect to liquid lithium at some tem
perature To, the enthalpy change as the lithium is 
vaporized and heated is: 

Ah = / " Cp(Hq)dT • h e g + I Cp(gas)dT 

where 

The maximum mass will be vaporized if the liquid is 
initially at the vaporization temperature associated 
with the chamber pressure and if no energy is ex
pended to heat lithium vapor. A condition of super-
saturation would result with the gas and liquid at 
the same temperature: 

*"•«»" t • 
If the liquid is at the vaporization temperature 

corresponding to the chamber pressure and if C p 

(gas) is constant, the equilibrium pressure rise may 
be written in terms of the mass vaporized, Am: 

A p = ^r[ Tv +^s)(£;- hig)] 
or rearranging terms 

A p "&[^- t o (cjfe- T . )J 
Since h ) g / C p (gas) >T V , the maximum equi

librium pressure rise results if no lithium is 
vaporized and all the energy is used to heat the 
vapor already in the chamber: 

Ah = enthalpy change of lithium (MJ/kg) 
T v = temperature at which lithium 

vaporizes (K) 
C p = heat capacity (MJ/kg-K) 
h e = heat of vaporization (MJ/kg) 
Aril = mass vaporized (kg) = E/Ah 

E = fraction of the fusion energy used to: 
(1) heat liquid lithium and vaporize it, 
(2) vaporize lithium without heating, 
and/or (3) superheat lithium vapor; 
E does not include deposited energy, 
which is used to heat liquid without 
vaporizing it. 

The resulting "equilibrium" chamber pressure rise 
is 

A AmRT 

where 

R = 8.315 J/mole-K 
M = 6.941 X 1 0 - 3 kg/mole 
V = chamber volume (m 3 ) 

Ap = pressure rise (N/m 2) . 

R r E i 
A P max = MV |_Cp(gas) J • 

If the entire fusion pulse energy heats the vapor (in 
our reference design—700 MJ in 400 m 3), the max
imum equilibrium pressure rise is about 7 atm. In 
the more likely case of only x-ray and debris energy 
heating the vapor, the maximum equilibrium 
pressure rise is about 2 atm. 

Whatever the chamber pressure is after the 
microexplosion, it must be reduced to the required 
vacuum condition of 0.1 Torr before the next pulse. 
As will be discussed later, there is so much liquid 
lithium in the chamber at the time of the microex
plosion that the mixed-mean temperature rise of the 
fall per pulse is quite small. (For example in the 4-m 
reference chamber at 4.0 MW/m 2 , AT is less than 
5°C). The supersaturated vapor therefore recon-
denses on the liquid lithium in the chamber. In ef
fect, the liquid lithium waterfall acts as a condens
ing vacuum pump for the chamber. 

The effectiveness of the lithium liquid in condens
ing the vaporized lithium will depend on the condi
tion of the fall (bulk temperature, surface tem
perature, whether or not it is disassembled) and on 
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the condition of the vapor (temperature, pressure) 
shortly after the microexplosion. The liquid fall 
conditions are important for determining the vapor 
pressure of the liquid and the sticking coefficient, 
defined as the probability that a gas molecule inci
dent on the liquid surface will stick. In general the 
sticking coefficient must be determined experimen
tally with the gas at sufficiently low pressure that 
free molecular flow conditions exist. 2 8 In addition, 
these experiments require a small cryosurface so 
that negligible pressure gradients exist and the tem
perature of the gas is equal to the temperature of the 
vessel wall. 

These conditions, however, do not describe the 
lithium waterfall chamber because the "cryosur
face" is, in fact, large and the vapor will exist in the 
continuum pressure region where molecular colli
sions are very important. By general definition, con
tinuum conditions exist when some characteristic 
dimension of the vacuum chamber is at least 100 
times the mean-free-path of the gas molecules. For 
lithium gas at 700 K in a 4-m-radius vessel, con
tinuum conditions exist ai pressures greater than 
about 6 X 10 " 3 Torr. As the pressure increases from 
the free molecular flow region to the continuum 
region, the pressure gradient pushes the gas at in
creasing speed towards the cryosurface. Because 
this increases the rate of collisions with the condens
ing surface, the pumping speed increases if the stick
ing coefficient does not decrease significantly. The 
pumping speed reaches a limitiiig value and levels 
off as the speed of the gas stream reaches the local 
sonic velocity at the condensing surface. This condi
tion is analogous to choked flow through an orifice 
and will exist when 2 8 : 

Pd ^ = ( . - S ) < 0 c 

where 

p u = upstream pressure 

p d = downstream pressure 

S = sticking coefficient 

a = critical pressure ratio 

These expressions are for frictionless adiabatic 
flow, which may be a good approximation to the 
flow-through transition in the condensing pro
cess. 2 9 The plateau in the pumping speed curve will 
thus be reached when S >0.5I for a monatomic 
ideal gas (y = 1.67) or when S > 0.47 for a diatomic 
ideal gas (y - 1.40). The maximum pumping speed 
(S= I) is given by 2 ' : 

T 21TJ1/2 
m " pA [$• (THY J 

where 

rh = mass removal rate, kg/s 
p = chamber pressure, N/m 2 

A = condensing surface area, m 
M = molecular weight, kg/mole 
R = gas constant, 8.315 J/mole-K 
T = gas temperature, K. 

As lithium vapor is condensed the density of the 
gas in the chamber decreases according to 2 I : 

Vdp 
"df = :-m • 

Using the expressions for an adiabalic process. 

2- = ( M 7 a „ d L = /e-
7-1 

/ 
in the expression for m and integrating the differen
tial equation gives an expression for the chamber 
pressure as a function of time after the microexplo
sion. Assuming the lithium vapor behaves as an 
ideal monatomic gas, we find that the pressure 
decays according to: 

n-=r_L 
P 0 L3r 

+ 1 

where 

0.04 V 
: seconds. 

7 = specific heat ratio 

P 0 is the "equilibrium" chamber pressure im
mediately after the microexplosion but before 
recondensation begins. P 0 is essentially equal to dp 
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because the background pressure before the pulse is 
so low. 

Figure 2-20 shows the pressure decay as 
vaporized lithium is recondensed by the fall. These 
curves represent worst-case calculations in which all 
the fusion energy (700 MJ in a 4-m chamber) is used 
to vaporize lithium at 700 K. While an increase in 
vapor temperature would result in a higher value of 
Pn, the sonic velocity of the gas would also be higher 
and the gas would condense more quickly. The 
sticking coefficient of 0.S is pessimistically low for a 
liquid metal vapor. Also, if the fall is disassembled 
by the neutron energy deposition, the condensing 

0.04 0.08 
Time — s 

0.12 

P/P, . [(•5-VT),.,]-
A= condensing surface area = fall surface 

area — m 2 

S= sticking coefficient = 0.5 
T = vapor temperature = 700 K 
V = vacuum chamber volume - m 3 

t = time - s 
p _ ERT 

0 hMV 
E - energy used for vaporization = 700 MJ 
R = gas constant = 8.315 J/mole K 
h = heat of vaporization = 19.6 MJTkg 
M= molecular weight = 6.941 X 1 0 " 3 

kg/mote 
Fig. 2-20. Pressure decay as vaporized lithium is re-
coadened by Ou fall. 

surface area will be much larger than the original 
surface area of the fall assumed here. 

Even with these assumptions the vacuum condi
tions return to the required O.I Torr in about O.l s 
for the 4-m chamber. Thus while the exact time-
dependent chamber conditions have not been deter
mined, this analysis indicates that vacuum condi
tions can be maintained and are in fact aided by the 
presence of the liquid lithium fall. 

Pumping Power. We now turn our attention to 
what is required in terms of pumping power and 
flow rates to maintain the thick fluid wall of 
lithium. Figure 2-21 shows the model and con
straints used to calculate the pumping power re
quired to recirculate the lithium fall. The fall 
protects the cylindrical portion of the chamber wall, 
which has a height-to-diameter ratio of one. (Recall 
that a vortex-generated sheet of lithium protects the 
top hemispherical end-cap, and a pool of lithium 
protects trie bottom). The flow inlet forms an an-
nulus of thickness ARQ, with the inner edge of the 
ring at one-half the chamber wall radius, Rw. With 
this geometry, the region at the top protected just by 
the vortex generator represents only about 5% of the 
total solid angle. The fall is injected vertically 
downward with an inlet velocity V0. If it is assumed 
that the flow maintains its original inner radius as it 
falls, then continuity requires that the thickness of 
the annulus decrease as the fluid is accelerated by 
gravity, 

The pumping power is estimated from: 

P.P. = (l/2 V* + gH 0) p VQ A ( ) 

where 
H„ = fall height = 2Rw 

A 0 = inlet flow area = ?rf(l/2 R w 

+ AR0? - (1/2 R J 2 ] . 

This expression accounts only for the kinetic and 
static heads required for the flow. In comparison, 
frictional losses in the recirculating reservoir region 
will be small. The piping to and from the recir
culating pumps will also have losses (due to friction, 
bends, and fittings such as valves), which are 
proportional to V 2 , where V is the fluid velocity in 
the pipe. The exact heat loss will depend on the type 
of pipe and the specific plumbing layout. Large flow 
area piping will allow the velocity to remain low for 
a given mass flow rate and help minimize these 
losses. 
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Preliminary calculations indicate that the fall may 
be disassembled by the microexplosion. If this is the 
case, the inlet velocity must be sufficient to allow 
the fall to reestablish itself prior to the next 
microexplosion. A clearing ratio of unity should be 
adequate. The first constraint is therefore: 

H„ 2 Rw < V + 1>2 F* 

where 

1/x = pulse repetition rate. 

As previously noted, 60 cm of lithium is thick 
enough to provide adequate protection to the first 
structural wall up to 4.3 MW/m 2 . Therefore, the 
second constraint is that source neutrons must be 
attenuated by at least 60 cm of lithium at any point 
through the fall. 

Figure 2-22 shows how the fall thickness 
decreases as a function of distance from the inlet for 
various inlet velocities. The thickness, at any point is 
plotted as the fraction of the inlet thickness: 

AR V 0 
AR„ 

V v o + 2 8 " 
where H is the distance from the inlet. The intersec
tion of the dashed lines with the curves gives the dis
tance traveled from the inlet in 0.S s and 1.0 s and 
thus indicates the inlet velocity required for pulse 
repetition rates of 2 Hz and I Hz, respectively, for a 
given required distance. 

The effective attenuating thickness of the fall is 
-IR/cos*, where 0 is the angle of incidence of the 
source neutrons. Figure 2-23 is an example of the ef
fective thickness for a 5-m-radius chamber, with the 
center of the fall at a radius of 3 m and an inlet 
velocity of 5 m/s (as required by the first constraint 
for a 1-Hz pulse rate). Note that the minimum 
thickness occurs very near the horizontal midplane. 
The exact position depends on the particular 
geometry and inlet velocity but is always close to the 
midplane. The constraint on minimum effective 
thickness has therefore been taken at the midplane 
to simplify the calculations. The second constraint 
is: 

ARm > 60 cm . 

When the reference 4-m-radius reactor is used as 
an example, the required inlet velocity at a repeti
tion rate of 1.4 Hz is about 8 m/s. For 60 cm at the 
midplane, an inlet thickness of 0.9 m is required 

(inlet .:rea = 14 m 2 ) , resulting in a pumping power 
of about 6 M W, which is about 1% of the gross elec
trical power. Other losses in the loop might double 
this figure but the result is still only a small percent 
of the gross power. 

For smaller chambers the clearing ratio con
straint is less important than the midplane thickness 
and total inlet thickness constraints. For example a 
3-m-radius chamber requires an inlet velocity of 
only about 1 m/s. At this velocity, however, the 
midplane thickness is only 13% of the inlet 

Pumping power ~ (1/2 V „ 2 + gH 0 ) p V 0 A „ 

Constraints: 

• Fall clearing ratio of at least unity 
H 0 < V o r + 1/2 97* 

where 1/r = repetition rate 
• Fall -thickness at midplane of at 

least 60 cm 
AFT >60 cm 

m 
• Inlet thickness less than 1/2 R w 

AR 0 <1 /2 R w 

Fig. 2-21. Recirculation pumping power calculation—single fall. 
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Fig. 2-22. Fall 
function of distance for various inlet 
velocities. 

thickness, which would have to be over 4.6 m thick 
to provide 60 cm of protection at the midplane. 
Because this is larger than one-half the chamber 
radius, a higher inlet velocity must be used in 
calculating the pumping power. 

The pumping power required to recirculate the 
lithium fall is presented in Fig. 2-24 for systems with 
chamber radii ranging from 4 to 10 m. At I Hz the 
pumping powers are acceptably low for all chamber 
sizes. At the higher repetition rate the inlet velocity 
required to cover the length of the chamber in (he 
1/2 s between microexplosions is so great that the 
pumping power becomes quite large. 

For equivalent first wall loadings the gross power 
produced by reactors of varying size is proportional 
to R$- The fraction of the gross power required to 
recirculate the fall for the various sized reactors is 
plotted in Fig. 2-25. A gross power of 440 MWC for 
a 4-m-radius chamber is used as the basis (1160 
MW l h at 38% thermal conversion efficiency). As in
dicated, at 1 Hz the pumping power is only a few 
percent of the gross electric power. At higher repeti
tion rates the fraction becomes prohibitive for large 
chambers that require very high inlet velocities. 

The possible advantages of using multiple falls 
entering the chamber at different vertical positions 
have also been investigated. The primary advantage 
is a reduction in the velocity head required to obtain 
a clearing ratio of one. Each fall is required to 
reestablish only to the inlet of the next lower fall. 
This is especially important at higher repetition 
rates. A second advantage is that the static head re
quirement is reduced for the fraction of the flow 
delivered to the lower falls. Also, if the primary in
jected fall should tend to break up into separate 
streams instead of forming a continuous curtain, the 
lower falls could replenish it. 

A calculation model for a system with two falls, 
one entering at the top as before and one at the mid-
plane, is illustrated in Fig. 2-26. The constraints on 
the fall are the same as for the single-fall case, with 
the actual positions of minimum effective thickness 
used to determine the required inlet thicknesses. As 
before, the inlet thickness (now equal to the sum of 
ARioandAR2o)must be less than 1/2 R w . 

The fraction of the gross power required to recir
culate the double fall is shown in Fig. 2-27. Note 
particularly the substantia! reduction in pumping 
power for the larger chambers at 2 Hz (5% com
pared to 14% for the 10-m-radius chamber). The ad
vantages of reduced velocity and static heads have 
been offset by larger flow area requirements for the 
smaller chambers at a repetition rate of 1 Hz. 

Note that the double-fall geometry is not by any 
means optimal. It is presented only to illustrate the 
possible advantages of multiple falls. Also note that 
these theoretical pumping power calculations do 
not include the efficiency of the pump or drive 
motor. These factors will depend on the specific 
design, but for large axial flow pumps the combined 
efficiency could be about 80%. 3 0 

The flow rate required to maintain the lithium fall 
is plotted in Fig. 2-28. These rates are for the single-
fall geometry and are based on the velocity and inlet 
flow area determined from the model and con
straints (Fig. 2-21) previously discussed. A flow rate 
of about 110 m 3 / s >s required for a 4-m-radius 
reference design that operates at 1.4 pulses per 
second. Large-fiow-rate liquid metal pumps have 
been designed. Some typical parameters of a specific 
design supplied to us by the Liquid Metal Engineer
ing Center are listed in Table 2-6 . 3 0 The basic stage 
of this design develops a 30-ft head; if higher heads 
are required several stages may be used in series. At 
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110 m 3 /s , the reference reactor would require seven 
of these large pumps operating at 13.8 m 3 / s 
(250,000 gpm) each. 

The lithium flow rate to the heat exchangers is 
only a fraction of the flow rate required to recir
culate and maintain the fall. For a given tem
perature drop in the heat exchanger, the primary 
coolant flow rate is directly proportional to the rate 
at which energy must be removed from the reactor 
vessel: 

* • t S f k g / s • 
where 

P = reactor power, MW(h 

Cp = specific heat capacity, MI/kg-°C 

AT = temperature drop at heat exchanger, °C 

2 H , " 2 R w 

If K 

Pumping power a (1/2 V „ 2 + g H,) p V „ A „ 

Constraints: 

• Fall clearing ratio of at least unity 
R^V r jT + VZBT 2 

where 1/r = repetition rate 
• Minimum effective fall thickness 

of at least 60 cm 
AR,„ >60cm 
AR, 
cos 8. > 60 cm 

• Total inlet thickness less than 
1/2 Rw 

A R l 0 + A R 2 0 < 1 / 2 R w 

Fig. 2-26. Recirculation pumping power calculation— 
double fall. The equivaleal height is H,, considering the 
multiple falls. 

The required lithium flow rate to the heat ex
changers is plotted in Fig. 2-29 for an assumed AT 
of 200°C. Since the total reactor thermal power, P, 
is proportional to the neutron wall loading, L, it 
follows from the previous equation that the coolant 
flow rate is also proportional to L. For a system 
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Table 2-6. Typical pump puramt.'crs of a specific 
reactor design. 

Typical 
pump parameters Unit 

Specific speed S N = 8000 
Suction head NPSII = 37 ft 
Flow rate 0 = 250,0(10 gpm 

'Developed head H = 50 fl 

Per 
Stage •" 

Brake horsepower 

Pump and drive 
weight 

P = 2IO0 hp 
(p = 0.49 g/cm3) 

W = 75 tons 
VPump length L = 8 ft 

Pump diameter D = 9 ft 
Shaft speed S = 260 rpm 

operating at other than 1 MW/n 2 , the values in 
Fig. 2-29 must be multiplied by the appropriate 
value of L. Thus, our reference 4-m-radius system 
operating at 4 M W / m 2 (1160 MW t h) requires a 
primary circuit (low rate of 2.8 M 3 / s ; this is less 
than 3% of the flow rate required to recirculate the 
fall. 

