O o H0135--13
LA-UR -76-2060 '
. TITLE: A Technology Assesswont of Laser-Fusion Power
# Production . -
AUTHOR(S): L. A. Booth and T. G. Frank
SUBMITTED TO: Second ANS Topical Meetong on the Technology
of Controlled Nuclear Fusion, September 21-23,
1976, Richlend, Washington. Invited Paper.
(Abstract cleared as LA-UR-76-971).
By acceplance of this article for publication, the
publisher recognizes the Government's (license) rights 11
in any copyright und the Government and its nuthorized
/ reprerentatives have unrest icted right to reproduce in
whole or In part said artlcle under any copyright
( securcd by (he publisher.
The Los Alames Scientific Laboratory requests that the
publisher identify this article as work performed under
) the susplees of tho USERDA, \
ST
. et

™
16poil wai prapured 44 an acxomm of wurk

lossvalamos L [EEEERERE
wor nny of

theit employas. nor amy of thew COR'TRCTR,

scientific lalboratory R o ey L
of the University of California e e
INringe privately nwned sighte, e wod ot

10S ALAMOS, NEW NMEXICO 87544

An Alflimaiive Action/Equal Opportunity Employer “
t
A=)

. UNITED STATES ‘ .\
ﬁ?"ﬁf"a‘rrﬁ" ENERGY RESEARCH AND \
. No. ® DEVELOPMENT ADNINISTRATION N

178 CONTIRACE W-7405. KNG, 6


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


A TECHNOLOGY ASSESSMENT OF LASER-FUSICN
POWER PRODUCTION

L. A. Booth and T. G. Frank
University of California
Los Alamos Scientific Laboratory
Los Alamos, New Mexico

ABSTRACT

The inherent features of laser-induced fusion, some laser-fusion reactor
concepts, and attendant means of utilizing the thermonuclear cnergy for commercial
electric power gencraticn are discussed. Theoretical fusion-pellet microexplosion
- energy rcleasc characteristics are described and the effects of pellet design options
on pellet-microexplosion characteristics are discussed. The results cf analyses to
assess the engincering feasibility of reactor cavities for which protectior of
cavity components is provided either by suitable ablative materials or by diversion
of plasmas by magnetic fields are presented. Two conceptual laser-fusion electric
gencrating stations, based on different laser-fusion reactor concepts, are
described. Technology developments for ultimate commercial application are

outlined.

*Work done under thc auspices of the U.S. Encrgy Research and Development Administra-
tion, Contract Number W-7405-ENG-36.



A TECHNOLOGY ASSESSMENT OF LASCR-FUSION POWER PRODUCTION

L. A. Booth and T. G. Frank
University of California
Los Alamos Scientific Laboratory
Yos Alamos, New Mexico

I.  INTRODUCTION

This paper describes the fundamentals of laser fusion, some laser-fusion
reactor (LFR) concepts and attendant means of utilizing the thermonuclear cnergy
for commercial electrical power generation, and necessary technological developments
for utilization of laser-fusion energy. 7Thc¢ conceptual LFRs discussed in this paper
include a reaction cavity in which the thermonuclear energy is rclecased from
deuterium-tritium (D+T) reactions within a pellet, located at the center of the
cavity with thermonuclear burn initiated by a laser pulse. Although the teclmical
feasibility of producing commercially useful thermonuclear energy rcleases from laser-
induced fusion has not been demonstrated, theoretical predictions of fusion-pellet-
microexplosion characteristics are being used in preliminary reactor design and
-evaluation studies.

For (D+T)-burning plants, two essential requircments for a LFR concept are
similar to those for a reactor concept based on magnctic confincment: (1) The
need to produce tritium artificially because natura) supplies arc insufficient to
support a large-écale nower-generation industry; and (2) the nced to convert the
14-MeV ncutron energy into usable form. Both nceds are satisfied by ptoviding a
“"planket'' of lithium which surrounds the rcaction cavity in the s me manncr as provided
in magnetic fusion rcactor designs.