As previously noted, a single microexplosion 
causes only a small temperature change in the 
lithium in the vacuum chamber (assuming complete 
mixing). From the fall flow conditions and reactor 
dimensions, the anount of lithium in the chamber 
at the time of thu microexplosion can be deter
mined. For most cases, it is equal to the mass flow 
rate divided by the pulse repetition rate. The 
reference reactor design at about 110 m 3 / s a n d 1.4 
pulses per second contains about 40 metric tons of 
lithium at the time of the microexplosion. The 700-
MJ pulse deposits the majority of its energy in the 
fall (see Fig. 2-17) but only raises the temperature 

4°C. Of course the reason this is so much less than 
the 200°C XT at the heat exchanger is that the flow 
rate of the fall is about 40 times greater than the 
primary coolant flow rate for this particular case. 

Areas of Future Investigation. This initial evalua
tion of the liquid lithium waterfall concept has been 
encouraging. The protection afforded by the thick 
fluid curtain of lithium will allow first wall and 
blanket structures to retain their integrity for the life 
of the plant. In addition, constraints on vacuum 
conditions, tritium breeding, and energy removal 
are easily met. Analysis of the liquid lithium water
fall concept is continuing; some aspects currently 
being investigated include: 

• The hydrodynamic response of the fall to x-
ray, debris, and neutron energy deposition. 

• The formation and stability of free surface an
nular flow. 

• The compatibility of various metals with 
lithium and Pb-Li alloys. 
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• Methods of recovering tritium from the fluid 
stream. 

• Neutron activation analysis. 

Preliminary Conceptual Design 
of a Liquid Lithium Waterfall Reactor 

To evaluate the performance of the liquid lithium 
waterfall reactor concept in the context of a power 
plant, a preliminary conceptual design study of a 
laser fusion power plant (Fig. 2-30) that incor
porates this reactor concept has been completed. 
The characteristics of this conceptual power plant 
arc presented in Table 2-7. Energy processing begins 
with the input of electrical power from the 
switchyard to the laser system. The laser system re
quires 70 MW of input electrical power to produce 
coherent tight energy wilh an overall efficiency of 
2%. The light energy interacts wilh the deuterium-
tritium fuel in the reactor to produce thermal energy 
with a gain of Q = 700. Specifically, fusion targets 
producing 700 MJ of thermonuclear energy are 
ignited by a l-MJ laser at the rate of 1.4 pulses per 

second. The fusion neutron energy, accounting for 
approximately 68% of the total yield, is multiplied 
by 1.24 in the lithium blanket, resulting in a power 
plant with a single-chamber thermal power output 
of 1160 MW. The thermal energy is converted to 
electrical energy at 38% efficiency. The laser waste 
heat is discharged at an average temperature of 
3S0°C. As a result, this waste heal can be converted 
to electrical energy with an overall efficiency of ap
proximately 25%. Of the total 460 MW t produced, 
80 MW of electrical power is recirculated for plant 
operation (laser and lithium flow). This results in a 
power plant with a net electrical production of 380 
MW, and an overall system efficiency of 31%. 

A significant feature of the plant layout shown in 
Fig. 2-30 is that the laser system is not housed in Ihe 
reactor containment building. Several advantages 
result from separating the large volume laser system 
from the reactor. First, building costs and construc
tion time are substantially reduced; second, access 
to the laser system for maintenance and operation is 
increased; finally, it becomes easier to isolate the 
final optics from vibrational disturbances. 

Fig. 2 - 3 0 . Conceptual layout of a laser fusion power plant. 
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Table 2-7. Characteristics of a conceptual power 
plant. 

aF1ux on a dry wall at 4 m radius from a 14 MeV source 
that includes 80% of the IO0O MW fusion power. 

The laser light is transported to the reactor via 
evacuated pipes. The final focusing mirrors are 
located at the turning point of the beam tubes in a 
direct pathway to the thermonuclear microexplo-
sion. As a result, these mirrors will be exposed to 
the x rays, debris, and neutrons from the fusion 
reaction. Therefore, they have been placed far 
enough away from the microexplosion (~ 100 m) to 
reduce the damage rales by two orders of 
magnitude, thus assuring their survival. Optical 
components such as spatial filters prevent radiation 
leakage from entering the laser building via the laser 
beam paths. 

In conclusion, a preliminary conceptual design of 
a laser fusion power plant based on advanced high-
gain targets has been completed. A parametric 
analysis of this system was conducted to reveal at
tractive design points and to show the sensitivity of 
the design to uncertainties in both the physics and 
technology. Although still highly conceptual, this 
power plant design has provided preliminary un
derstanding of the integrated engineering require
ments and potential problems. We are encouraged 
by the fact that no major problems were found for 
which there are not reasonable conceptual solu
tions. 

On the basis of the encouraging results of this 
study, a more definitive conceptual design study will 
be carried out during the coming year. The liquid 
lithium waterfall reactor will be coupled with one of 
the more promising laboratory stage lasers, and the 
major power plant components (reactor, laser, 
lithium system, and optical transport system) will be 
analyzed in detail. The plant layout and costing of 
the design will also be included. Because we want to 
take advantage of the relevant expertise and 
developed technology in the nuclear fission in
dustry, we intend to engage a reactor vendor and a 
power plant architect-engineer to assist us with the 
reactor design, plant layout, and costing portions of 
the conceptual design. 

Overall Performance 

Thermal power 
Pusiofl tftermal power 
Gross electrical power 
Net electrical power 
Thermal efficiency 
Recirculating power fraction 
System efficiency 

1160 MW, 
1000 MWf 

460 MWe 

380 MW, 
38% 
17% 
31% 

Laaer and Pellet Parameters 

Total laaer energy I MJ 
Pulse repetition rate 1.4 Hz 
Total laser power 1.4 MW 
Pellet gun (Q) 700 
Pellet yield 700 
Laser system efficiency (T I L I 2% 
Number of laser modules 10 
Number of two-beam transport tubes 4 

Reactor Parameters 

Geometiy Cylindrical 

Inner radius 4 m 

Height 8 m 
Lithium fall thickness 0.6 m 
Equivalent structural wall flux3 4.0 MW/m a 

Tritium breeding ratio 1.7 
Blanket energy mullipficaiion 1.24 
Reactor materials 

Structure Stainless steel 
Cool an| Lithium 
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3. A CONCEPTUAL DESIGN STUDY 
FOR A LASER-FUSION HYBRID 

Neutronic results assessing the potential of a 
laser-driven fusion-fission hybrid reactor have been 
previously published '-2 and are presented in the ex
ecutive summary. However, more accurate assess
ments are needed, as well as a definitive ranking of 
the more promising concepts. This requires studies 
dealing with engineering, safety, and economic 
issues, as well as ncutronic results. With this in 
mind, we undertook a conceptual design study of a 
laser-fusion hybrid in cooperation with Bechtcl 
Corporation. The study was to provide enough 
design detail to realistically gauge the value of a 
laser-fusion hybrid in a power-generation economy 
based on fission reactors. The joint effort began in 
July 1975. This chapter describes and analyzes the 
laser-fusion hybrid design which has evolved. 

The hybrid concept chosen for this study is a 
deplclcd-uranium-fuelcd, fast-fission blanket that 
produces fissile plutonium and electricity. It 
emphasizes fissile-material generation by maximiz
ing fuel production at the expense of energy produc
tion. Selection of this blanket material was based on 
reported ncutronic results ''2 that indicated it could 
provide enough fissile fuel to extend LWR energy 
production as much as two orders or magnitude. 

A comparative analysis' of the nculronic proper
ties of several hybrid concepts has shown that 
depicted-uranium, fust-fission blankets produce 
large amounts of fissile fuel (per unit of thermal 
energy) with low laser-efficiency and target-gain re
quirements. The dcpleted-uranium blanket selected 
for our conceptual design produces enough fissile 
material to continuously fuel more than six LWRs 
of equivalent thermal power. Thorium-fueled 
hybrids produce more fissile fuel per unit of thermal 
energy, but have a lower energy-multiplying 
capability and require a higher performance (more 
costly) laser-fusion system. Blanket concepts exist 
with higher energy-multiplication capabilities than 
depicted-uranium blankets, but they enhance 
energy multiplication at the expense of fissile 
production. 

Light-water reactors will be the major, and most 
likely the only, source of commercial, nuclear elec
tric power this century. Their growth will strongly 
depend on the supply of fissile fuel. By converting 
the 2 M U in natural uranium to fissile plutonium, 
the hybrid could extend the fissile-fuel supply for 
the economical LWRs. Past breeder reactors also 
offer the prospect of more fully utilizing the 
uranium resources, but they will not provide fissil*; 
fuel for LWRs. Excess material from a fast breeder 

reactor is best used to fuel another fast breeder reac
tor. Therefore, the growth of fast breeder reactors 
will depend entirely on their economic com-
pctiveness with other power plants. 

The Laser-Fusion-Hybrid 
Power-Plant Design 

In the joint laser-fusion, hybrid-design study, 
I I I provided the overall direction, the ncutronics 
data, and the fusion portions of the design. Bechtcl 
Corporation provided the fission portion of the 
hybrid, the design of the thermal-energy transport 
and conversion system, the tritium-recovery system, 
and the layout of the complete power plant. They 
also analyzed the fuel cycle, the capital involved, 
and the operating costs. Bcchtel's contribution to 
the laser-fusion hybrid design is fully documented in 
their final report. -1 

The four major objectives in the design study 
were: 

• Identity the laser and pellet performance 
levels required to economically produce fissile fuel 
and power with a hybrid. 

• Evaluate the integrated engineering perfor
mance of a complete conceptual design. 

• Compare a laser-fusion hybrid to existing 
fission-breeder options (LMFBR, GCI-BR, 
LWBR). 

• Identify major technological problems 
associated with a laser-fusion hybrid. 

These objectives defined the level of design detail 
and costing analysis for the study. 

In addition, a few philosophical points of view 
significantly affected our design choices. First, we 
wanted to operate the laser-fusion hybrid in a 
regime that, compared to pure fusion, required an 
order-of-magnitude lower laser/pellet performance, 
i.e., fusion energy gains in the neighborhood of 1.0. 
This meant the blanket energy multiplication had to 
be about 10.0. Second, we wanted to use state-of-
the-art fission technology in the design of the hybrid 
blanket. In keeping with this principle, we chose 
stainless steel as the structural and cladding 
material instead of higher performing refractory 
metals. Finally, we believed that a hybrid reactor 
which produces fissile fuel should be designed with 
the same safety standards and environmental im
pact as the fissile burning reactors for which it is 
providing fuel. Only a negligible improvement in 
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the overall environmental impact results from mak
ing the hybrid environmentally more attractive than 
the more numerous LWR's. 

Hybrid Reactor Design 
The functional shape of the laser-fusion hybrid 

chosen for final evaluation is shown in Fig. 3-1. In 
its simplest form it is a cylinder with a heighl-to-
diameter ratio of 1.0. The center of the fusion cham
ber is the focal point for a six-beam, 100-kJ laser 
system which irradiates the fusion target from the 
lop and bottom of the cylinder. 

The basic features of the hybrid reactor arc dis
played in Fig. 3-2. A deplelcd-uranium-fuelcd, fast-
fission blanket radially surrounds the fusion cham
ber. The energy in the fission zone (amounting to 
90% of the total energy) is removed with a sodium 
coolant system. The liquid sodium flows from the 
lower plenum to the upper plenum through hex
agonal process tubes. 

Lithium-cooled, graphite-moderated blankets are 
positioned in the top and bottom of the reactor and 
behind Ihc fission zone. These lithium blankets cap-
lure neutrons and breed tritium. The laser beams 
and pellet injectors penetrate the top and bottom 
blankets leaving the radial fission blanket unencum
bered. We had originally intended to also use fission 
blankets in the lop and bottom regions, but main
taining coolant flow while removing the top blanket 
for access to the fusion chamber would have been 
difficult. In addition, this would have required an 
unconventional fission blanket design, which was 
not in keeping with our desire to use state-of-the-art 
technology. Our decision resulted in a 30% reduc
tion in both fissile fuel and energy production. 

As shown in Fig. 3-3, the entire blanket system is 
enclosed in a spherical stainless-steel vacuum vessel 
with a removable lop. The final focusing mirrors are 
placed in beam tubes outside the vacuum vessel to 
minimize damage caused by the fusion microexplo-
sion and to allow replacement. 

Fission-Blanket Design 
An expanded side view and top view of the radial 

fission blanket are shown in Figs. 3-4 and 3-5. The 
fission zone consists of two rows of hexagonal 
process tubes that contain the depleted uranium as 
stainless-steel-clad fuel pins. The process tubes in 
the inner row are protected from the fusion 
microexplosion by a siainless-steel-supportcd 
graphite liner. 

Our neutronic calculations indicate that energy 
multiplication and fissile-fuel production arc max
imized by using uranium-metal as fuel instead of ox
ides or carbides and by maximizing the ratio of 

Fig. 3 - 1 . tile Kcomclry used In Ihc LM./lkchtel laser-fusion 
hybrid. 

uranium volume to .structural material. Increasing 
the residence time of the fuel also increases the 
average energy multiplication since more energy is 
produced as plutonium accumulates and fissions in 
the blanket. 

Fast-neutron damage may limit the useful life of 
stainless steel and other structural metals in a fusion 
reactor. A common design criteria for both laser 
and magnetic-fusion reactors is a first-wall neutron-
flux limitation of I MW/m 2 and an expected 
lifetime of less than five full-power years. Neutronic 
calculations at a first-wall loading of 1 MW/m 2 

show a maximum power density in a depletcd-
uranium blanket of about S W/g or about ISO 
W/cm ' of uranium metal. The average power den
sity in a blanket is less than 4 W/g. Five full-power 
years of blanket operation would result in an 
average burnup of less than 7,000 MWD/tonne of 
uranium. This low rale of burnup favors the choice 
of metallic fuel. 

The low power density and burnup capabilities of 
a depletcd-uranium (or a natural-uranium) blanket 
demand more care in minimizing fuel-cycle costs, 
including fabrication cost. Thus, large fuel rods are 
favored over small rods, and long fuel elements 
have some advantage over short elements. 
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Fig. 3 - 2 . Sidv vk-wfirttciiniTptuMllascr-rusionhyhrid. 

The basic configuration of a laser-fusion reac
tor—a vacuum chamber with laser beams converg
ing from several angles—introduces difficulties in 
the mechanical design or the blanket. If a thick 
pressure-vessel wall is introduced between the 
blanket and the fusion core, neutronic performance 
is severely reduced. The Tuel clement must therefore 
operate and be cooled within a surrounding 
vacuum. Thin process lubes and low-pressure 
coolants seem to be the most reasonable design ap
proach, but coolant leaks and process-tube 
reliability will always be potential problems. We ex
pect that the melting of the fuel after loss of coolant 
will be the most serious safety issue with the hybrid. 

Selection uf u Fuel Material 

Our goal was to design a system that would max
imize neutron energy multiplication, minimi/.e fuel-
cycle cosls. and be licensed by the Nuclear 
Regulatory Commission. This goal led to selection 
of uranium-metal fuel elements with sodium as the 
coolant. l.MITiR technology and balance-of-plant 
design concepts were used as much as possible. The 
selected fuel clement is a 19-rod cluster similar to 
those developed during the early 1960s for use in 
sodium-graphite reactors (SOR). l-'uel rods 18 feel 
long were developed at that time. However, because 
of their flexibility and tendency to buckle if not kept 
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vertical, they required extra care in handling. 
Adapting this experience to a blanket design with 
larger diameter fuel rods and a thicker cladding, we 
decided to use 7-m (2.1-ft)-long fuel rods and assem
blies; this determined the height of the fusion-
reactor core. A three dimensional view of a fuel 
assembly is shown in I'ig. 3-6. 

Uranium metal, uranium with 7-wt% molyb
denum alloy (U-7 Mo), and uranium carbide (UC) 
were all considered as fuel materials for the sodium-
cooled blanket, and all are satisfactory. The fuel ele
ment chosen can accept 30-mm-diameter fuel slugs 
o f each o f these materials interchangeably. The U-7 
M o fuel should be capable of burnups to 20,000 
M WI ) / lonne of uranium at maximum center tem
peratures of 650°C. This burnup would require at 
least eight full-power years, a period the cladding 
probably could not tolerate. The U-7 M o alloy was 
the reference fuel for the Duunrcay last reactor and 
performed satisfactorily at the conditions noted. 
This alloy has energy multiplication and plulonium-
production rates that are reduced, compared to 
those o f uranium metal; it is also more expensive to 
fabricate and reprocess. Uranium carbide fuel 
w o u l d be capab le o f more than 100.000 

Tritium breeding region 

Lithium-v 
supply y 

Graphite moderator Hexagonal fuel 
elements 

Fig. 3 -4 . Side view 
fusion hybrid reactor. 

of a fission blanket in the laser- Fig. 3 -S. Top view of a fission blanket in (he laser-
fusion hybrid reactor. 
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Upper grid structure 

19-rod duller of wire-
wrapped stainless steel 

Fig. 3 - 6 . Futl • •d process lube configuration. 

M WD/tonne of uranium burnup at maximum tem
peratures of l,000°C (with a sodium bond), if the 
cladding were adequately strong. However, its 
energy multiplication is 30% less than uranium 
metal. In the low-power-density configuration of 
the chosen blanket, the higher burnup capabilities 
of U-7 Mo and UC cannot be used effectively. If 
higher power densities were possible (by using first-
wall (luxes of 3 to 4 MW/m 2 or fissile-enriched 
uranium fuel), or if gas cooling were used, UC 
would probably have been chosen. 

Uranium metal, adjusted with minor alloying ad
ditions to control swelling, was chosen as the fuel 
material for several reasons; its multiplication and 
breeding performance were superior, and its burnup 
capability was judged to be adequate and a good fit 
to the blanket's low-power density. Finally, it was 
cheaper to fabricate and reprocess. 

Pure uranium metal begins to swell disastrously 
at temperatures greater than 400°C and burnups 
greater than 1,000 MWD/tonne of uranium (about 
0.1 atom percent fissions). The British development 
of adjusted uranium metal as a fuel for their gas-
cooled Magnox reactors during the early 1960s 
demonstrated that additions of 800 to 1,000 ppm 
Al, 350 to 500 ppm Fe, and approximately 500 ppm 
carbon could control this swelling and allow burn
ups of 5,000 to 6,500 MWD/tonne of uranium at 

temperatures of 600°C. Extensive development of 
similar alloys using Al, Fe, 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 burnup of 6,000 MWD/tonne of 
uranium were chosen as a design basis for the 
blanket. A volume increase (swelling) of 4% is ex
pected at this burnup. However, a volume increase 
of8 to 10% is easily tolerated by the sodium-bonded 
fuel rod. A maximum burnup of 6,000 lo 6,500 
MWD/lonne of uranium is probably a reasonable 
expectation for this fuel. Sodium bonding of the 
cladding to the fuel rod was chosen over contact 
bonding to accommodate fuel swelling without 
straining the cladding; with sodium bonding, a thin
ner cladding corld be used. 