A characterizing LFR feature that differs significantly from ma thic fusion
reactor concepts is the fact that fusion-pellet microesplesions represent substantial
amounts of encrgy rcleased on a very short time scale. The minimum cnergy release,
determined by both physical and economic consideratioms, is probably about 100 M{f,

Although the hydrodynamic blast crcated by the
pellet microexplosion can be controlled with relative ease (because the cnergy is
carricd by a small mass oflﬁl#n cnergy particles), large stresses can result from
high rates of energy deposition in the blankets and stmctural materials. A major
design problem in containing this enerpy is poscd by the need for a low-pressure cavity
in which the pellet can be hcated and compressed by a Iascr pulse without prohibitive
laser-cnergy loss along the beam path, while, at the same time, maintaining a finite
layer of blanket material thot surrounds the cavity.



- 11,  INHERENT FEATURES OF LASER FUSION
. Laser-Fusion Pcllets

The (D+T) fucl) for LFRs will be injected into the rcactor in “solid" form, i.c.,
as cryogcnic-solid (D+T) spheres or as (D+T) gas cncapsulated under pressure in more
complex structures of high-Z material shells.

The understanding of the physics of lascer-induced fusion is incomplete so that
definitive specification of neither the laser prramcters nor the target design can be
madc with certainty. Sophisticated calculational techniques to analy:ze laser-induced
fusion have been developed but suffer from lack of corroborating cxperimental data as
well as the technicol computational difficulties of trcating multidimensional problcms.l'3
In this regard the situation is similar to that found in thc controlled theirsonuclear
rescarch pregrams in that progress must be bascd primarily on cxperimental investigations
with tic theory serving principally as a guide rather than the converse where experiments
are uscd to confirm theorctical predictions.

The:rzticnl energy-relcase forms from pellet microexplosions arc described in
Table 1.~

time would follow the 14-McV ncutrons, then the plasma of pellet debris. For structured

For the barc (D+T) pecllet, prompt x rays would be observed first. Next in

pellets, the energy relcase mechanisms observed just outside the expanding pellet will
depend on the pellet yield and on thef{pdmposition and mass oi the structural container. —
The fradctionil encrgy release as x rays will be larpger than for the bare pelliet, but
with softer spectra. Mowever, a Hgih-cnergy gamma-ray component appears duc to (n,Xﬁ —
scattering rcactions. Most of the 14-M:V necutrons escape the pellet with slight de-
gradatioa in cncrgy. As the resulss ia Table 1 suggest, there is condiderable flew bility
in the design of structural pellets, and it is anticipated that pellet outputs can ic
tailored to accomodate specific cavity wall protcection schemes.,

Lascr Requirements

The fundamental requirements on the laser system are established by the performance
criteria of fusion pellets. These requirements vary to some cxtent, depending on fucl-
pellet design and size. The basic pellet-determined requirements for the laser system
arc concerncd with: (1) pulse intensity, (2) pulse duration, (3) wavelength, and (4)
spatial and temporal pulse shape. A sccond set of laser criteria are determined by the
encrgy balance and cconomics of a laser-fusion elcectric gencration station: (1) net
laser cfficiency, (2) pulsc repetition rate, (3) costs (capital and operating), and
(4) rcliability and mecan lifetime of components (especially power supplics and switches).

The most demanding requirement is the gencration of high-cnerpy pulses of a nano-
sccond or less duration which necessitates the achicvement of the inverted population
state ncarly simultancously throughout the lasing medium, Scveral types of laser

systems are being studied in laser-fusion propgrams throughout the world.7'9

Thesc
systems differ in the physical approach utilized to produce population inversions in the

+ L Y . e £
respective lasing media,  In gencral, pulse shaping and power amplification are performed



in scparatc lascer stages. The initial stage is a low-power oscillator with msudulators
placed in a resonant cavity to produce a single, short (mode-locked) pulse with a con-
trolled pulse shape. This initial pulsc i< amplificd in passing through onc or more
amplificr stages.