Lithium-Cooled Kadial Blanket 

The lithium-cooled radial blanket located behind 
the fission blanket extends from the top lo the bot
tom of the sodium plenums. The blanket consists of 
a cylindrical stainless-steel container 62 cm wide 
and 750 cm high. On the inside of the blanket there 
is first a 2-cm-thick stainless-steel inner wall, thei. 6 
cm of lithium, 50 cm of stainless-steel-clad graphite, 
2 cm of lithium, and finally, a 2-cm-thick stainless-
steel outer wall. The lithium, which is enriched to 
50% Li f l, enters the reactor from an inlet header 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. 

Top and Bottom Blankets 

The top and bottom blankets are cylindrical, cur
ved pancake-shaped plenums. The shell is 2 cm 
thick, and from the inside, each blanket is con
structed with 2 cm of stainless-steel, 10 cm of 
beryllium, 70 cm of graphite, 10 cm of lithium, and 
the 2-cm stainless-steel outer shell. The blankets are 
located 350 cm [torn the center of the reactor. The 
use of beryllium in these blankets provides a 
tritium-breeding ratio of 1.5. This allows the radial 
blanket to operate with a tritium-breeding ratio of 
0.95 and still maintain an OVCRII tritium breeding 
ratio of 1.1. Reducing the tritium-breeding require
ments in the radial blanket makes it possible to use 
a thicker fission zone, thereby increasing the fissile 
fuel-production capability of the reactor. 

Final Laser Optical System 

Six horizontal laser beams enter the reactor 
through a double-mirror system located outside the 
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reactor. The laser light is focused on the fusion 
target by six metal mirrors, three each at the lop and 
bottom of the reactor; radiation shields are 
provided for each beam. The focal length of the 
mirrors is 12 m, and the final mirror is designed to 
accommodate a beam diameter of 1.2 m and a max-
mum energy flux of i ,5 J/cm 2 . 

To be good reflecting and focusing elements, 
mirrors must be smooth to approximately one-
fourlh of the wavelength of the laser light impinging 
on them. Highly polished metal surfaces are suscep
tible to all types of radiation damage, and we arc 
currently investigating the effects of the neutrons, x 
rays, and energetic debris from the fusion microex-
plosion. The damage caused by this loading has 
been lessened somewhat by placing the mirror at a 
point where the radiation fluxes emanating from the 
fusion target are more than an order of magnitude 
lower than the first-wall fluxes. An additional 
problem uncovered by our preliminary optical 
studies involves damage to the mirrors from the 
laser light as debris from the fusion chamber ac
cumulates on the mirror surface. A mechanism for 
removing the debris between shots must be devised. 

Removing and replacing mirrors will be expen
sive because of the handling required. Replacing the 
mirrors at the bottom of the reactor will be difficult 
without special equipment. The lifetime of the 
mirrors will determine whether it is necessary to use 
special designs such as rotating mirrors, gas win
dows, magnetic-field directors, and special remote 
handling for replacing mirrors. We have not con
sidered optical-system design here, except for layout 
and basic laser-system functional purposes sur
rounding the reactor. 

Pellet Apparatus 
The pellets of DT must be injected into the reac

tor at a nominal 20 time;, a second and must reach 
an exact location without error. The apparatus must 
be insulated from the reactor (if frozen pellets arc 
used) and must remain correctly aligned with the 
laser beams during the expansion of the reactor 
earned by internal heat load. The apparatus is also 
subject to thermonuclear blast and the nominal 
reactor vacuum of 0.1 Torr. No apparatus is 
available today that fulfills these requirements. 

First-Wall Considerations 
The technological and economic feasibility of the 

laser-fusion hybrid are critically dependent on the 
design and performance of the first wall because its 
radius and lifetime determine both the size of the 
reactor for a given output power and the availability 

of the power plant. We have calculated the 
radiation-exposure capabilities of several first-wall 
materials and have chosen a 2-cm-thick graphite 
liner supported by stainless-steel and cooled with 
lithium. The graphite first wall is designed for an 
operational lifetime of one year with a neutron wall 
loading of 1 M W/m 2 and a repetition rate of 20 Hz. 
The nominal charged-particle loading is then 0.25 
MW/m 2 or 12.5 kJ /m 2 per pulse. The charged-
particle energy is carried in the form of pellet debris 
and alpha particles that escape the pellet. 

We have calculated the temperature rises, the 
stresses, and the amount of material vaporized by 
the interaction of x rays, charged particles, and 
reflected light with the first-wall material. The 
analytical methods used for these estimations are 
presented in Refs. 4 and 5. The rate and depth of 
energy deposition in the first wall from the 
thermonuclear-burn products and the reflected laser 
light is dependent on several parameters including: 

• laser wavelength. 
• Laser energy and power. 
• Thermonuclear yield. 
• Pellet mass and composition. 
• <>as pressure in the fusion cavity. 
• I'irst-wall composition and configuration. 
A computer code called I.ASNEiX has been 

developed at I.I.I, to explore this complex 
parameter space.'' l.ASN|;x is a Lagrangian 
hydrodynamic code that incorporates the principal 
physical processes occurring in laser-produced 
plasmas; it also computes the time evolution of the 
basic physical characteristics of the plasma. By us
ing I.ASNIIX, it is possible to calculate the 
transport aid interaction of laser photons, elec
trons, ions, x rays, and fusion-reaction products, as 
well as the induced magnetic and electric fields and 
the hydrodynamic behavior of the pellet. 

We selected a laser target that I.ASNliX predicts 
will yield 10 Ml of thermonuclear energy from an 
implosion caused by a few hundred kilojoules of 1-
jim laser light. One percent of the fusion energy is 
released in the form of x rays, 23% in charged parti
cles, and 76% in 14-MeV neutrons. The energy spec
tra and pulse widths occurring at the first wall teve 
been determined by continuing the LASNKX 
calculation long enough for the x rays and charged 
particles to interact with the cavity gas at 0.1 Torr. 
The resulting spectra and pulse widths were then in
put into the first-wall calculations. The resul s in
dicated that thermal ablation of a graphite cjrtain 
3.5 m from the microexplosion will result in a 
surface-recession of less than 1 cm/yr. Spallation of 
the graphite by temperature-induced stresses has 
also been considered in these first-wall cab Jlations. 
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Another factor limiting first-wail lifetime will be 
erosion by the formation of" Hydrocarbons. For a 
D T target with 5% burn, the graphite will erode at a 
rate less than I cm/yr, assuming that all the 
hydrogen reacts with the curtain to form acetylene. 

The graphite curtain must be flexible enough to 
withstand the thermal stress caused by reflected 
light and x-ray loadings, as well aschargcd-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 u one-layer, two-dimensional 
weave that is continuously replaceable as it erodes. 

In summary, the first wall is assumed to be a 2-
cm-thick graphite curtain supported on a stainless-
steel backing. The design of a cooling system for 
this structure is not included, and (he structural 
design for sufficient flexibility has not been con
sidered in detail. 

Analysis of (he Design 

System Performance 
The overall performance and the more significant 

design parameters of the laser-fusion hybrid are 
summarized in Table 3-1. A thermal output of 

Table 3-1. Laser fusion hybrid design purainelers. 

System performance 

Thermal power, MW. 1400 
I'uiion thermal power, MW 200 
Groin electrical power, MW 535 
Net electrical power, MW, 400 
Recirculating power fraction 0.25 
Syilcm efficiency, % 0.29 
Avenge blankot cneigy mujlipjicafion H.7 
Net ptutonium production, kg/yr 1300 
Total tritium production, kg/yr 8.0 
Laser energy, <KJ) 100 
Laser ayilcm efficiency, % 2.0 
Power supply energy, MJ S.O 
Pulse repetition rale, s - 1 20 
Pellet gain, Q 100 
Fusion energy gain 2.0 

Optical transport system 

Number of beama 6 
Maximum energy flux, J/cm 2 I.S 
Beam diameter, m 1.2 
Focal length of final mirrors, m 12.0 

1400 M W was chosen to emphasize that a laser-
fusion-driven hybrid could operate as a relatively 
small power unit. The fusion targets arc irradiated 
by a 6-beam, 100 kJ, 20-Hz laser with an overall ef
ficiency of 2%. The fusion-energy gain (i.e., the 
product of laser-system efficiency and pellet gain) 
for this reactor is 2.0. This results in a plant recir
culating power fraction of 25%, and a net system ef
ficiency of 29%. If the fusion-energy gain were in
creased to 4.0, the recirculating power would 
decrease to 16% and the net system efficiency would 
increase to 32%. 

The performance and the design parameters 
presented in Table 3-1 can be placed in perspective 
by comparing the laser-fusion hybrid to a typical 
fast breeder reactor. This comparison is shown in 
Table 3-2 where both systems have been normalized 
to a thermal output power of 2500 M W the fast 
breeder reactor used in this comparison is an 
I . M I H K with a breeding ratio of 1.2. As shown, the 
laser-fusion hybrid generates 30% less electrical 
power because its driving laser requires l'J% of the 
gross power. This inferior performance in power 
generation results from design choices thai were in
fluenced by our desire to emphusi/.c fissile-fuel 
production at the expense of energy multiplication. 
'The advantages of the laser-fusion hybrid over the 
I M l UK are readily apparent from Tabic 3-2. 
Specifically, the hybrid produces 10 times more 
fissile material, requires no initial fissile-fuel 
loading, and operates at one-tenth the power den
sity. Because there is no initial fissile inventory, it is 
possible to operate the hybrid in a regime where 
both criticality accidents and core disruptive acci
dents are impossible. Moreover, control rods are 
not required. 'The lower power densities make it 
possible to design a hybrid blanket that provides 
much more time to recover from a loss-of-coolant 

Tabic 3-2. Comparison of laser-fiisiwn-liybrid and 
fjssitm-brccdcr performance. 

Fission 
Hybrid breeder 

Thermal power, MW 2500 2500 
Met electrical power, MW. 725 1000 
System efficiency 0.29 0.40 
Net fissile production, kg/yr 2300 260 
Fissile fuel loading 0.0 2500 
Maximum power density in 

fuel, W/cm 3 150 1500 
Average power density, W/cm 3 30 ~300 

The fission breeder used in this comparison is an LMM1K 
Willi a breeding ratio of 1.2. 
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accident. In fact, it is technologically feasible, and 
perhaps economically feasible, to design a hybrid 
blanket that passively copes with a loss-of-coolanl 
accident. 

Economic Analysis 
Uechlel's preliminary cost analysis of the 1400-

MW, laser-fusion hybrid design revealed that some 
of the design choices had severe economic penalties. 
A survey of the high-cost items indicated that the 
reactor-containment structure and several of the 
other buildings were much loo large for the nominal 
output power of 400 MWC. In addition, (here were 
scvcraC other fiafance-o/-pfaii( (reins whose costs 
were relatively independent of output power, 
thereby implying that a larger plant output power 
would be more economical. These results agree with 
scaling factors for other nuclear-power reactors that 
show an electrical-power plant is more economical 
in the I200-MWC range and, where possible, in twin 
units. 

These results led us to perform a more detailed 
cost analysis on a hybrid with a larger output 
power. We scaled our conceptual design to a gross 
power of 13(H) MWC and a net power of 950 MWe. 
This output was obtained from the original design 
by increasing the laser energy from 100 lo 200 kJ, 
increasing the average pulse repetition rate from 20 
to 25 11/., and increasing the inner radius of the 
blanket from 3.5 to 4.9 m. 

Capital and Operating Costs 
1 he capital cost of the laser-fusion hybrid reactor 

plant has been estimated from conceptual design 
and engineering information. A large portion of the 
power plant consists of conventional technology, 
such as thermal energy transfer, electrical genera-
lion, and cooling and auxiliary systems; therefore, 
cost estimates can be based on background ex
perience. Because the fusion reactor, the laser-
interface, and the fusion fuel cycle are conceptual, 
their costs have been estimated on a firsl-of-a-kind 
cost basis. The operating costs of the laser-fusion 
hybrid reactor are based upon Us nuclear fuel-cyck 
and equipment-replacement costs in addition lo 
capital charge rates and general operating and 
maintenance costs similar to those of I.M I l)l( reac
tors. 

Capital Costs. The results of the cost analysis are 
summarized in Table 3-3. The costs of the laser-
fusion hybrid are compared to cost estimates for a 
typical I.WU. All of the cost estimates have been 
made at first quarter, 1976, price and wage levels 
and no allowance has been made for future escala
tion. The Nuclear Steam Supply System (NSSS) 

category for the hybrid includes the reactor vessel 
with its internals, and the primary-coolant loop 
willi its associated pumps, motors, heat exchangers, 
and steam generators. Major items included in the 
"other mechanical" category arc the turbine 
generators, the vacuum system, the tritium system, 
and the cooling towers. Site improvements, the 
r;aclor-conlainmcnt structure, and all other 
buildings make up the "civil and structural" 
category. 

The indirect costs in Table 3-3 were estimated on 
the basis of a iiine-year construction of the I.WR 
and a 10.5-year construction of the more complex 
laser-fusion hybrid. Thus, the indirect costs for the 
hybrid account for a larger fraction of the total 
capital cost, field costs are the items in the con
struction cost which cannot be directly ascribed to 
the capital costs. They include temporary construc
tion facilities, supply and maintenance of construc
tion equipment and tools, field-office operation, 

Table 3-3. Capital and operating cost analysis. 

Laser-fusion 
I.WR, hybrid, 

Capital cost item (MSI 1200 Mttf, 950 MWe 

Nuclear Steam Supply 
System (NSSS) 78 268 

Other Mechanical Kit 201 
Civil anil Stritcluial 142 158 

Piping 77 105 
Instrumentation 9 i f 
Hcc tricot 43 72 

Total direct costs 450 815 

J;iel<l costs 79 171 
Engineering services 80 197 
Contingency 91 272 
Owners cost at 7% 56 116 
Interest (luring construction 

at 8% 197 487 
(9 yr) (10,5 yr) 

Total indirect costs 503 1243 

Total Cost 953 2058 

Cost per kW installed, S 794 2166 

Operating Cost Item, mills/kWh 

Capita 19.42 55.77 
I'Ucl 6.3 (-3.17) 
Operating and maintenance 1.5 2.40 

Total operating costs 27.22 55.00 
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and acceptance testing. The engineering services in
clude all engineering and home-office costs and fees. 
Included in the indirect cost is a contingency 
allowance for the uncertainty that exists within the 
conceptual design in quantity, pricing, or produc
tivity. 

The total capital cost of the laser-fusion hybrid is 
estimated to be $2,058 million. Thus, on a cost-per-
kilowatt installed basis, the hybrid is 2.7 limes more 
expensive than the LWR. It should be noted that 
this cost estimate does not include the laser system 
or the pellet-manufacturing facility. If $200 million 
are allowed for these omitted facilities the laser-
fusion hybrid would cost approximately three times 
more than a typical LWR. 

Operating Cost. The cost of electricity from the 
hybrid is 55 mills/kWh. This is approximately twice 
as much as the cost of electricity from the LWR. 
The capital portion of the operating cost is by far 
the dominant factor in the cost of electricity. It has 
been estimated for both reactors on the basis of a 
15% rate of return on the capital invested. The fuel-
cycle cost for the laser-fusion hybrid is negative 
because revenues are obtained from the sale of the 
plutonium it produces. The cost bases used to es
timate the fuel cycle cost for both the LWR and the 
hybrid are presented in Table 3-4. The fabrication 
cost for the hybrid is cheaper because the cladding 
material is stainless-steel and the cross-sectional 
area of the fuel pin is much larger. The spent-fuel 
shipping and reprocessing costs are less for the 
hybrid because it operates at lower average burnups 
(6,000 vs 33,000 MWD/tonne of uranium). 

The major issue concerning a laser-fusion hybrid 
is not how much it will cost, nor the price at which it 
can generate electricity, but rather the cost of elec
tricity when hybrids are providing fissile fuel for ex
isting burner reactors. In Pig. 3-7, the cost of elec
tricity has been plotted as a function of the cost of 
fissile fuel for hybrids with varying capital costs. 
These results indicate that the cost of electricity is 
quite insensitive to the capital cost of the laser-
fusion hybrid. Specifically, the cost of electricity in
creases by only 20 to 40% when the capital cost of 
the hybrid ranges from 2 to 3 times more than the 
LWR. 

Conclusions of the LLL/Bechtel Study 
The production of fissile fuel by a hybrid is a 

promising step in the development of fusion. This 
design study has shown that the addition of a 
depleted-uranium fission blanket to a laser-fusion 
system has several advantages: 

• The hybrid operates in a regime which re
quires an order of magnitude lower laser and pellet 
performance than a pure laser-fusion system. 

• First-wall requirements and I4-MeV-neutron 
damage are less severe in a laser-fusion system with 
a fission blanket. 

• The laser-fusion hybrid produces a large 
amount of fissile material—enough to fuel more 
than six LWRs of equivalent size. 

• When laser-fusion hybrids are producing fuel 
for existing reactors, the cost of electricity is insen
sitive to the capital cost of the hybrid. 

• The laser-fusion hybrid would extend the 
total energy available from economical LWRs by 
two orders of magnitude. 

The feasibility of the laser-fusion hybrid should 
be evaluated from three points of view: scientific, 
technological, and economic. The scientific 
feasibility of the laser-fusion hybrid is dependent on 
(1) achieving pellet gains in the neighborhood of 
100, and (2) developing suitable lasers with overall 
system efficiencies greater than 1%. 

The fission blanket surrounding the fusion cham
ber was designed with state-of-the-art fission 
technology to assess the technological feasibility of 

Table 3-4. Fuel cycle cost bases for pressurized-
water and boiling-water fission and a hybrid 
reactor. 