Solid-statc and liquid'lascrs are nornaliy pdapcd with photons from flashlamps,
Somc gas lasers, c.g., coz, are pumped with an clectric discharge. Other gas lasers,
o.g., HF, use cxothermic chemical cnergy for pumping. The most common lascr for current
lascr fusion rescarch utilizes ncodymium-doped glass as the lasing medium,  Althouph it
may be possible, in principel, to increasc the encrgy lovel of the ncodymium-glass system
to that nceded for successful pellet fusion, the efficiency (laser encrgy output to
elecctrical energy input) of this system is fundamentally listed to about 0.1 to 0.2%.
This limitation, along with inhcrent limitations on pulse repetition rate and glass
damage from self focusing makes it a poor candidate for commercial power gencration.

Laser devclopment is advancing rapidly, amd It is impossible to predict the specific
laser type, or types, that may ultimately be most advantageous for application in LFR
systems., Lasing media now being cvaluated experimentally include coz. HF, oxygen, oxcimers,

and {odine with characteristics tabulated in Table ll.'o

The CO2 Jaser, although
gpparent)y having less favorable wavelength characteristics, is reasonably cfficienr and
is casily adaptable to the high repetition rate and continuously vencwiable lasing

mediun required for cconomic encrgy applications. More importantly, the COZ laser is
the only system that has been devéeloped to the stape that can be scalcd to the high
pover levels for commercial applications. Thus, for the pre<ent, the C02 laser has

been chosen as the basis of LFR concept studices,

Laser-pumpinn power sunplics - The Jaser criteria cnumerated above that are
determined by the enerpy bialance and cconomics of laser-fusion clectric generatin, “tations
imply that the laser will include some type of pgas laser power amplificr with a con-
tinuously renewable lasing medium,  Such Jasers require some type of clectric discharge
for pumping};

Pumping times
of a few ls arc required. Puise forming networks with long-lived switches and capacitors
hppcnr to offeor the most attractive solution to the problem although soi.- technolopy
development will be required to provide desirable component lifetimes (A)l()9 pulses).

Power requirements for laser pumping constitute the major part of recirculating
power requirements in lascr-fusion generating stations. This power will probably be
taken dircctly from the main gencrator outputs. Because the pumping power requirement
is intermittant, it will probably be necessary to include some type of intermediate
energy storage device with impedance matching for cfficient charging of the capacitors
ond to provide a constint load on the main generators,

!EEEEJ!E!EHEUI.fXﬁ!Eﬁﬁ.‘ For symmetrical illumination of the fusion pellet, an
cight-beam system provides the optimum peometric confipnration.  To achieve simaltancity

of bheam arrival at the fusion nellet within a small fraction af a nanocecond or less. the



net path-longth differences between various laser beams must be compensated. The most
cconomical arranpemcnt appears to be to adjust the path lengths between a master oscillator
and the main laser power amplificers., Arrangements for splitting the oscillator pulse

into cight parts traveling different distances ave casily deviscd.

The last optical clement in each beam port will be exposed to x rays, ncutrons, and
possibly pellet debris and lithium vapor. Conscquently, the last optical element may
require frequent replacement and should be simple, rugged, and incxpensive. If other
elements arce not cxcessively expensive, these requirements are best met by a plane,
polished wi sror with no coating. For focusing, an clcment well out of line of sight of the
cavity interior and protected by pumping could be usced. This clement could be a converging
lens or a toroidal, catoptric heam-focusing dcvico.ll

The alkali halides are being developed for window materials for 10.67ﬂm laser light and
wmotallic refl ztors (Cu, Au, Ni, etc.) arc being developed for uirror33\

Limits on maximum beam intensity to remain below damape thresholds for windows and méirrors
from lascr light result in LFR requirements for large diameter optical components. e-
scarch on bulk and surface damage mechanisms is being actively pursued as is the scarch

for materials with improved performance. Required clements for fast switching and component
isolation include both active clements (clectro-optic, acousto-optic, expendable mem-

brancs, ctc.) and passive clements (saturable absorbers and diffraction gratings).