Uranium M0/lb U 3 O g 

Conversion $4.50/kgU 
Enrichment S100/SWU 
Fabrication $100/kgU<PWR) 

$ 80/kg U (BWR) 
Spent-fuel shipping S 20/kgU 
Reprocessing $22S/kgU 
Plutonium credit $34.25/gPuJPWR) 

S26.95/gP0fXBWR) 
70% plant capacity factor 
17.4% working capital charge rate 

Process Losses: Conversion 0.2% 
Fabrication 0.5% 
Reprocessing 0.5% 

Laser-Fusion Hybrid Reactor 

Fabrication S 30/kgU 
Spent-fuel shipping S 10/kgU 
Reprocessing S125/kgU 
Plutonium credit 530/gPu f 
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the laser-fusion hybrid. However, a definitive state
ment regarding the feasibility of fissile-fuel produc
tion with laser fusion cannot be made without 
further study. The laser and optical systems must be 
conceptually designed. The pellet manufacturing 
and injection systems need to be considered. A more 
detailed analysis of the first-wall design should be 
carried out. Finally, a safety analysis of the design is 
required, particularly of system failures which could 
result in a release of radioactive nuclides to the en
vironment. The most obvious release mechanism is 
the melting of the fuel in a loss-of-coolant accident. 

The economic analysis shows that the cost of elec
tricity in a hybrid-LWR scenario is insensitive to the 
capital cost of the hybrid. The laser-fusion reactor is 
estimated to be three times more expensive than an 
LWR, yet the cost of electricity will be only 40% 
more than the present price. Nevertheless, substan
tial economic gains would be realized if the laser-
fusion hybrid costs could be decreased to twice that 
of an LWR. Possibilities for reducing capital cost 
that should be explored in future studies include: 

• Replacement of the coolant and tritium-
breeding systems with helium cooling and a solid 
lithium blanket. 

• Investigation of fission blankets that enhance 
energy multiplication. 

• Consideration of blanket geometries that 
more efficiently utilize the point source from laser 
fusion. 

Alternate Approaches Permitting 
A Long-Term Fission Economy 

Fission reactors operating on a throwaway 
uranium fuel cycle will exhaust their supply of 
economically accessible fuel in less than 100 years. 
Therefore, to extend the useful life of this economic 
source of electricity, the throwaway uranium fuel 
cycle must be replaced. Until the recent shift in 
government policy, the United States has concen
trated on developing the LMFBR (which uses the 
Plutonium fuel cycle), and on reprocessing spent 
reactor fuel to allow recycling of unhurried 2 3 5 U 
and Pu through LWRs. The President has in
troduced a program calling for indefinite deferral of 
the reprocessing and recycling of plutonium and the 
acceleration of research into alternative nuclear fuel 
cycles. 

Athough the fast breeder reactor involves a full 
commitment to the plutonium fuel cycle, hybrids do 
not require any fissile enrichment. Therefore, they 
can use uranium and thorium resources without 
reprocessing. To date, we have not examined these 
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Fig. 3-7. Cost of fissile fuel and electricity from a hybrid. 
The intersection points of the curves deteimine the cost of 
electricity and fissile fuel in the hybrid-LWR senirio. For 
example, the cost of electricity increases by only 20 to 40% 
when the capital cost of the hybrid ranges from two to three 
times more than the LWR. 

nonreprocessing options in any detail because, in 
general, they exhibit a lower Fissile fuel production 
and result in more costly electricity than the 
reprocessing options. However, in light of the recent 
policy change, we briefly describe a few nonrecycl-
ing schemes for hybrids that appear plausible. 

The most straightforward approach is to use 
hybrids strictly as power producers with throwaway 
fuel cycles. These hybrid power plants could be 
fueled with thorium, depleted uranium, or spent 
fuel from LWRs; therefore, they could take advan
tage of the fusion energy multiplying characteristics 
of fuels that are abundant and cheap. Hybrid 
systems will be significantly more expensive than 
LWRs. Hence, power-producing hybrids without 
fissile fuel revenues can be expected to generate elec
tricity at substantially higher costs. 

Another nonreprocessing scheme involves the 
fissile enriching of depleted uranium fuel by irradia
tion in a hybrid for subsequent burnup in an LWR. 
The feasibility of this approach primarily rests with 
the development of high-burnup fuel elements that 
could operate in both the hybrid and LWR environ
ments. Alternatively, the enriched hybrid fuel could 
be declad, ground up, homogenized and compacted 
into LWR fuel pins. All of these operations would 
have to be conducted at high cost in shielded hot 
cells. Fissile fuel-producing hybrids utilizing either 
of these nonreprocessing schemes are expected to 
provide enough fissile material to fuel two LWRs of 
equivalent size. This represents a factor-of-three 
reduction in the fissile fueling capability that would 
be obtained with reprocessing. 
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The 2 3 3 U/thorium cycle with reprocessing of 
spent fuel has been proposed as a "less pro
liferating" nuclear fission option. If so, thorium-
fueled hybrids could advantageously produce 2 3 3 U 
for efficient-burning thermal fission reactors. In this 
approach, hybrids located in secure areas would 
supply fission burner reactors with 2iil> that has 
been denatured with 2 M U to one part in six. As a 
result, weapons-grade material will not be present in 
the fuel supplied to the burner reactors. Because 
plutonium will be produced in the thermal fission 
reactors, the spent fuel must be returned to secure 
areas where the plutonium can be extracted and 
either utilized or stored. On the other hand, Cohen, 
in a recent presentation at the Atomic Industrial 
Forum Fuel Cycle '77, pointed out that denatured 
uranium is only about 12 separative work units 
away from weapons-grade material and that a crude 
centrifuge plant costing about 4 million dollars 
could be used to produce enough fissile material for 
a weapon in less than six weeks. 
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4. ACTINIDE BURNING 
The neutrons from DT-fusion systems can change 

long-lived fission waste products (primarily ac-
tinides) to short-lived or stable isotopes. This 
method could serve as an alternative to geological 
storage of the long-lived radioactive wastes. Ac-
tinide half-lives are quite long, even in comparison 
to such geological phenomena as ice ages and earth
quake fault movement. Storage of long-lived wastes 
is difficult because these events can render a dis
posal area unacceptable. 

If fission waste products are allowed to decay 
naturally, actinides will comprise most of the 
radioactive hazard after 400 years. Thus, if the ac
tinides can be transmuted to stable isotopes, or 
fissioned into relatively short-lived products, 
storage time can be reduced substantially. 

Studies have investigated this process in a variety 
of reactor types, and we believe that the most effec
tive means of reducing the long-term radiotoxicity 
of actinides is depletion by fissioning the actinides. 
This is most effectively accomplished in an inertially 
confined fusion reactor. However, problems do ex
ist in this method, and perhaps the inertially con
fined fusion reactors can be put to better use. 

Several studies have investigated the possibility of 
recycling actinide wastes in thermal fission reac
tor;: ' and fast breeder reactors.2 These studies have 
shown that it is possible to burn actinides in fission 
reactors and that the process is more efficient in the 
harder neutron spectra of fast breeder reactors. 
Logically, fast-neutron-rich fusion systems could 
even more effectively serve the same role. 

Actinide Burning In Fusion Reactors 
Two studies of actinide burning in fusion reactors 

have been completed. Battelle Northwest Lab
oratory (BNWL) performed a study of actinide 
burning in a beryllium blanket with a first-wall fu
sion neutron flux of 10 MW/m2 and an irradiation 
time of 500 days.3 Battelle concluded that the first-
wall loading was an order of magnitude too small 
for effective transmutation in the moderated 
neutron spectrum of the beryllium blanket. 

Another study recently completed by the Fusion 
Power Division of Westinghouse (WFPS) in
vestigated actinide burning in a fast spectrum. 
Irradiation time in the conceptual study was 30 
years and first-wall fluxes were 1.15, 5, and 10 
MW/m 2 in a Tokamak configuration.4 The WFPS 
reactor blanket produces 13,000 MW, of power. For 
a neutron flux of 1.15 MW/m 2, the hazard index 

initially decreased. At 10- years, however, it in
creased back to the natural decay level as shown in 
Fig. 4-1. These results matched those of the BNWL 
study. For the largest neutron first-wall llux, 10 
MW/m 2 , the hazard index was reduced by three or
ders of magnitude in 100 years (Fig. 4-2). 

WFPS Study4 

The EPRI-sponiored Westinghouse study was 
based on a beam-driven Tokamak fusion-fission 
hybrid reactor used for actinide depiction. Intended 
for mid-to-late I980's technology, this reactor 
provides a fusion ncutn-n wall loading of approx
imately 1 MW/m 2 corresponding to approximately 
10 1 4 r./cm 2-s in the 14-MeV energy range. The fis
sion blanket is fueled with residual actinides con
tained in the high-level waste from the LWR-U cy
cle. This fuel is primarily comprised of 2 3 7Np, 

2 4 lAm, and 2 4 3Am which represent almost 90% of 
the residual actinides and are the principal con
tributors to the very long-term radioactive hazards 
in LWR waste. These residual actinides are the only 
fissionable material contained in the helium-cooled 
blanket, but they provide sufficient neutron mul
tiplication for neutron fluxes in the range of 10 ' 5 

n/cm 2-s. 
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Fig. 4 - 2 . The effect of irradiation with a 10 M W / m 2 fusion 
'neutron wall loading on (he long-term ingestion h~=s^ potential of 
I.WR actinides following 30 ^ears of irradiation in the actinide 
burner. 

Several radiotoxic hazard indices have been com
monly used in connection with nuclear-safety and 
nuclear-health analyses, These are the ingestion-
hazard index, the inhalation-hazard index, and the 
radiation-dose rate. Early studies on nuclear-waste 
management problems have generally used the in
gestion hazard as the index for evaluating relative 
toxicities, primarily because ingestion is the most 
relevant long-term hazard. However, the absolute 
magnitude of the ingestjon-hazard index has little 
practical meaning when taken out of the context of 
specific safety analyses that involve waste-release 
mechanisms. Computation of the absolute value of 
the ingestion hazard becomes somewhat 
meaningless. Therefore a relative index was 
developed for use in the actinide-burner study. This 
index consists of the ratio of the ingestion hazard of a 
given amount of high-level nuclear waste to the inges
tion hazard of the amount of naturally-occurring 
parent uranium ore from which the wastes were 
produced. Formulation of a relative hazard index on 
this basis is considered to be a more realistic 
measure of the effects of high-level wastes because it 
compares the hazard potential of wastes with that of 
naturally occurring radioactive substances which 
would exist if the uranium was not used in the 
LWR. 

The evaluation of the effect of approximately 1 
MW/m 2 fusion neutron wall loading on actinide 
depletion showed that the principal residual ac
tinides from fission reactors can be depleted effec
tively using fusion neutrons. The rates of depletion 
for 2 3 7 Np, 2 4 3 Am, and M I A m are found to be 
nearly exponential; consequently, a convenient way 
to compare their rates of depletion with the rates of 
natural decay is to define an "effective half-life." 
This is the half-life of the isotope during the time it 
is irradiated in the actinide burner. The effective 
half-lives of these three principal actinides during a 
30-year irradiation are several orders of magnitude 
shorter than their natural half-lives. Therefore, it 
seems that the irradiation has appreciably improved 
the very long-term radiotoxic hazard potential. 
However, the initial actinide isotopes are 
significantly depleted by transmutations (neutron 
absorptions) even in the very hard neutron spec
trum of the actinide-burner blanket, and significant 
amounts of 2 3 8 Pu, 2 4 4 O n , and 2 4 2 Cm are pro
duced. These are eventually depleted with extended 
irradiation, but the net effect of the production of 

2 3 8 Pu and 2 4 4 Cm is a significant increase in the 
hazard index over the first few years of irradiation. 
This results from the relatively shorter half-lives of 

2 4 2 Cm, 2 4 4 Cm, and 2 3 8 Pu when compared to the 
other actinides. Additionally, the 2 4 2 C m / 2 3 8 P u 
decay chain gives rise to very radiotoxic long-term 
daughter products. In fact, all the actinides 
associated with fission reactor wastes will create a 
dozen or so radioactive daughter products before 
decaying to stable Pb or Bi isotopes. These con
siderations provide the following conclusions with 
regard to the actinides: 

• In a meaningful evaluation of the long-term 
effects on radiotoxicity, one must follow the decay 
chains for approximately 10 6years to see the effects 
of radioactive daughter products on the potential 
ingestion hazards. 

• Depletion of any actinide isotope by 
transmutation (i.e., neutron absorption) only forms 
another actinide with a different set of long-term 
radioactive daughter products. This transmutation 
does not necessarily reduce the long-term 
radiotoxic-hazard potential; in fact, for transmuta
tion to 2 3 8 Pu, a significant increase is noted. 

• Therefore, the most effective means of reduc
ing very long-term radiotoxicity from the actinides 
is depletion by fission. 
Since successive neutron reactions (e.g., transmuta
tion followed by fission) are required to convert the 
majority of the actinides to suitably short-lived fis
sion products, the total fluence necessary for effec
tive actinide depletion is quite high. Thus, the 
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reference case utilizing a fusion neutron wall 
loading of 1.15 MW/m 2 is only marginally attrac
tive, reducing the long-term hazard potential from 
actinides by (at most) one order of magnitude after 
30 years irradiation. 

In view of the above results, the effect of a 
postulated increase in fusion neutron wall loading 
was examined. The results showed that 5 MW/m 2 

of neutron wall loading will reduce the ingestion 
hazard by one order of magnitude compared to 
natural decay. A neutron wall loading of 10 
MW/m 2 can reduce the long-term ingestion hazard 
by three orders of magnitude. Blanket fluxes of ap
proximately 10 " n/cm 2 - s of very high-energy (10-
to IS-MeV) neutrons are generated in the latter 
case. Neutrons in this energy range primarily cause 
fission reactions rather than neutron absorptions. 
This, coupled with the increased value of v 
(neutrons released per fission) for very high-energy 
neutrons, gives a significant increase in blanket 
neutron multiplication for a given amount of fuel. 
Therefore, a substantial reduction in actinide 
loading density (by a factor of about four) and a 
corresponding increase in the high-energy fraction 
of the neutron flux can be realized while retaining 
the same blanket power density. This hardening of 
the neutron flux improves the depletion and results 
in a decrease in the effective half-lives of all the ac
tinides. For example, the effective half-life of 2 3 7 N p 
decreases from 4.5 years to 1.5 years and that of 

2 3 8 Pu from approximately seven years to two years 
for the 1.15 M W / m 2 case and 10 M W / m 2 case, 
respectively. 

The ultimate capability of a beam-driven 
Tokamak appears to yield a wall loading on the or
der of 4 to 5 MW/m 2 , if one can achieve an 
elongated plasma (b/a = 3) and if close to 
1000 MW of netural-beam power can be injected 
into the plasma. At present, laser fusion appears to 
be capable of attaining a 10-MW/m 2 fusion 
neutron wall loading. Another possible alternative 
would be actinide depletion in fission reactors. 
Blanket neutronic results from the fusion-driven ac
tinide burner study suggest that it may be possible 
to develop a fast helium-cooled fission reactor using 
only residual actinides from high-level wastes as 
fuel. However, fusion neutrons appear to have a dis
tinct advantage over recycling in fission reactors if 
fusion neutron wall loadings approaching 10 
M W / m 2 are available. 

The preceding discussion on actinide depletion is 
based on the premise that all actinide isotopes that 
contribute to the hazard index are undesirable 
nuclides. On the other hand, 2 3 8 Pu, 2 4 4 Cm, and 

2 4 2 Cm have identifiable commercial applications as 

beneficial radioisotopes. For example, 2 3 8 Pu is 
useful for portable and remote power sources that 
include pacemakers, artificial hearts, and space and 
terrestrial power stations. The principal deterrent to 
the use of these nuclides has been their un
availability and high cost. The actinide burner may 
be a prolific source of these radioisotopes, which are 
produced by actinide transmutation. The 21sPu 
isotope is the principal contributor to the increase in 
the hazard index during irradiation, and its 
daughter product, 2 2 6 Ra, is largely responsible for a 
secondary peak in the hazard index at approx
imately 10 5years(Fig. 4-2). 

Thus, a value judgment is needed to weigh the 
beneficial and potentially detrimental attributes of 
nuclear materials. In fact, Fig. 4-1 suggests that, in 
terms of the relative hazard index defined earlier, 
even unirradiated actinides represent a com
paratively small long-term radiotoxic hazard. In 
view of these considerations and recent studies of 
waste transport into the ecosystem, the issue of 
long-term hazard potential from actinides should be 
reexamined. 

Material requirements for the actinide burner in
dicate that radiation damage is most significant for 
the liner and vacuum-vessel wall. Bulk radiation 
damage, rather than surface damage, is the prin
cipal concern for the vacuum-vessel wall. Analysis 
indicates that stainless steel is adequate for the 
vacuum vessel if temperatures are limited to 450°C. 
However, the effects of radiation on weld fusion 
zones and zones heated during vacuum-vessel 
fabrication must eventually be evaluated. The effect 
of the helium production on swelling is also a con
cern that will ultimately require further evaluation. 
Presently the goal is to design the vacuum-vessel 
wall to operate five years before replacement. Liner 
materials are even more difficult to protect from 
radiation damage because both surface and bulk 
radiation effects must be considered. In view of 
these considerations, Mo-TZM* is usually selected 
for the liner because it meets the liner structural re
quirements, assuming the diverter operates as effec
tively as predicted and that the liner temperature 
can be limited to approximately 700°C. The severe 
temperature and radiation environment preclude 
the choice of stainless steel for the liner. The design 
goal for the liner is a two-year operation be
fore replacement. This goal is reasonable for a 
demonstration reactor considering the present 
primitive knowledge of material behavior under 
fusion neutron irradiation. Longer design life
times may be required for commercial plants if the 

*An alloy of motydenum, titanium, and zirconium. 
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replacement times of these components arc ex
cessive. 

The WFPS study has shown that, from the 
standpoint of economics, the actinide burner can 
produce a very large amount of useful energy (ap
proximately 13,000 MW,). Moreover, this energy 
can be supplied at conditions of fluid temperature 
and pressure suitable for useful power generation. 
The plant WFPS used with the actinide burner 
provides 1050 MWt for its required circulating 
power, as well as a surplus of approximately 10,000 
MW, for useful export. In -'iew of the extremely 
large power or the plant, it was not considered 
reasonable to supply this export power in the form 
of electricity. Instead, a hydrogen-production plant 
was coupled to the reactor to create a marketable 
product from its power. The total capital cost for 
the reactor and plant (excluding escalation and in
terest during construction) was estimated to be ap
proximately $4.7 billion (in 1975 dollars). On the 
basis of capital costs per unit of thermal output, this 
figure is approximately three times that of an LWR. 
Assuming a ten-year design and construction period 
with operation in the mid- 1980's (which is extremely 
optimistic), provision for escalation would require 
$4.6 billion and the interest during construction 
another $3.9 billion, a total plant cost or $13.2 
billion. If one examines operating costs, including 
amortization of the $l3.2-billion investment over a 
30-year plant life and crediting the hydrogen 
production at the same price per Btu contents as 
that for oil, there is a net operating deficit of $1.9 
billion per year which can be assigned as the in
cremental cost for disposing of the actinide inven
tory. To put this cost in perspective, the aclinide 
burner has the capability to fission 4 metric tons of 
actinide per year, based on a power generation of 
13,000 MW, with an availability of 80%. Since 
depletion of these actinides by fission corresponds 
to disposal of fission-reactor actinide waste 
produced in the generation of 2.2 x 10 u kWh,* an 
8.5 mills/kWh incremental cost can be assigned to 
the fission-reactor power plant for actinide burning. 
This is about a 20% increase in the total generation 
cost for a nuclear plant scheduled for 1985 startup. 
However, the actinide burner concept has not been 
optimized, and significant cost improvements may 
be feasible. 

Major development programs will be required for 
many new technologies to support the design and 
construction of the actinide burner. Although crash 
efforts might have actinide burners operating by 
1990, the probability of all the requisite 

'Thirty-three plants (IGW, each) operating at a 75% capacity 
factor produce 2.2 X 10 ' ' kwh/yr. 

technologies being available on this time schedule is 
rather unlikely. 

The environmental and safety considerations 
associated with the actinide burner pose a variety of 
new problems, although there are parallels with 
present fission reactor plants. Perhaps the most 
significant environmental constraint is the need to 
contain a very large inventory (300 MCi) of tritium. 
This inventory is several orders of magnitude larger 
than that contained in current fission reactor plants. 
Therefore, features such as multiple containment 
and cleanup systems imrrt be carefully designed. 
With regard to safety considerations, 13,000 MWL is 
more than three times ths 3800 MW, currently im
posed as an upper lirr.il for LWRs. Furthermore, 
the actinide-fuel inventory represents a very large 
collection of those components of high-level 
radioactive wastes having the most adverse long-
term toxicity characteristics. Thus, we anticipate 
that a serious program to design, develop, and con
struct such a plant would have to include provision 
for an extensive review of the regulatory implica
tions. The principal consideration in the 3800 MW, 
limit is the desire to obtain operating experience 
with reactors up to that size in a comparatively 
mature LWR technology. On the other hand, a 
single actinide burner of the type described in this 
study would service more than thirty LWR's and 
would not be restricted by siting constraints that 
tend to favor location near electrical load centers. 

Actinide Burning in an Inertially Confined 
Fusion (ICF) Reactor 

ICF reactors will be more effective actinide burn
ers than magnetically confined fusion systems. They 
may be able to operate with higher first-wall 
loadings than beam-driven, magnetically confined 
fusion reactors, and the absence of magnets will 
allow more flexibility in the blanket design. 

Berwald and Duderstadt have proposed a laser-
driven fusion reactor to burn actinide wastes.5 

Their reactor, based on the Wisconsin laser-fusion 
reactor design, is expected to process about 7.6 
tonnes per year of actinide wastes in the blanket at 
equilibrium,* which corresponds to the actinides 
produced by 136 LWRs (lGWeeach) operating at a 
75% capacity factor. These actinides, in the form of 
actinide nitride precipitate mixed in an actinide-
liquid tin alloy, are continuously circulated in the 
blanket providing uniform exposure of the charge. 

'Equilibrium is reached in the seventh year of operation. Prior 
lo equilibrium, the reactor operates at different pulse rates, wall 
loadings, and actinide burn rates. A peak wall loading of 10 
MW/m ^ occurs at startup when the pulse rate is 41s . 
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The fusion yield is 100 MJ and the pulse rate of the 
reactor is 20 s "' for a fusion power of 2000 M\V. 
The first-wall neutron flux is 5 MW/m 2 , and the 
specific power in the actinide-fueled blanket is 
about 300 MW/m 3. The total power of the system 
is about 22,000 MW,. The aclinide nitride-liquid-tin 
fuel processing technique proposed by Berwald and 
Dudersladl is based on work by Anderson and 
Parlee. 6 

An additional technique for burning actinide 
wastes in an ICF reactor is to burn the actinides in a 
fusion fuel pellet. This technique increases the 
neutron fluence per shot in the actinides by a factor 
greater than 10 9 . Calculations have shown that 
most of the actinide materials seeded into the pellet 
can be burned. The disadvantage of burning the ac
tinide in pellet form is that pellet fabrication and 
processing of fission product waste becomes more 
complicated. This process is important because a 
given mass of actinides will need to be reprocessed 
several times before it is completely fissioned. In ad
dition, the rate of actinide mass burned in pellets 
will be much less than thai in a blanket because 
there is a limit to the pellet mass that can be com
pressed by a given ignitor-beam energy. 

Conclusions 

The most effective means of reducing the long 
term radiotoxicity from the actinides is depletion by 
fissioning the actinides. To effectively burn ac
tinides in a fusion reactor, the product of irradiation 
time and first-wall fusion neutron flux must be on 
the order of 300 MW y r / m 2 (10 l 0 MJ/m 2 ) . The fu
sion reactors that burn actinides will be very large 
with power levels from 10 lo 50 GW,. Because of 
their size, they will generate too much power to be 
tied lo a grid. The excess energy can be used for 
hydrogen production (see Section 5) by electrolysis 
or for desalinization of water to help reduce the in
cremental cost assigned to LWR power plants for 
waste disposal. 

It appears that the ICF reactor will be more at
tractive for actinide-bui ning applications than alter
native systems (LWR, LMFBR, and magnetically 
confined fusion). However, the aclinide-burning 
process is of questionable desirability for the follow
ing reasons: 

• Compared to immediate encapsulation and 
storage of actinides, increased handling of high-
level wastes is required. 

• The short-term hazards increase during early 
irradiation because of the production of additional 
aclinides from neutron capture. 

• Some actinides isotopes are quite useful and 
should not be burned. 

• Reduction of effective half-life from the 
natural half-life for actinides is of questionable 
value, riven without irradiation, the aclinides pre
sent the same ingestion hazard as the parent ore af
ter a relatively short storage period (100 years). 

If socie'v decides that the long-term radiological 
hazards Iron, fission-reactor actinide wastes are 
high enough to merit construction of actinide burn
ers, then menially confined fusion technology can 
best perform the required irradiation. 
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5. SYNTHETIC FUEL PRODUCTION 
Our oil and natural-gas supplies are declining 

rapidly. Hence, the ability to produce large quan
tities of portable chemical Fuels for our homes, in
dustries, and vehicles will be a necessity within the 
next 100 years. Natural gas has been the preferred 
fuel for residential heating and industrial-process 
heat; it is environmentally acceptable, convenient to 
use, and, until recently, low in cost and in ample 
supply as a natural resource. Depletion of natural 
reserves has added emphasis to the search for alter
native fuels. The role of hydrogen, both as a fuel 
and as an intermediate product used in the produc
tion of synthetic fuels, is being considered. An ex
ample of synthetic fuel production is the reduction 
of both carbon and carbon monoxide by hydrogen 
at high temperatures to form methane (CH4). 
Methane is the principal constituent (typically 
about 85%) of natural gas. 

Any large-scale, long-range scheme for the 
production of synthetic fuels should not require 
further depletion of fossil-fuel reserves. It is incon
sistent, for example, to use natural gas when 
producing hydrogen for use as a substitute fuel. 
However, the abundance and general availability of 
water make it an ideal feedstock for hydrogen 
production processes. A laser-fusion reactor could 
supply the energy necessary to decompose the 
water, and such a system would represent a virtually 
inexhaustible source of hydrogen. 

Depending on how energy from the fusion reac
tion is used; water-cracking processes can be 
classified as thermochemical, electrolytic, or 
radiolytic. Figure 5-1 compares the various conver
sion processes, on the basis of recoverable 
hydrogen-combustion energy per unit of thermal 
energy available. 

The thermal energy from the reactor could sup
port a sequence of high-temperature chemical reac
tions in various hydrogen-producing thermo-
chemical processes. The system of reactions known 
as the Mark-1 cycle is typical of the processes 
involved: ' 

CaBr2 + 2H 2 0 7 3 ° C » Ca(OH)2 + 2HBr 

250°C Hg + 2HBr » HgBr2 + H 2 

HgBr2 + Ca(OH)2 JMSL*. C a B r 2 + HgO + H 2 0 

600°C 
HgO - H g + ( l / 2 )0 2 . 

The net process is the decomposition of water 

H 2 0 - H 2 + ( l /2 )0 2 . 

The maximum temperature required (730°C) could 
be achieved in a gas-cooled laser-fusion reactor. 

A large number of alternate chemical processes 
could ultimately produce hydrogen and oxygen 
from water. While these thermochemcial processes 
generally do not consume the chemical reactants, 
they often use large quantities of hazardous and 
corrosive chemicals. Practical energy-conversion ef
ficiencies for typical thermochemical processes 
range from about 30 to 65%. , , J In other words, up 
to 65% of the fusion energy is recoverable as ther
mal energy by burning the hydrogen produced. 

Laser-fusion reactors could also generate elec
tricity for subsequent electrolysis of water to 
produce hydrogen. The electricity simply supplies 
the energy required to decompose water according 
to 

H20(S) *H 2 (g) + (1 /2P 2 ( B ) . 

This reaction absorbs 68 kcal per mole of hydrogen 
produced. For existing electrolysis plants, the com
bustion energy of the hydrogen produced is 60 to 
100% of the electrical energy input. '-3 Assuming a 
40% thermal-to-electric conversion efficiency for the 
laser-fusion power plant, the electrolysis process 
produces hydrogen with an overall energy-
conversion efficiency of 24 to 40%. 

Hydrogen production by radiolysis can be 
achieved in several ways, but all require an intense 
source of radiation. The penetrating neutron radia
tion of a laser-fusion reactor could be utilized for 
radiolysis by incorporating sufficient quantities of 
H 2 0 in the blanket regions surrounding the fusion 
vacuum chamber. 2-* 

A concept often used in the discussion of 
radiation-induced chemcial processes is the G value. 
The G value for the formation of a chemical species 
is defined as the number of molecules produced per 
100 eV of energy deposited in the production 
regions by incoming radiation. The generally ac
cepted G value for H 2 from water is 0.45, while G 
values as high as 13.6 have been measured in experi
ments using pure steam exposed to high-energy 
neutrons.4 Radiolytic hydrogen production is 
clearly more efficient in steam than in liquid water. 
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Fig . 5 - 1 . The combustion energy of 
hydrogen recoverable from one unit of 
fusion-reactor thermal energy. The 
fraction of the neutron energy deposited 
in hydrogen processing regions is gener
ously assumed lo be 100% for radiolysis 
of water and 60% for radiolysis of steam. 
It is unlikely that a dedicated radiolysis 
hydrogen-production facility could ever 
prove practical unless a liquid medium 
with a higher G value is found. Therefore, a 
hypothetical G = 20 liquid medium sys
tem is shown. 
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Figure 5-2 is a power-flow diagram for a laser-
fusion hydrogen-production plant that also 
generates electricity. Note that more than 25% of 
the energy released by the fusion microexplosion is 
carried by the pellet debris, alpha particles, and 
x rays. This energy is deposited in the vacuum 
chamber wall and thus is not available for radiolytic 
decomposition. 

Figure 5-2 also shows that P„ is the total energy 
deposited in the reactor as a result of neutron in
teractions with blanket materials. It is important to 
note that only a fraction, a, of the available neutron 
energy is actually deposited in the steam blankets; 
the remainder is deposited in reactor structural 
materials and thus is unavailable for radiolysis of 
H2O. For example, less than 40% of the fusion 
neutron energy would be deposited in a 3-m-thick 
region of pressurized fleam at 1000 psia. Not all of 
the nuclear energy deposited in the steam is used in 
subsequent radiolysis and H 2 production. The term 
i)n is the conversion efficiency of nuclear energy 
deposited in the steam to potential combustion 
energy of the hydrogen produced. It is related to the 
G value for the formation of Hi by 

- £h_ 
"H " 100 * 

where h = heat of combustion of an H 2 molecule = 
2.5 eV. 

The primary reaction in the radiolysis of water 
vapor is the breaking of O-H bonds to give H, O, 
and OH radicals. The minimum energy required to 
break the first O-H bond in H 2 0 is 5.2 eV, whereas 
the net energy consumed in the production of an H 2 

molecule from H 20(g) is equal to the heat of com
bustion of H 2 and is only 2.5 eV. The difference 

results from subsequent exoergic H 2- and 0 2 -
producing reactions. Because the chemical energy 
released in these reactions is ineffective in breaking 
additional H 2 0 molecules, the conversion efficiency 
of nuclear energy deposited to usable chemical 
energy (combustion heat of H 2) is less than unity 
(100%). If a radiolytic reaction requires the 
minimum 5.2 eV to break a single O-H bond in 
H 2 0 , and the resulting H and OH radicals 
chemically react by 

2H -> IL 

20H -* H 2 + 0 2 

then 2.5 eV of potential combustion energy is 
produced from 5.2 eV of nuclear energy. Hence, the 
maximum value of in is about 48%. 

The maximum experimental G-value of 13.6 
results in a value of JJH = 0.34. In other words, 34% 
of the energy deposited in the steam is converted to 
potential hydrogen combusion energy while 66% 
appears as thermal energy in the system. The total 
fraction of P„ that is converted into thermal energy 
is 

(I - a) + (1 - r?H) a = 1 - riHa . 

The product I)H« is an indication of the system ef
ficiency for hydrogen power production, reflecting 
not only the efficiency in converting deposited 
nuclear energy to hydrogen but also the efficiency at 
which this energy is deposited in the hydrogen-
producing regions. The overall energy-conversion 
efficiency is the ratio of the potential combustion 
energy of produced hydrogen to the total nuclear 
energy deposited in all regions of the reactor. As 
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a = fraction of nuclear energy deposited 
in hydrogen producing regions 

riH = 0.01 Gh is the conversion efficiency 
of nuclear energy deposited to com
bustion heat of H 2 produced 

G = number of H, molecules produced 
per 100 eV of nuclear energy deposited 

h = heat of combustion of an H 2 molecule 
= 2.5 eV 

P H = hydrogen combustion energy produc
tion rate 

Fig. 5-2. The power flow diagram for a laser fusion radlolysis facility which also generates electricity. 

shown in Fig. 5-2, the combustion energy of 
hydrogen produced is 

P H " "h a P n • 

while the total energy deposited is 

P T = P n + 0.25 P i n „ L Q = P„ • !jL . 

The overall energy-conversion efficiency is then 

10 B + a + 'Li + 2.35 MeV 

P H / 3M_ \ 

* = pi = W \MTT) 

The blanket energy multiplication M can be in
creased above 1.0 by adding boron to the steam 
blankets. Thermal neutrons absorbed by l 0 B 
release 2.35 MeV of high LET radiation according 
to the reaction 

Thus, values of M as high as 1.2 might be possible. 
Using the values of i)H = 0.34 (corresponding to 

G = 13.6 in steam), M = 1.2, and generously 
assuming « = 0.6 for a steam blanket, the overall 
energy-conversion efficiency is only 16%. Liquid 
water blankets have much lower efficiencies (even 
though a may be neatly unity) as a result of the very 
low G value of 0.45. This gives a value of i) H = 0.01, 
arid for a = 1 results in an overall energy-
conversion efficiency of less than 0.8%. 

If tritium-breeding zones are required, they 
would reduce the fraction, a, of neutron energy 
available for hydrogen production. Because lithium 
is vigorously reactive with water, special precau
tions would be required to reduce the potential 
hazard. Also, because boron absorbs the neutrons 
required to breed tritium, it could not be used as an 
energy multiplier. A net reduction in the overall 
energy conversion efficiency for radiolysis results 
when tritium breeding requirements are considered. 
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Therefore, while radiolytic hydrogen production 
by a laser-fusion reactor may be technically feasible, 
it is unlikely that a radiolysis facility using H 2 0 
could prove practical. Near term R&D efforts in 
neutron radiolysis should concentrate on chemical 
schemes that could yield much higher G values, 
preferably in liquid media. Chemicals with 
hydrogen bond energies less than those in H zO 
would be likely candidates, and the use of a liquid 
would offer more efficient energy absorption than a 
gaseous medium. For example, with a G value of 20 
in a liquid medium, laser-fusion radiolysis would 
have an overall energy-conversion efficiency of 
37.5%, which is competitive with the alternative 
processes for producing hydrogen in a laser fusion 
reactor (see Fig. 5-1). 

An option for the water-based radiolysis system 
would be the use of the remaining thermal energy 
(?85% of the total) for the production of electricity. 
The electricity could be sold on the electric power 
grid or used to generate more hydrogen by elec
trolysis. The overall energy-conversion efficiency of 
a radiolysis/electrolysis hybrid system is given by 
the sum of the overall radiolysis efficiency and the 
overall electrolysis efficiency applied to the remain
ing thermal energy; i.e.. 

«)„ 
( 3M \ 
\3M + \) 

+ 7 , E % h [l - <a,H ( S J I T T ) ] ' 

where a, JJH, M are defined as before, and 

t?|.. = electric-to-hydrogen conversion efficiency 

r) T h = thermal-to-electric conversion efficiency 

Thus, when the overall radiolysis conversion ef
ficiency is 16%, 

T) = 0.16 + 0.84u E i , T h • 

As before, if we assume n T h = 0.4 and rjE = 0.6 to 
1.0, the overall energy-conversion efficiency for the 
radiolysis/electrolysis hybrid system is 36 to 50%. 