Reactor Concopts

11,1

Concertunl desipgns of LFis are heirg investipated at several lahoratories in the US

and in Europo.'3

hiffercices in projected fusion-pellet desipgn and microgxplosion cnergy-
relonse characteristics between various jnvestigators have resulted in different basic
spproaches to the desipn f reactor cavities. There are econumic incentives for maxi-
mizing pellct-microcxplosion repetition rates.

The feasibility studices of reactor cavity and blanket concepts discussed here are
basced on the use of fusivn pellets with a yicld of 100 MJ and the calculated characteris-
tics of the cnerpy release given in Table 1, Although pellet designs for ultimate
commercial application may differ substantially from that chosen for these studies, the
pellet output characteristics will be sufficiently similar (i.e., the major fraction will
still be 14-McV ncutrons) that LFR engincering concepts based on this pellet concept should
he generally applicable to other rcactor concepts.

Wetted wall reactor concept - The wetted-wall LFR comcept is shown in Fig. 1. The

reaction chamber or reactor cavity is spherical and is sursounded by a blanket region
consisting of liquid lithium and struct. al components. The ciavity wall is formed by a
porous refractory metal through whitch coolant lithium flows to form a protective coating
on the inside surface. 7The protective laver of lithium ssorbs the encrgy of the pellet
debitis and part of the xeray cnergy. Part of the lithium TFayer is evaporiated and ablated
into the cavity by cach pellet microexplosion and is subsequently exhausted through a



ipersonic nozzle into a condensor. The ablative layer is restored between pulses by
idial inflow of lithium from the blanket rcgion.

The minimum required thickness of the protcctive lithium layer is determined by the
sount of lithium that could be vaporized by each pellet microcxplesion and by the desircd
rotection of the cavity wiall from surface heating by x rays. Analyscs of lithium flow
arough the porous wall and along its inner surface indicate that 1 to 2 mm minimum-
hickness lithium layers can be restored in less than 1 s.3 The minimum thickness of
ithium on the interior of the cavity wall and the maximum allowable wall-temperature in-
rcascs duc to x-ray energy deposition cnable determination of the minimum permissible
avity diamcter. The minimum cavity diameter for pure (D+T) 100-MJ microexplosions is
¥3.4 m. The maximum amount of lithium that could be vaporized is A/I.ZS kg per micro-
xplosion, which corresponds to a é?br on the inner cavity wall less than 0.1 mm thick., -—
' Analyses have also been made of cavity blowdown phenomcna.S Depending on the wave-
ength of the luser light utilized to implode and heat the pellets, it may be neccssary

fllyees L :
17 pt/cm’ for efficient penctration —

0 cvacuate the cavity to a lithium density of 4/10
y the laser beams. The time required to restore the cavity to this condition after a
ellet microexplosion is nJ 0.8 s. From this and other considcrations, it appecars that
00-MJ pelict-microexplosion repetition rates of about one per second will be practical
or the wetted-wall reactor concept.

Blanket structures have not been designed in detail, however, analyses have been made
f conceptual designs in which the liquid lithium is contained betveen concentric struc-

4 . o '
1 Designs that have minimum steuctural masses

ural shells cenclosing the reactor cavity,
nd that also have acceptble tritium breeding ratios include three structural shells in
Wddition to the porous cua: ity wall. The porous cavity wall is supported by the inncermost
itructural shell., The momentum from the ablation of lithium from the interior surfoce of
he cavity wall is transmitted throuph the rclatively incompressible lithium to ot =r
itructural components. Structural shell thicknesses have becn calculated to contrin
100-MJ pellet microexplosions without exceeding fatiguc stress limits for either niobium,
wlybdenum, or stainless stcel at temperaturces up to 1000 K. Becausc the energy deposition
:imes gre very short ((UIO'6 s) comparced to shell natural frequencies (,11/10'3 s), the shclls
respong to the impulsive loads by ringing at cssentially their natural frequencies, modi-
fied to the extent that they arc hydrodynamically coupled to the liquid-lithium blankets. If
the shell structurc is to be stable, the ringing hoop stresses must be damped between
tuccessive pellet burns, Dynamic analyses indicate that adequate damping does occur and
that the stresses arc completely damped in less than 100 ms after pellet burn.14
Mapnetically Protected Cavity Wall Concept - The essential features of a magnetically
protected reuactor concept are shown schematically in Fig, 2.15 The central portion of the
cavity is cylindrical, wtth an impressed steady-state magnetic ficeld (nz) produced by a
solenoid Joucated concentric with and exterior to a lithium blanket repion. ‘ihe ionized