Current natural-gas costs ate about SI per million 
Btu but may climb to $3 per million Btu before the 
end of the century.5 The present estimated cost of 
synthetic gas from coal gasification plants is about 
$4.5 per million Blu for the current process to as 
low as $3.5 per million Btu for future plants. 6 In 
situ coal gasification may be able to produce gas at a 
cost of about $2 per million Btu. 7 

The cost of hydrogen produced by the various 
laser-fusion-driven processes is at least equal to the 
cost of energy from the fusion reactor divided by the 
overall energy-conversion efficiency. For com
parison, assume a laser-fusion power plant 
produces dec icity at a cost of 25 mills/kWh. (This 
is comparabi; to the estimated cost of electricity 
from LWR and coal stations ordered in 1976 and 
online in i985, quoted in 1976 dollars.) Also, 
assume th L the capital component of the electricity 
cost is 80 o of the total and that the electrical power 
generation equipment comprises 20% of this capital 
cost. (The turbine generators and building comprise 
about 20% of a typical LWR capital cost.) 8 At a 
therirwl-to-electrical conversion efficiency, n T h , 
equal to 0.4, the cost of energy is $2.93 per million 
Btu for processes requiring electrical energy and 
$2.46 per million Btu for processes requiring only 
tr rmal energy. 

Table 5-1 gives the source-energy component of 
ne cost of hydrogen produced by the various 

processes. These values reflect only the cost of using 
a laser-fusion reactor as the source of energy for the 
various processes. Additional costs will vary for the 
different processes depending on the cost of the 
components required. Large electrolysis units, for 
example, will add approximately $1 per million Btu 
to the cost of hydrogen.6 

Table 5-1. Energy source component of the cost of hydrogen. 

Enesgy source 
Cost of sr Lirce component of 

energj Energy conversion hydrogen cost 
(J/millic.7 Btu) efficiency IS/million Btu)a 

Ttiermochemicsl 
Electrolysis 
Radiolyw 
Radiolysts/dectrolysts 

2.46 
2.93 
2.46 
2.93 

0.304.65 
0.24-0.40 
0.164.38'' 
0.364.50 

3.80-8.20 
7.30-12.20 
6.50-15.40 
5.90-8.10 

*l)oes not include cost of chemical processing plant, electrolysis units, or radiolysis components required. 
"0.16 and 0.38 correspond to G values of 13.6 and 20, respectively. 
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It is clear there is no economic incentive for the 
production of synthetic fuels with laser fusion at the 
current price of natural gas, nor at the projected 
cost of gas from coal gasification. Even so, such a 
system may eventually be required. Oil and natural 
gas currently account for about 75% of this nation's 
energy consumption. As these fuels are depleted the 
ability to produce large quantities of portable fuel 
will become a necessity. Laser-fusion-driven 
hydrogen-production processes represent a virtually 
inexhaustible supply of portable fuel. 
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6. PROPULSION SYSTEMS 
As the cost of the fossil fuels generally used for 

transportation continues to increase, the demand 
for nuclear fuels will also increase. To date, fission 
power is the primary nuclear fuel, but as fusion 
power develops, projections for its use in nuclear 
propulsion look more hopeful. The form of fusion 
best suited to propulsion requirements would be 
laser fusion. A laser fusion propulsion system would 
weigh less and be less bulky than its magnetic-fusion 
counterpart and less environmentally hazardous 
than a fission reactor. 

There has been a trend in nuclear-fission power 
applications towards building fission-fueled propul
sion systems, primarily for ships, and there is no 
reason iu expect that fusion power will not follow 
the same trend. Any nuclear-fueled propulsion 
system must compete with fossil-fueled systems, 
and, until recently, this has been quite difficult. The 
increase in the price of oil however, points more and 
more to the development of nuclear-propulsion 
systems. 

Presently, about 2S0 shipboard nuclear-fission 
systems exist throughout the world. Projections, 
even before the recent inflation in oil prices, pre
dicted 300 to 500 nuclear systems by the year 2000. ' 
Trends also point to the likelihood of ex
traterrestrial propulsion systems for earth-orbit 
shuttles, earth-lunar missions, and interplanetary 
travel. Applications to aircraft are also under con
sideration. Table 6-1 details the characteristics of 
these kinds of systems. 

Nuclear systems of any kind present a potential 
environmental hazard. In this respect, however, fu
sion systems have an advantage over fission systems 
because they use and produce smaller amounts of 
radioactive elements. The radiation hazards in fu
sion systems are primarily the tritium supply and 
radionuclides in the blanket material. A 0.1-kg mass 
of tritium in the fusion fuel supply amounts to 10 * 
curies of uniquely low level biological hazard ac
tivity, but that level represents around 1.5 million 
kWh of usable fusion energy. The blanket material 
only has 10 ' curies of radionuclides and represents 
a nonvolatile, localized hazard. A fission reactor, on 
the other hand, has 10 '" curies of very volatile fis
sion products for a power rating of 10 9 W, (3 X 10 5 

mechanical h p . ) 2 

Nuclear-power propulsion systems will become 
more and more attractive as the price of oil rises, 
and less environmentally sensitive countries might 
pursue such alternatives vigorously. Ultimately fu
sion, fission and fossil powered systems will have to 
compete on a system by system basis. Between fu

sion approaches, laser- or inertial-confinement fu
sion is considered to have the most potential for 
propulsion systems because specific weight and 
volume are the primary design parameters. In this 
regard, laser-fusion systems potentially have more 
flexibility in the tradeoff between combustion-
chamber firing rate and microexplosion yield. 

Marine applications of laser fusion appear the 
most feasible at this time. Much of the considerable 
experience gained in marine nuclear-fission propul
sion is applicable to the fusion-system concept. 
Both fission and fusion systems have high 
technology costs, high fixed costs, and low fuel costs 
relative to fossil systems. Fusion-fuel costs for 
material consumed will be negligible, but produc
tion costs might be quite high. 

Until two years ago (before the dramatic increase 
in oil prices), clear economic advantages could not 
be made for "going nuclear"; now however, the case 
can be stated fairly simply ': 

• Cost of constructing nuclear propulsion 
systems will drop as more efficient production 
methods are employed (e.g., less one-of-a-kind, 
hand fabrication). 

• Fossil-fuel prices for conventional systems are 
projected to rise substantially (inflation aside) over 
the next 10 or 15 years. 

• Nuclear-powered ships can be built larger and 
faster to meet increasing consumer demands, par
ticularly in container shipping. 
From the national point of view: 

• The use of nuclear propulsion decreases our 
dependence on overseas supplies. Fewer U. S. dol
lars will be spent on fuel abroad. 

• The United States would recapture its 
technological leadership in nuclear energy. Sales of 
nuclear propulsion units to others would again be 
an earner of foreign exchange. 

• Fossil fuels are in "short" supply. The 
gradual changeover to nuclear propulsion will 
reduce our consumption of oil. 

• Nuclear power (and fusion in particular) is es
sentially clean power, reducing pollution caused by 
fossil-fuel combustion. Moreover, the prime can
didates for nuclear propulsion are ships of high 
horsepower—larger, faster ships. This implies a 
reduction in the absolute number of ships needed to 
carry any given cargo tonnage, a situation that has 
safety «nd environmental advantages. 

The purpose of this chapter is to identify poten
tial roles or missions for future laser-fusion propul
sion systems and to briefly discuss the major 
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engineering features of such systems. This task re
quires some foresight into the military-industrial-
commercial transporation world of circa 2000. 
These projections should be viewed with caution 
because of the many pitfalls associated with such a 
task. 

Engineering Considerations 
For Fusion Propulsion 

In general, a fusion-reactor power plant for a 
propulsion system must be designed for minimum 
specific volume and mass. Thus, the reactor will 
operate with a high first-wall loading. A laser-fusion 
reactor system is superior to a magnetic-fusion 
system because its specific volume and mass can be 
easily reduced by increasing the pulse-repetition fre
quency and the first-wall loading. Details on the 
specific volumes and masses for several types of 
propulsion applications are shown in Table 6-1. 

Fusion gain ij; 0 (the ratio of the thermonuclear 
yield to the electric power driving the laser system) 
must be large for a reasonable system efficiency and 
a small specific volume and mass. For anticipated 
laser-system efficiencies, the volume and mass of the 
laser system per unit of power input to the laser 
(power stored) is roughly constant. Thus, the 
specific volume and specific mass of the laser 
system, including the E-beam machine, capacitor 
banks, and fluid-handling equipment will be 

Lin 
P. 

r?,Q 

V 
*Lin P,=. 7, L Q' 

Therefore, the larger the fusion energy gain, the 
smaller the laser system specific mass and volume. 

Reactor-chamber optical and first-wall materials, 
in which the short-ranged microexplosion energy is 
deposited, must have long lifetimes to increase the 
vehicle a"ailability and decrease the operating costs. 
Shielding must be provided to protect cargo, as well 
as passengers, from the high-energy neutrons. In ad
dition, the reactor system and other vehicle compo
nents that are subject to neutron activation or that 
collect activated material must be easily accessible 
and designed for remote maintenance. 

Although these considerations will not be fully 
discussed in this report, they must be considered in 
designs of fusion-propulsion applications. 

Terrestrial Laser-Fusion 
Propulsion 

Terrestrial propulsion systems, including marine 
and rircraft propulsion, will probably operate on a 
parasitic, DT fuel cycle using tritium produced in 
larger stationary fusion reactors. The first wall of 
the reactor will be a dr> wall and will either be 
magnetically protected or covered with a sacrificial 
liner. The use of a wet wall or fluid wall will be 
possible only if the reactor is mounted on a stable 
platform. 

The reactors will operate on a Brayton cycle with 
helium, rather than a liquid metal as a cooling 
medium to minimize the hazard in the event of an 
accident. 

The blanket for thermalizing the 14-MeV 
neutrons will consist of graphite with cooling 
passages for the helium. The porosity of the 2-m-
thick blanket will be about 50%, and it will be 

Table 6-1. Summary of propulsion system characteristics. 

Technical 
risk Power 

a 
Constraints 

Application 
Technical 

risk Power 

Maximum 
specific 
mass 

Maximum 
specific 
volume 

Marine 
Navy 
Commercial 

Airborne 

Space 

Moderate 
Low 
High 
Highest: 

90 MW 
90 MWS 

130 MWS 

130 GWt 

30 kg/kW 
90 kg/kWs 

QA kg/kWs 

0.05 kg/k\Vt 

80 m^/MW 
200 m3/MW* 

1.5 m 3/MW s 

Not critical 

*MMximum permitted for competitive with other options. Conversion factors: I kg/kW = 1.6 Ib/hp; 1 m /MW = 26 ft /khp. 
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divided into two zones of equal thickness. The inner 
half of the blanket will be graphite to thermalize the 
neutrons. The outer half of the blanket will be B4C 
which will thermalize and capture the remaining 
neutrons. 

For the blanket described above, the specific 
volume and specific mass are, respectively, 

and 

where P, is the reactor thermal power, Pp is the 
propulsion power, and <t> is the first-wall total 
energy flux in MW/m 2. The lifetime of a graphite 
first wall liner is •' 

_ 2000 N 
7 p * 5 / 4 y « « « . 

where N is the pulse repetition frequency (PRF). 
Thus, to minimize the specific volume and mass, it 
is desirable to operate with a maximum first-wall 
flux. To achieve a long lifetime with a given power 
and flux, it is desirable to operate with a small 
microexplosion and a high PRF. The size of the 
microexplosions and reactor gain decrease with a 
decrease in the laser-output energy. Thus, a reactor 
performance can be determined explicitly for a 
specific mass, volume, and lifetime. This reactor 
performance must then be checked with laser 
energy—pellet gain relationships to determine that 
the reactor performance will satisfy the total-system 
power requirements. 

Approximately two-thirds of the tritium used in 
the pellets will not be burned. The unburned tritium 
from the microexplosions must be collected by a 
vacuum system and stored aboard the vehicle while 
it is in transit. This requirement is based on the cost 
of tritium, as well as the radiologicaPhazards 
associated with the tritium-

Advanced systems may directly convert the 
charged-debris energy to drive the lasers and the 
vehicle auxiliaries. The neutron energy will be used 
to drive the turbines using a Brayton cycle. 

Marine Laser-Fusion Propulsion 
Laser-fusion propulsion units in ships are 

probably the most realistic application at this time. 
Fission-powered ships are already in wide use, and 
laser fusion reactors have environmental advan
tages over their fission counterparts. Any nuclear 
system must be able to compete economically with 
fossil fuel systems, and, with the continuing rise in 
the price of fossil fuels, laser-fusion promises to do 
this. It has the additional advantage that ships need 
not stop in fore'gn ports to refuel. 

The technology involved in marine laser-iusion 
applications closely follows the development of fis
sion marine propulsion systems. Design require
ments for fusion-propelled ships are based on what 
has been learned from the widespread fission 
marine technology. 

Requirements, however, differ according to the 
needs of the ship owners. Ships intended for 
military use have different requirements than those 
intended for commercial use (see Table 6-1). 
Military ships need to be fast and maneuverable, 
with low specific-weight and specific-volume 
propulsion systems. Commercial uses tend to 
emphasize the economic aspects of the laser-fusion-
driven propulsion units. 

Naval Propulsion Systems. Superconductivity will 
strongly influence Navy power in the future 
because, above about 20,000 hp, it provides the 
minimum weight, space, and component systems to 
convert mechanical to electrical energy and vice-
versa. This will provide more flexibility and more 
operational freedom. With the development of 
superconductivity and fission-power technologies, 
the stage will be set for laser fusion in Navy propul
sion systems. 

A number of new ship concepts will be tested by 
the Navy in the next decade. Successful designs will 
be placed in service near the end of this century and 
potentially could be propelled by fusion-power 
plants. Table 6-2 lists these ship concepts and their 
planned displacement and speed ranges. Figure 6-1 
shows the SWATH ship configuration.4 Other 
ships listed are familiar a*d are not shown. 

The shaft horsepower (shp) requirement for each 
ship concept varies considerably and depends on in
ternal design features, such as weapons/sensor suite 
and auxiliary power loads. Figure 6-2 shows the 
specific power requirements of the ships from which 
shaft horse power (shp) requirements can be iden
tified. The shp is related to the cube of the speed for 
conventional displacement vessels so that very 
sophisticated propulsion systems will be needed to 
meet such a range of requirements. By the year 
2000, Navy vessels will require higher speed 

81 



Table 6-2. Ship types under consideration by the Navy. 

Displacement, 
tons 

Speed, 
knots 

shp 
I 0 3 h p 

Conventional displacement 

Small wateiplane uea twin hull (SWATH) 

Hydrofoil 
Surface-effects ship (SES) 

>S0,000 (carrier) < 3S 250 
> 10,000 (escort) < 35 100 
> 3,000 (patrol) < 35 40 
> 10,000 (carrier) < 35 200 
> 3,000 (escort) < 50 120 
< 3,000 (patrol) C 65 300 

2,000 (patrol) <100 140 
8,000 (escort) «I00 800 

< 10,000 (FBM) <. 30 60 
< 4,000 (attack) < 50 120 

Propulsion Fuel/ballast 

W.L. 

Fig. 6-1 . Twin-tailed, semisubmerged ship configuration (SWATH). 
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Fig. 6-2. Propulsion-system specific 
weights for Navy vessels. c 
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capabilities to retain certain attack options, and 
surface-effects ships (SES) or hydrofoils may be 
utilized.5 If the SES and hydrofoils are powered by 
nuclear reactors having low specific weight and 
volume ratios, they could exhibit essentially un
limited range, rapid response speed, and no need of 
fuel supply ships and foreign ports. Even advanced, 
high-powered fossil-fueled ships have a limited 
range. 

Figure 6-2 includes the fuel weight for conven
tional ships. Depending on endurance, a con
siderable amount of fuel is consumed on conven
tional ships that could be part of a fusion propulson 
plant of increased payload fraction (Fig. 6-3). 

As indicated in Fig. 6-2, the propulsion-plant 
specific-weight objectives for an SES ship is 15 
lb/hp. A 75,000-hp pressurized water reactor 
(PWR) power plant has been designed in a study for 

i 
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•2 0.6 

0.5 

0.4 
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Gas turbines, 
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(59° F, 14.7 psia)-

- i—i—i i 11 i 

Steam turbines 
h reheat — • 

Gas turbines, heavy-duty 
types with regenerator 

59° F, 14.7 psia; estimates 

Diesel, medium-speed - , 
Diesel, high-speed Residual tuel 

Distillate fuel 

Diesel, low-speed 

10 z 10 3 10 4 

Max. continuous power per engine — hp 

Fig. 6-3. Specificfuelcoflsumptfonforvarioitstypesofinarifiepowerpliirts. 
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merchant-marine applications with a specific weight 
of 100 Ib/hp. Various studies suggest that at 
140,000 hp, an advanced PWR might be developed 
at SO Ib/hp. This specific weight is not low enough 
for an SES. In fact, for the reference design, the 
steam-turbine package alone weighs more than the 
allowable weight for the total advanced power 
plant. 

The prime power-conversion concept that is com
pact enough for a specific weight of less than 15 
Ib/hp is a closed-cycle helium Brayton turbine with 
1700 F and 1500 psia inlet of helium coupled with a 
very high-temperature, gas-cooled reactor. This 
should be available to the Navy for propulsion by 
the mid I980's. Higher efficiency and tighter pack
ing increase the power-to-weight ratio, although 
they require a substantially different maintenance 
philosophy. 

When attempting to specify future propulsion 
systems, it is of interest to estimate the power-plant 
specific-volume requirements. Figure 6-4 shows 
typical specific volume values for conventional 
plants. These values, plus fuel volume for the en
durance/speed needed, give an indication of total 
power plant volume. 

The trend in naval propulsion is to greater shp 
and lower specific weights and volumes. Fusion 
systems, on this basis alone, must have performance 
goals that equal the minimum requirements for the 

larger combatants of the future. These ships will 
probably fall in the 10,000 ton displacement range 
and require 100,000 to 500,000 shp at specific 
weights and volumes of less than 30 kg/kW s (50 
Ib/shp) and 80 m 3 /MW s (2 ft 3/sliP)- Presently, for 
instance, a 4000-ton nuclear submarine has a 
power-plant specific volume of 160 m'/MW s (4 
ft 3/shp). 

An SES weighing 8000 tons and powered by four 
low-specific-weight nuclear units of 200,000 hp each 
has been studied. It would have a payloadcapability 
of 1900 tons. For comparison, a fossil-fueled ship, 
carrying the same payload 3500 nautical miles with 
the same speed capability, would have a gross 
weight of about 17,600 tons and require at least 1.5 
million hp. The lower ship cost and reduced fuel 
costs of the nuclear propelled ships are substantial 
economic advantages and are well worth develop
ment effort by the Navy. 6 

Commercial Marine Propulsion. Fusion propul
sion systems for commercial marine applications, 
unlike those for military applications, are not built 
to the lowest specific weight or volume specifica
tions. Economics are a much more important con
sideration. As before, the discussions about the 
potential for fusion-powered commercial ships are 
based on analyses and experience with nuclear-
fission propulsion. 
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Fig. 6-4. Specific volume of various 
marine power plants. 
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The commercial maritime industry has been in-
able to sustain major research and development ef
forts, and, therefore, most important advances have 
been adapted from other industrial or military 
technology. Naval propulsion-machinery research 
and development programs have been particularly 
significant. The widespread application of nuclear 
fission power for stationary generating plants will 
also accelerate the acceptance of maritime nuclear-
fission power as well as the development of com
petitive shipboard installations. This trend will 
probably hold for the introduction of fusion propul
sion machinery as well. 

The selection of ship size and speed are the most 
important design decisions confronting a prospec
tive owner. Conventionally, with fossil-fuel systems, 
the speed has been kept lower than is commercially 
desirable because of the high costs required to in
crease them only slightly. There has been, however, 
a steady increase in the size of ships because larger 
sizes take only a little more pov. Typical 
relationships between size, speed, and power for 
conventional bulk carriers are illustrated in 
Fig. 6 - 5 . 7 The dramatic increase in the power re
quired for increased speed is clearly shown. Fusion-
powered container ships and tankers will probably 
be in the 250.000 to 450,00 dwt class with propul
sion power of about 120,000 hp. 

Fusion propulsion in the sea-going submersible 
cargo/tanker ship would be feasible in the 25- to 30-
knot range. Below that, the speed-power ratio is too 
low to benefit from the addition of fusion propul
sion. 

Another future concept applies to tankers 
operating in icing conditions. It is projected that a 
single 400,000-ton displacement, semi-submerged 
tanker (Fig. 6-6, Ref. 8) could transport more than 
twice as much oil from the north slope of Alaska to 
markets on the East Coast than two conventional 
tankers. The propulsion requirement for this ship is, 
again, in the 125,000 shp range. 

It appears that, if nuclear (fission) propulsion 
becomes competitive with fossil-fuel propulsion for 
merchant s|Ips, the breakeven p'-int will occur first 
for ships with the following characteristics ': 
(1) High power requirements: 100,000 to 120,000 

shp or more. 
(2) High ship utilization: 

(a) Short turn-around time in port, achieved 
through rapid loading and discharge of 
cargoes. 

(b) Small numbers of loading and discharge 
ports per voyage. 

(c) High load factors (i.e., a high ratio of 
cargo carried to available ship space 
(deadweight capacity). 

Fig. 6 - 5 . Displacement versus speed and shaft htirsvpn»er 
for hulk carriers. 

(3) Large I relative) size: for containcrships or 
other quick-turn-around liner vessels, 15.000 
dwl or more: in the case of tankers, very large 
crude carriers (VLCC) or ultra-large crude 
carriers (ULCC), which range upward, respec
tively, from about 150.000 dwt and 300,000 
dwt. 

(4) Longer trade routes: the effect of greater size or 
speed will tend most to reduce the transport 
cost per ton of cargo. 

(5) Subsidies: both construction-differential sub
sidy (CDS) and operating-differential subsidy 
(ODS). Subsidies not only reduce the ship
owner's risk but have the effect of reducing the 
break-even point (i.e.. the dollar-per-bbl price 
of bunker fuel oil for the conventionally 
powered ship) at which the higher capital costs 
of the nuclear-powered ship are offset by fuel-
cost savings. 

These requirements will most likelj hold for com
mercial fusion propulsion applications as well. 
Specific weight and volume requirements will be 
relaxed over those given for Navy ships by a factor 
of two or mors. 

Marine Propulsion Reactor Design. A marine 
fusion-reactor propulsion system will operate on a 
closed Brayton cycle. Assuming a thermal convenor 
efficiency of 35%, for propulsion power of 120,000 
shp, the reactor thermal power required will be 260 
MW,. In addition, assuming a power to the laser of 
100 MW and to the auxiliary equipment of 50 MW, 
the total thermal power required from the fusion 
reactor is 700 MW,. The electric power for the laser 
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and auxiliaries will be produced from a turboalter-
nalor. 

The thermal power cycle can either consist of 
only a primary coolant cycle where the reactor 
coolant is circulated directly through the turbine-
compressor system or a cycle where the primary 
coolant heats a secondary coolant, which is cir
culated through the turbine-compressor system. 
The tradeoff between the alternative power cycles is 
a smaller system specific volume and specific mass 
because of the elimination of a heat exchanger 
versus the requirement of remote maintenance for 
the turbine-compressor system. 

The laser-system specific volume and mass are 
about 10 m 3/MW and 0.3 kg/kW, respectively, 
based on the power input to the laser. The specific 
mass of the reactor system controls the design (for 
the nonoptimum system selected). With a first-wall 
flux of 1 MW/m 2 , the specific volume and mass of 
the fusion-reactor system are 52 m 3 /MW s and 33 
kg/kW s respectively. The anticipated lifetime of the 
first wall is about 25 yean for a pulse repetition fre
quency of 10 Hz. 

Based on these simple calculations for a nonop-
timized, highly conceptual fusion-reactor system, it 
appears that laser fusion will be an interesting alter
native to future chemical and fission energy sources 
for marine propulsion. Although, at the present 
time, there are no current military or civilian mis
sions for marine propulsion in which fusion power 
has an advantage over fission or chemical power, 
the use of small inertially confined fusion reactors 
for marine propulsion appears to be feasible for a 
fusion energy gain of about 7. The use of fusion 
power for marine propulsion will stretch out our 
supplies of chemical fuels, allowing their use in 
other applications, such as ground and air transpor
tation. Therefore systems studies on inertially con
fined fusion reactors for marine propulsion should 
be undertaken. 

Note that the reactor proposed for marine 
propulsion also appears to be attractive as a small 
stationary power plant for isolated military and 
civilian applications. Therefore, the development of 
small stationary power plants can be a spinoff from, 
or result in the spinoff of, fusion-powered propul
sion plants. 

Aircraft Propulsion 
As with marine propulsion, some experience 

gained in the development of fission reactors for air
craft propulsion can be applied to the development 
of fusion reactors. This experience is embodied in 
what remains from the Aircraft Nuclear Propulsion 
(ANP) project, which v. as ten.iinated in the early 

I960's. This program was plagued with unpredict
able technical problems associated with the helium 
and liquid-metal-cooled reactors of that era and 
with components, such as air-heat exchangers, bear
ings, pumps, seals, and the reactor-shield assembly. 
These problems, as well as uncertain cost benefits 
and, finally, public concern about the risk involved, 
led to the demise of the program. The latter 
problem is still of concern with aircraft nuclear 
propulsion. Fusion systems will not be totally free 
of such worry. 

The nuclear aircraft eventually may be able to 
compete with the costs of chemical aircraft in com
mercial cargo transport, particularly if depletion of 
petroleum resources drives the price of chemical 
fuel upward. With a substantial inheritance in R&D 
from military and national inlcrest programs and 
continuing research, laser-fusion design parameters 
for a feasible aircraft propulsion system could be 
developed. In this regard, the following applications 
for long-range nuclear aircraft can be visualized for 
both land-based and sea planes: 

• Logistic aircraft employed for carrying com-
merical cargo and for rapid military-force deploy
ment. 

• Patrol aircraft for forward defense against 
submarine-launched ballistic missiles, terminal 
defense against ballistic missiles, command and 
control, warning and command, and 1CBM launch 
surveillance. 

• A strategic-missile carrier. 

In this report, we discuss only the commercial 
cargo application. First, consider an existing 1 - e 
aircraft, the Boeing 747-200F, with a gross weigh f 
about 300,000 lbs. The thrust, fuel consumption, 
and total aircraft power for the Boeing 747 are 
shown in Table 6-3. The maximum fuel load on the 
aircraft is 174 tons (200 m 3 ) . An inertially confined 
fusion-reactor system, including its negligible fuel 
supply, must have less mass than the fuel load to 
avoid a reduction in payload. (The gas turbine and 
compressor will be common to both the chemical-
and fusion-powered systems, and the mass of the 
chemical combustion chamber is relatively negligi
ble.) The specific mass and vol1 *ne of the largest 
mass and volume reactor systems that would not 
reduce the payload are shown in Table 6-4. 

Larger cargo aircraft under consideration for nu
clear-fission propulsion systems include planes with 
gross takeoff weights of 1, 2, and 10 million lbs. The 
1-million-lb system is comparable to the C-5A. Us
ing data that incorporates the late 1960's low fossil-
fuel prices, the 1-million-lb nuclear plane would 
cost 6.4 cents per ton-mile. The same chemical 
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Table 6-3. The thrust and fuel consumption of 
each engine on a Boeing 747-200F (GE-CF6-50D) 
and the power generated, based on S.6 kWh/lb. 

Table 6-4. Maximum specific mass and weight of 
an ICF reactor mounted in a Boeing 747. 

Takeoff 

Thrust, lb/engine 
Fuel consumption, 

lb kerosenc/hr/engine 
Power - Total aircraft power 

MW. 

Specific mass 
11,000 50,300 kg/kW 

kg/kW,, 
7500 20,600 

Specific volume 
167 460 m3/MW, 
S3 145 m3/MW 

0.9 
3 

1.2 
3.8 

0.3 
1 

0.4 
1.4 

plane would cost only 3.3 cents per ton-mile. The 2-
million-lb system would cost 3.9 cents for the 
nuclear and 2.6 cents per ton-mile for the chemical 
aircraft. In both sizes of aircraft, the nuclear system 
is more costly than the chemical propulsion system. 
The immense improvement in the cost of the 2-
million-lb nuclear system over the l-million-lb 
nuclear system results from its greater payload-lo-
gross-weight ratio. 

The cost of the nuclear l-million-lb aircraft and 
the C-5A system are equal if a flight more than 
5200 n m is flown nonstop with no aerial refueling 
and at a traffic level of 50 billion ton-miles per year. 
Equality for the 2-million-lb nuclear and chemical 
aircraft occurs at 3700 n m. The reactor takes up 
relatively less space, leaving mere cargo room, than 
does the fuel required for a long-distance chemical 
night. 

It is interesting to note that Japan's Shin Meiwa 
Industry Company is considering building a 1.04 X 
10'-lb-gross weight chemically fueled, over-ocean 
transport seaplane carrying 1200 passengers.9 The 
speed will be Mach 0.85 for a range of 3500 n m. 

Power requirements consist of six advanced high-
bypass-ratio lurbofan engines in the 77,000 lb thrust 
class. Unit costs are projected at $60 million with a 
7.4 cents per ton-mile. 

Around the turn of the century, aircraft with 
gross weights of 10 million pounds may be con
sidered feasible for bulk transport. Payloads of 
about 5 million pounds would allow inflight service 
and the plane would be grounded only for major 
overhaul. This continuously flying transport would 
virtually eliminate lime lost in takeoff and landing 
and would, with VTOL feeder aircraft, permit 
passenger and cargo terminals to be located closer 
to city centers. The use of nuclear fusion rather than 
chemical aircraft would eliminate the need for aerial 
transfer of very large amounts of fuel. A 10-million-
pound VTOL aircraft would also be desirable. 
Laser-fusion systems are suitable for such highly 
variable thrust requirements because of the poten
tial PRF flexibility they offer. 

Table 6-5 gives an indication of the weights 
associated with the major components for the air
craft gross weights considered. As in the previous 

Table 6-5. Weights of various components for the three sizes , aircraft under •ionsidt.-tion. 

Weights of aircraft 

Components 1 million lbs 2 million lbs 10 million lbs 

Cruise thrust, k tb 50 90 400 
Cruise power, MW 200 360 1600 
Power plant weight, lb 95,000 175,000 700,000 
Fusion reactor weight, lb 215,000 290,000 900,000 
Structure weight, lb 425,000 845,000 3,400,000 
Payload weight," lb 265,000 690,000 5,000,000 

alnctudes all chemical expendables required for chemical-powered landing and takeoff. 
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example for the Boeing 747, the fusion reactor mass 
is based on the chemical fuel load it displaces. These 
reactor masses and powers are converted to max
imum allowable specific mass in Table 6-6. 
The table shows that as aircraft size (and. hence, 
reactor size) increases, the allowable reactor specific 
mass decreases. However, since larger systems will 
use their mass more efficiently, this relationship is 
not immediately prohibitive. As shown earlier for 
fission powered aircraft, the smaller reactor systems 
probably cannot compete economically with 
chemically fueled aircraft because of their high 
capital cost per unit of power. The increase in fossil 
fuel prises owv tha \w& decade could change thai 
evaluation: however, the higher cost estimated for 
fusion reactors compared to fission systems* will 
offset the chemical fuel price increase to some 
degree. Therefore, we consider the design of an ICF 
reactor for a two-million-pound aircraft. This 
design must have a specific mass of less than about 
0.4 kg/kW, + to avoid displacing payload. A max
imum specific volume constraint of about 0.5 
m 3 / M W , must also be satisfied, but it is more 
speculative because the reactor mass .'Hribution 
will not match the chemical-fuel load distribution it 
replaces. 

Aircraft Propulsion Reactor Design. A fusion-
reactor for an aircraft propulsion system will 
operate on an open Brayton cycle. Assuming a 
thermal-convertor efficiency of 35% for a cruise 

•Based on cost estimates ofa laser fusion hybrid electrical plant 
(Chapter 3). 
tThe specific mass based on power supplied to the engines dur

ing cruising. Power recirculated to the fu* on reactor and tem
porary power surges during takeoffs arc nol considered. 

Table 6-6. Maximum fusion reactor specific mass 
for several aircraft gross weights. 

Aircraft gross weight 0 8 1 2 10 
(10 6 lb) 

Total aircraft crahe power, 170 200 360 1600 
MW, 

Maximum reactor specific 0.9 0.5 0.4 0.25 
mass" (kg/kWt) 

"Chemical fuel carried for chemically assisted takeoff is con
sidered part of the payload. Alternatively, the ICF reactor may 
be operated at a higher PRF during takeoff. The specific mass 
shown is based on the nominal design power, i.e.. cruise power. 

power of 125 M \ „. the reactor thermal power will 
be 360 MW,. lor a laser input power of 95 MW and 
auxiliary equipment input of 10 M W. the total ther
mal power required from the reactor is 650 MW,. 
The electric power for the lasers and auxiliaries will 
be produced from a turboalternator. 

The energy from the reactor to the air passing 
through the compressor-turbine combination can, 
as for the marine-propulsion design, consist only of 
a primary cycle to the combustion chamber, or two 
loops from the reactor to the combustion chamber. 
The one-loop cycle is desirable because of its lower 
specific volume and mass. 

HOT the reference reactor, ths fnsvwiill flux must 
be greater than lOMW/m^even il only the reactor 
(without the laser system) is to satisfy the maximum 
specific volume and mass constraints. If the effec
tive density of the blanket material were somehow 
reduced by u factor of 5, without degrading per
formance, the product of thermal-convertor ef
ficiency and fusion gain must be 3.3 for the reactor 
alone to satisfy the maximum specific mass con
straint with a first-wall flux of 10 M W / m 2 . 
However, the specific volume of the reactor alone 
would still be higher than the maximum permitted 
specific volume. 

Thus, based on these kinds of calculations, it ap
pears that a laser-fusion power plant for aircraft 
propulsion is not technically feasible because it will 
nol be able to compete with chemical or fission 
systems on a specific mass or volume basis.* 

Extraterrestrial Laser-Fusion Propulsion 

Two primary applications of fusion propulsion in 
space are presently visualized; an earth-moon shut
tle or ferry and an interplanetary spacecraft for 
manned missions. These applications can take ad
vantage of the enormous gain in specific impluses 
relative to chemical rockets. Nucieons are ac
celerated in fusion reactions to velocities on the or
der of 10 7 m/s, theoretically making impluses on 
the order of 10 6 s obtainable. 2 Chemical rockets 
have specific impulses limited to less Vhan450 s. Fis
sion systems are limited to specific impulses of less 
than 2000 s . 1 0 

Spacecraft capability is normally measured in 
terms of AV.t This index is the sum of all propulsive 
energy required for translations betwe' n stable or
bits throughout the entire mission in units of feet 

•This assumes that the same fraction of the aircraft is devoted 
to payload. 
tints is the spacecraft AV. In the definition of specific impulse 

(given in the executive summary), Av refers to the velocity of the 
driving particles. 
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per second. The AV is a function of the specific im
pulse of the propulsion system and the payload and 
spacecraft structure fractions. Approximate AV's 
for ,'irious missions are given in Table 6-7. 

I -. .r.ical systems, because of their low specific 
impulses, have AV values most suitable to ncar-
earlh operations, l o r example, if a chemical system 
iwis designed to make a manned Venus recon
naissance, the payload fraction would be negligible. 
I ven with an advanced fission /chemical staged 
nickel (nuclear stage specific impulse of approx
imately 1200 s) the payload would only be about 2% 
of the total vehicle weight. 

Reasonable translunar shuttle times should be on 
the order of 24 hours. A fission .system with a A V of 
4.1.000 f/s, i.e., 3,000 f/s more than required, could 
make the trip in the 24 hours specified, Fusion 
systems with abundant AV could make the trip 
much faster so thai local maneuvers would consume 
a large part of the transit time. Such a high-
performance vehicle has been postulated using a 
laser-fusion propulsion system. Figure 6-7 gives the 
calculated performance Tor a 0.55 X 10'' specific-
impulse system which produces 130 (iW t and 
weighs approximately 300 tons. 