particles in the pellet debris resulting from fusion-pellet microexplosions are diverted



by the magnetic ficlds to conical encrgy sinks in the ends of the cylindrical cavity.
During the time of flight, the debris plasma is initidlly strcaming at an average ’?>
velocity of 1.5x108 m/s, The debris plasma acts collectivley; it excludes and then .

compressces the magnctié ficld betwecn the plasma and cavity wall with pressure balance
occuring at 4 2-m radius for_BZ=0.2 T. After several cycles of successive radial expansions

T R

and compressions of the debris plasma, it will have cxpanded out the ends of the cylinder
to the cnerpy-sink regions.16

The cavity diameter (5 m) indicated in Fig. 2 was sclected somewhat arbitrarily. Minima
cavity diameters will be constrained by allowable wall-surfacce temperature increases due to
x-ray cnergy deposition. Cavity lincrs of materials with low atomic number (e.g., carbon)
are uscful for decrcasing metal-wall surface-temperature fluctuations. The geometry shown
in Fig. 2 permits cnergy sinks to be designed with large surface arcas. The surface arca
of each conc availuable for energy deposition by charged particles is more than ten times
the cross sectional arca of the cylindrical portion of the cavity. A high-temperature
material such as a refractory metal carbide is envisioned for the energy-sink surface.
Fringing of the magnetic ficld should permit tailoring the energy dcposition density over
the sur.accs of the energy sinks.

Liquid lithium might bc uscd as a coolant and fertile material for the brecding of
tritium in the annular blanket regions. Axial flew of lithium in the blanket annulus minimiz
problems relating to pumping a conducting fluid across magnetic ficld lines. The solid
angle subtended by the cnergy sinks is only a)10% of the 4if steradians through which the
neutrons from pellet microexplosions expand. Preliminary estimates indicate that adequate
tritium breeding ratios to sustain the fucl cycle can be obtained from nuclear reactions with
lithium in the annular blanket regions alone. Thus, the conical energy siﬁks could be cooled
by a fluid other than lith um, e.g., heliun,

There are several policntial advantages of magnetic protection of cavity walls comparcd
tc other reactor concepts that have been considered. It is anticipated that thermonuclear-
reactor component lifetimes will be severcly limited by the rate at which damage occurs from
products of fusion. Becausc power costs arc dominated by capital investment, component
replacement schedules, and duty factors, it is importent to design simple, long-livéd reactor
cavities of minimum size with expendable components incorporated in a manner permitting
rapid and convenient replacement.  The conical cnergy sinks arc readily accessible for
replacement without disturbing the lithium bLlanket, the lascer-beam optics, the solenoid, or
the fucl injection system. Other major advantages of this concept are the possibility of
achiceving high pellet-fusion repetition rates (up to 10 Hz) and the elimination of involved
proccdures for removal) of cvaporated and/or ablated materials from the reactor cavity
between successive pellet microexplosions.

Addicional Reactor Con. s - A lascer-fusion reactor concept, referred to as a suprresse

.

. R ¥/ . I . .
ablation design, has beo wroposed that is similar to the wetted-wall design described
ol
above. The diameter of this rcactor cavity is somewhat larger (A}d.d m) than the diamceter

of tho cavity in the wetved-wall design, and tie cavity wall surface arca is further increasc



&
by constructing it from pyramidal surfaces whos¢ triangular bases form the first wall plane.
The interior surface of the first wall is protccted by an AJSOQ/wm thick layer of lithium
that is pumped by capillary action from reservoirs. Each fusion-pellet microexplosion
releases 7 MJ of thermonuclear cnergy. Because of increased cavity wall surface arca,
enhanced thermal conduction from the protcctive lithium layer to the bulk coolant, and
lower pellet yield, lithium evaporation is diminished considerably. Thus, the time required
after a pellet microexplosion to return the cavity to conditions permitting a subscquent
pellet microexplosion is much shorter than for the wetted-wall design, and a pulse repetition
rate of 10 microexplosions per sccond is thought possible.

The SATURN rcactor concept13 represents an extensiuvi of some aspects of the suppressed-
ablation design. The cavity and blainket arc formed from polygonal shaped power and vacuum
modules. Each power module, of which therc are n) 1100, contains a blanket portion and a
complete power conversion system (turbine and gencrator). The blanket portion is cooled by
neon for energy conversion in a Brayton cycle. There arc a) 70 vacuum modules with pumping
ports in the blanket portions and pumps instcad of power conversion systems. The cavity
diameter is n' 20 m, and the inncr surface of the cavity wall is not protected from x rays and
charged particles. A pellet yield of 50 MJ and a pulsc repetition freqg:cency in the range of

*10 to 100 Hz are proposcd. '
has

no cavity wall per se; rather a cavity is formed by a vortex in a rotating pool of lithiun

A unique reactor cavity concept, called a lithium vortex recactor or BLASCON,

in which fusion-pellet microexplosions take place. Rotational veolocity is imparted to the
circulating lithium by tangential injection at the periphery of 'we rciactor pressure ves-ocl,
The lithium flows out of the spherical pressurc vessel through a central port at the boitom,
Bubbles of inert gas are injected into the lithium jets entering the vessel to provid: uan
average void fraction of 2 or 3% Thesce bubbles serve to cushion the shock wave from .
pellet microexplosion and thus reduce the stresses in the pressurc vesscl. Fusion pellets
are injected into the lithium vortex through the top of the reactor vessel, and a single
laser beam illuminates the pellet, also from the top. This concept has been proposcd for
fusion-pellet yields of n) 1000 MJ and pulse rates of 2 Hz.
111. FUEL CYCLE AND TRITIUM PROCLESSING

This discussion will focus on the use of liquid lithium as a recirculting coolunt as well
as the fertile material for breeding tritium. Efficient extraction of tritium to low concen-
trations in the liquid lithium is important because (1) tritiuwm is a valuable component of
the fusion fucl cycle and is costly to produce, and (2) tritium is a radioactive isotupe thut
constitutes a biological hazard when released to the environment by leckage or accident.

The fucl recycle system, shown schematically in Fig. 3, is divided into subsystems;
tritium separation from the lithium blanket and cavity debris; purification, liquefaction
and isotope adjustment; and fusion-pellet fabrication. Unburncd tritium will be recovered
from the fucl debris separately from the rccovery of the tritium bred in the blanket material

and will involve a different separation | ocess than that applicd to the blanket tritium,



Tho most promising mcthods for soparation of tritium from the lithium blanket
appcar to be diffusion through metal membrancs and liqusu-liquid cxtractlon.l'
Multiple layers of permcable matcrials may be combined with chemical mcthods of removal
(e.g., reaction in oxygcﬁ) to reduce the otherwise very high vacuum requircacnts of
the first method. .

Detailed technical and cconomjc comparisons between the use of diffusion through
scaipermcable membranes and liquid-liquid extraction for separation of tritium from
Jithium have not been made. Both mcthods appear to be feasible, but because it is
more amcnablc to analysis, separation by diffusion has becn assumed for most
generating-station systems studices,

The recovery of the tritium (and deuterivm) from the unburned fuel in the reactor
cavity appcars to present less severe problems for the concepts that avoid the use of
Jiquid lithium in the rcactor cavity. For those concepts with lithium in the rcactor
cavity, the tcchnological problem of tritium recovery is similar to that for the
blanket, although scparate cleanup loops will probably be dictated hy the presencc of
other impurities. h’atson19 has suggested the use of parallel eryosorption pumps which
allow recovery of the cavity gases without adding impurities. Commercial pumps which
mect the requirements arc available at reasonable costs (assuming no scaling problcems
to the sizes required).