Reactor Design for Spacecraft 
A laser-fusion extraterrestrial propulsion system 

will consist of a sustained series of Tusion microex-
plosions within an axially asymetric magnetic 
mirror (Fig. 6-8). The thrust of the vehicle is 
produced by the redirection of the charged plasma 
debris from the microexplosion through the larger 
of the mirror-loss cones and out the rear of the 
spacecraft. 

The power plant of a specific-impulse-
maximizing spacecraft bears very little resemblance 
to that used in terrestrial propulsion systems. 
Thrust is no longer produced as a by-product of a 
thermal cycle, but directly in the form of plasma 
debris from the fuel pellet. Neutrons and x rays 

Table 6-7. Spacecraft capability required for various 
missions. 

Mission AV, f/sa 

Escape from Earth's gravity 40 X 10* 
Round trip from an Earth orbit 

(o the Moon's surface 40 X JO3 

Manned Venus reconnaissance 150 X 10 

""Additional AV can be used during the mission to reduce 
the transit time. 

produced in the fireball are worse than useless: if in
tercepted, their energy must be rejected to space. 
The target design must maximize the ratio of ion 
energy to neutron and x-ray energy, while at the 
same time minimizing required laser energy. Vehicle 
mass is dominated by the need for heat rejection to 
space—which must be done radiatively. Waste heat 
is developed in two ways: componenl inefficiencies 
and neulron and x-ray interception. The above fac
tors dictate an unenclosed thrust chamber so thai 
less than 2"A. of the solid angle seen by the m'-roex-
plosion is occupied. Thus, while charged particles 
are redirected by the magnetic mirror providing 
thrust, most of the unwanted neutrons and x rays 
escape to space harmlessly. Only 2% of the neutrons 
hit the superconducting-magnet radiation shields, 
payload shadow shields and laser beam mirrors. 
Fvcn this 2% represents a large heat-rejection load, 
but it has some value because it permits tritium 
breeding in the lithium shields. 

The optimal pellet is an intermediate ;<R design, 
mostly deuterium with just enough tritium to 
facilitate ignition. Such a pellet burns far more ef
ficiently than low i>R pellets that require a smaller 
specific laser size. Furthermore it allows laser reex-
citation energy to be produced by direct conversion 
from the interaction of the charged plasma debris 
with an induclion coil. Between 50 and 70% of the 
fusion energy is in charged debris from the microex
plosion. 

Hyde, Wood, and Nuckolls did iwo studies on 
rocket propulsion with laser-fusion microex-
plosions. 2 '" Their design utilizes heat-pipe radia
tion to dump the neutron and photon heat from the 
structure, radiation shields, and lasers into space. 
The lithium for tritium breeding is circulated using 
MHD pumps utilizing the existing mirror magnetic 
field. 

Three major propulsion-system components are 
vulnerable to meteoroid damage. The laser and coil 
shield must be made almost invulnerable lo 
meteoroid damage: therefore, they are protected by 
a double-wall bumper shield. The heal pipes are 
protected by only a single wall, and the loss of a 
portion of them has been anticipated in the design. 

Hyde, el a/., estimates the total propulsion-
system mass to be 300 tons, distributed as shown in 
Table 6-8. About 112 tons of the laser-syslem mass 
and 14 tons of the thrust chamber mass are from 
their heat-rejection systems. Thus, the mass of the 
heat-rejection system constitutes 40% of the total 
mass of the propulsion system. The mass of the 
neulron shields in ihe thrust chamber is 20 tons 
while the mass of the coils in the thrust chamber is 
about 15 Ions. 

90 



Closest approach distances to Earth 
Jupiter Uranius 

Venus Mars I Saturn I Pluto 

Fig. 6-7. l.user-fuiHrti-pc.Mercd spam-raft performance. 

600 

500 

S 400 -
•D 
I 
I 300 -

200 -

100 -

. . , . 1 1 , . 
Specific impulse = 

~ 0.55 X 10 6 s 

I' III 
Payload = 100 tons / -

Round trip , ' / — 

^ / ^ ^One way — 

*s&&<\\> I. I I I 
I 0.1 I 1 I 10 

0.05 0.5 S 
Distance - Astro Units 

I 100 
50 

Table 6-8. Spacecraft fusioii-propulsion-sj stem mass. 

Component 

Propulsion .system (total) 
Laser system 
Tllrust chamber 
l-incrgy distributor 
Refrigeration 
Tanks 
Miscellaneous parts 

300 
ISI 
54 
17 
9 

25 
44 

Intercoil tiebar and radiator 
(one of four) 

S Coil and neutron shield 

"Mirror truss and mirrors 
(2 of 8) 

- B Coil and neutron shield 

- B Shield radiator 

Fig. 6-8. Kxtraterrestrial vehicle thrust chamber. 
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The specific-impulsc-maximizing spacecraft study 
includes a pellet design which requires I MJ of laser 
light from a 33% efficient electron-beam-excited 
system. The total yield from the microexplosion is 
260 MJ, with 120 MJ producing thrust. The power 
needs of the propulsion system are almost ex
clusively those of the laser because refrigeration and 
Li6-pumping power are negligible. For a PRF of 
500, the system develops 2.2 tons of thrust at a 
specific impulse of 5.5 - 10 5 s, or an exhaust 
velocity of 6 = 10 6 m/s For a spacecraft with a 
300-ton propulsion system and a 200-ton deuterium 
fuel load, a payload of 100 tons can make a round 
trip to any point in the solar system in one year. In
terstellar missions of a few decades in transit lime 
are also feasible with a laser-fusion propulsion 
system. 

Conclusions 

Laser-fusion reactors for propulsion (as they are 
now viewed) would operate in a low-yield, high-
PRF mode with high first-wall fluxes. From inertial 
considerations, the first wall should be a dry wall 
rather than a wet or fluid wall. These reactors could 
operate on a parasitic fuel cycle from larger 
stationary fusion-power reactors. 

Although there is an apparent need for advanced, 
low-fuel-cost propulsion systems, it is too early to 
determine if laser fusion will be an economical alter
native to future chemical or fission plants for 
marine propulsion. Aircraft applications appear 
even more uncertain because of the stringent 
specific volume and mass technical constraints. 
Laser-fusion propulsion plants for extraterrestrial 
propulsion are possible, provided there is a demand 
for intrasolar system or intersteller missions. 

Because marine propulsion appears to be the least 
demanding system with the earliest payoff, systems 
studies and conceptual designs of laser-fusion 
marine propulsion systems should proceed in tan
dem with the technical development of the program. 

These studies should include the impact of a laser-
fusion reactor on hull design and potential technical 
spinoffs on the development of small stationary 
power plants. 
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APPENDIX 

A DEVELOPMENT SCENARIO 
FOR INERTIAL CONFINEMENT FUSION 

Long-Range Plan 
As the inertial-confinement fusion (ICF) program approaches a demonstration of scientific feasibility, it 

becomes increasingly important to prepare long-range plans. The plans should be able to accommodate op
tional technical approaches to commercial fusion-power production and provide lor varied paces of 
technological development and application. The latter provision would allow management to keep the 
program in line with changes in technical progress, national needs, and the nation's commitment to inertia! 
confinement fusion (ICF). The plan should also establish the goals and milestones required for commercial 
applications. Establishing goals would enable us to identify the requirements and tasks in the early (scientific) 
stages of development, working back from the application dates. Finally, we wanted a plan that would iden
tify the major issues and decision points. Moreover, the achievement of these objectives completely defines the 
scope of our long-range plan. 

In addition to these objectives, there were a few assumptions and guidelines that significantly influenced 
the development of this long-range plan for ICF. 

• The ICF program will be competing with other long-term sources of energy, and we must anticipate 
major priority decisions. 

• Commercial ICF power production will be developed by an industry that is working in conjunction 
wi; povernment, national laboratories, and utilities. 

• The ICF program will go through several phases of research and development before commercial 
power is achieved. Key decisions will be required in each phase. 

• A broad technology base must be established that will both feed and be fed by the various develop
ments in the program. 

The flow of logic for several optional paths to commercial fusion power is diagrammed in Fig. A-l. This 
logic is based on the premise that experiments to verify the scientific feasibility of initiating high-gain microex-
plosions are independent of the development of high-averagc-power ignition sources. 

In addition, solid-state laser technology represents the most highly developed short-pulse, high-peak-
power driver technology in existence. Consequently, the series of solid-state laser-fusion facilities at LLL 
(from Janus to Shiva Nova) is expected to provide the earliest understanding of implosion physics and 
demonstrate the scientific feasibility of 1CF. Once the physics of inertia! confinement fusion are understood, 
and, after high-gain microexplosions have bten demonstrated, the program can progress to the engineering 
phases of development and selection of the most promising high-average-power driver for an experimental 
power reactor. Potential ignition sources for high-average-power operation of the experimental reactor in
clude ion beams, gas lasers, and electron beams. 

The Phases of Development 

A more comprehensive scenario for developing inertial-confinement fusion is presented in Fig. A-2. In 
this plan, the program progresses through several phases: exploratory development, advanced development, 
engineering development, and commercial development. The demonstration of technical feasibility has been 
split between the advanced and engineering phases because of the prevailing assumption that two experimen
tal power reactors will be needed before a demonstration power reactor can be built. As shown, this long-
range plan provides for optional technical paths to commercial fusion. Moreover, the plan is based on the 
premise that a broad scientific base must be established in the earliest phase of development and must then be 
allowed to operate through a technical framework that will both feed and be fed by the various developments. 

Exploratory Development 
Those criteria required to demonstrate the scientific feasibility of inertial confinement fusion will be met 

in the exploratory development phase. Scientific feasibility will be demonstrated when a high-gain (G >20) 
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Fig. A - 1 . iiiertial confinement fusion development logic. 

thermonuclear microexplosion is achieved and a suitable high-average-power ignition source is developed. 
These accomplishments obviously must precede the decision to build an experimental power reactor. 

The major program elements in the exploratory phase are separated into three distinct segments: inertial-
confinement physics, source-coupling physics, and source feasibility. Neodymium:glass lasers operating at 
1.06 jim with low-average-power capabilities will be the primary tools in the inertial-confinement physics 
program. Shiva Nova, the largest of the Nd:glass laser facilities is projected to provide the on-target energies 
and power required to drive pellets suitable for commercial power plants on a single-shot basis. The Shiva 
Nova facility will also be capable of driving significant national security experiments. 

The source-coupling physics program will be concerned primarily with quantifying and maximizing the 
efficiencies of coupling other forms of energy—different-wavelength lasers, ion beams, and electron 
beams—to the fusion target. In the source-feasibility program, several high-average-power sources (gas lasers, 
ion beams, and electron beams) will be developed and analyzed. 

The facility for pellet development will support work in the exploratory phase by providing 10 pellets per 
day for Shiva Nova. This facility must also develop the techn -.logy to produce pellets at the increased rates re
quired by the first experimental power reactor (IO0O pellets per day). 

The major program elements initiated in this exploratory development phase will continue throughout 
the development of ICF, thereby forming a foundation of continually expanding technology. The decision to 
proceed into the next phases (advanced and engineering development) will be based on the successful 
demonstration of a high-gain microexplosion and on the development of a suitable high-average-power 
driver. 

Advanced Development 
The first experimental power reactor based on the ICF concept, EPR I, will be undertaken in the ad

vanced development phase. This reactor will be the first of a series of major experimental facilities required to 
verify the physics and engineering principles that are required to commercially develop ICF. The primary 
function of EPR I will be to provide information on the integrated engineering performance of a complete 
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Fig. A - 2 . Phases of development in Ihe long-ranke plan tor Incrllal confinement fuslint. 

ICF system (source, target, and reactor). In addition, EPR I will be expected to demonstrate the capability to 
produce electric power. An cxpcrimcntul power reactor supporting these objectives will: 

Operate at approximately 10 3 pulses/day 
Generate ="10 MW of thermonuclear power 
Have limited plant availability <*20% 
Obtain a fusion-energy gain >3* 
Achieve high-temperature operation 
Cost approximately 300 million dollars. 

In the advanced development phase, pellet technology will consist primarily of producing 1000 pellets per 
day for EPR I. The capability to produce pellets even more rapidly (10 s pellets/day) will have to be developed 
to meet the requirements of the next experimental power reactor. 

•Fusion-energy gain is defined as the product ofpellet gain and laser-system efficiency. As such ii represents ilic ruiio of ihcrmonuclcar-
encrgy ouipul to electrical-energy input. 
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A test and engineering facility also will be built and operated to investigate the effects of the ther
monuclear environment on the final focusing elements, the first wall, and the blanket structure. This facility 
will not have a high-average-powcr capability and therefore will be used to investigate single-pulse phenomena 
(<I0 pulses/day). These test and engineering requirements could be met most economically by utilizing the 
present Shiva Nova laser fusion facility. 

Engineering Development 
This third phase of the program will focus primarily on the major technical problems associated with an 

ICF power plant. These include the development of: 
• A high-average-power driver with the required efficiency (>l%) and reliability (>70%). 
• A first wall able to withstand the effects of x rays, debris, and neutrons from the microcxplosion. 
• Structural materials that can withstand the cumulative damage effects of high-energy neutrons and 

cyclical stresses. 
• Final-focusing elements that can be placed fur gnough awuy from the m icrocxplosion thut they can 

last a reasonable length of time. 
• The technology to cheaply muss-produce the fusion turgcls. 
The second experimental power reactor, El'R II, will be built to demonstrate limited steady-state elec

trical generation in a smaller and less costly mode than is uvailablc with a demonstration power reactor. The 
experimental power reactor that can accomplish this objective will: 

• Operate at 10 pulses/day. 
• Generate considerable thermonuclear power (> 100 MW, and tens of MW, ). 
• Increase plant availability to >40%. 
• Achieve fusion-energy gain >6. 
• Demonstrate tritium regeneration and recovery. 
• Cost approximately I billion dollars. 
In addition, a test and engineering facility will be started in this phase to qualify materials for commercial 

power-plant operation. This facility will: 
• Generate =* 10 MW of thermonuclear power. 
• Consume <I00 MW of electric power off-line. 
• Achieve fusion-energy gain >0.l. 
• Extend plant availability to at 70%. 
• Test materials for commercial operation to 10 2 1 neutrons/cm -. 
• Cost approximately 500 million dollars. 
Long lead limes arc generally required to develop and test new materials. Therefore, it would be desirable 

to construct this high-avcrugc-powcr test facility much earlier in the program. Unfortunately, it is difficult to 
project a more rapid development of the technology that is required to operate at 70% plant availability. 

The pellet production facilities in this phase will provide 10* targets per day for both EPR II and the 
materials lest facility. At this stage, we must develop the technology for a fuel factory to mass-produce targets 
cheaply enough to allow economical power production. 

Nonelectric applications of ICF have been identified, including propulsion, fissile-fuel production, high-
temperature process heat, burnup of radioactive fission waste, and synthetic-gas production. The technical 
feasibility and economic incentives for developing these alternative applications will be evaluated during this 
phase. The decision to pursue any of the alternative applications in conjunction with the production of com
mercial electricity must be made by weighing the recognized benefits against the additional costs for develop
ment. 

Commercial Development 
The major efforts in this final phase of development will be associated with planning, constructing, and 

operating a demonstration power reactor. This facility will be required to demonstrate the potential for 
economically produced ICF electricity over alternative long-range sources of energy by operating in a safe, 
reliable, and environmentally acceptable manner. In short, the demonstration power reactor (DPR) will: 

• Generate 500 to 1000 MW (several 100 M W c ) o f thermonuclear power. 
• Reach a plant availability =>70%. 
• Breed tritium. 
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• He fully licensed as a power reactor. 
• Consume less than 25% of generated power as recirculating power. 
• Achieve a fusion-energy gain > 10. 
• Cost less than 2 billion dollars. 

Time Schedules and Options 
I'or planning purposes, alternate time schedules for major engineering facilities arc projected in Tig. A-.l. 

The three planning options arc designated as cautious, aggressive (inidrange), and accelerated. 
In the cautious plan, the decision to begin the design of a major engineering facility is made only after the 

preceding facility has achieved the milestones required for scientific justification. I'or example, the planning 
and design phase of the lil'K I I would not begin until lil'R I had operated and achieved its objectives. In this 
plan, technical progress is limited by the availability of funds and the demonstration power plant would not 
operate until after the turn of the century. 

In the aggressive plan, the decision to begin diminution of a major engineering facility would not be 
made until the preceding facility had achieved the milestones required for scientific justification. With this 
logic, construction of lil'K I I would not bcriin until lil'K I had achieved its objectives. Imiding is adequate 
and new projects arc undertaken when their success is reasonably assured. A demonstration plnnl would 
operate at the turn of (he century. 

In the accelerated plan, the need for a new energy source is extremely urgent. Major engineering facilities 
arc addressed in parallel, and new facilities arc begun as soon as their neeil is defined. Thus, planning for 
lil'K I would begin in I9K.1, before the scientific feasibility ol'such a plant has been demonstrated. Reasonable 
scientific justification would he obtained by extrapolating results from previous facilities, lunding is available 
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mill adequate for the construction of major facilities in parallel. Following this plun. a ilciinnistralioii plant 
would opcriitc in the mid-1 Wis. 

Comparing these three plans, wc note that from the slowest to fastest option, there is a diflcrciiec of 11 
years in the operational date of the demonstration power reactor. However, in the accelerated plan, the 
decrease in lime Iodic IX'K is gained .it the expense of parallel development of major facilities. This high-risk 
strategy would seriously impact the rate of spending in the program, as well as the rate of employing the 
technology hasc of manpower and production capabilities. 

In l ig . A-4. the lime schedule for the engineering facilities in the aggressive (midrnngc) plan is presented 
together with the time schedule for the development and operation of the required scientific facilities. Here wc 
sec that the'decision to hegin I I'K I is made after Shiva Nova has hecii operating long enough lo demonstrate 
a high-gain microcxplosioii adequately, and after all of the potential high-averagc-powcr sources have liccu 
operating long enough to lie evaluated. I'ellet development is the only major engineering technology that 
strongly overlaps the design and construction of the scientific facilities. I nun this, it is evident that wc must 
begin to develop the technology to mass-produce targets immediately so that it will he available when the deci
sion to huild l.l'K I is made. Wc have estimated (he timing for all the pellet-development facilities assuming 
that current pellet technology can be developed rapidly enough to prevent pellet availability from becoming a 
pacing clement in the program. 
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