The sequence of operations following the separation of T2 and DT from the lithium
primary coolant and cavity debris is the chemical purification of the tritium followed

by liquefaction and cryogenic purification to produce liquid T, and HT. This mixture

can then be adjusted stoichiometrically by cryogen’. distillatfon or with the addition
of doutcrium as requirced. The stoichiometric mixiv:e of dcuterium and tritium is then
transported to the fucl-pellet fablrication system.

The fusion pellets may be fabricated locally (cavity-coupled); or remotely, and’
by batch or continuous processes. The selection of a processing method will be
largely determined by the sclection of pellet matcrials and design. Whilé the
number of pellets that will be required for operation of a large LFR central gencrating
station (ﬁ,Z.S million per day in a 1000-MWe plant using 100-MJ yicld pcllets) supgest
@ continuous operation, large scale batch manufacture of pellets may be preferred
for some fucl pelle: designs. Remote and/or batch fabrication of pcllets would
require larger storage capacity than local continuous production.

Requirements for fucl purity and design tolerances are expected to be strict and
to dominate the choice of fabrication mcthod and its design. Cavity-coupled methods,
for cxample, would be expected to pose unique problems in sampling and rejection of
pellets that fail to mect desipgn specifications,
1V, ELECTRIC GENERATING STATION CONCEPTS

Important considerations for laser-fusion plant design include cemponent

roliability, redundancy of essential components, access to components for covvien
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and/or replacement, und minimization of hazards from radioactive materials to tho
onvironment and to opcrating personncl. ,

A concoptual elcctric generating station design based on the wetted-wall LFR
cncopt is shown in Fig. J.ll The reactors arc located in a scparate annu‘ar
bullding which encloscs phe laser system building. The number of rcactors required

for a given net power output depends on @ officicency of the energy conversion cycle
and thus on the temperature of the react olant. Pairs of ndjaccnt'LFRs are served
by a common heat-triasfer loop, a steam ator, and lithium-processing and tritium-
removal systems. Each reactor is in a b. wically shiclded enclosure with penctra-

tions for laser beams, liquid-metal coolant, and the introduction of fuel, The heat
exchangers and lithium processing cquipment for each pair of rcactors are located in
8 biologically shiclded enclosure adjacent to the reactor enclosurss. Componcnts con-
taining tritium are designed to minimize component sizes and piping lengths,

The laser system includes 16 separate main CO, laser power amplificrs. Eight

of theso 16 lasers arc fired simultancously, and tﬁe cight laser beams are dirccted
successively to respective reactor cavities by a rotating mirror, Each lascer has a
redundant partner to achicve high reliability and case of maintenance.

The lascr power supplics are located in the laser building above the main laser
povwer amplifiers. _

Mechanical and structural isolation is provided for the lascr system and thce
reactors and asscciated beam-transport and heat-transfer systems, Control rooms and
other work ercas are isolated from th: reactor radioactive arcas. Reactors and
reactcr components car be removed remotely theouph rmovable shicld plugs and trans-
ferrcd to shiclded worik arcas by a cranc. Each reactor can be isolntéd from the
system for service aul’/or replaccrent without affecting the oper.tion o1 the
remainder.

An clectric generating station concept based on the magnetically protected LFR
is shown in Fig. 5. Four rcactors with a thermal power output of A 1250 WK cach arc
included in the station (comparcd with the wetted-wall rcuctor(gcncruting station concept
which includes 20 reactors with a thermal power output of AJLe& MW cach). The major - -
differences between tnis concept and the onc based on the wetted-wall reactor design
resuit from differcnces in the degree of modularization which tcad to differcences in
the optimun number of rcdundant componcents and the potential advintages of centralizing
componcnts.

The reactors, heat exchangers, lithium-tritium separators, control room, and
energy conversion cquipment arc located on the first level of the station, lot-cell
maintenance arcas for periodic servicing of the magnetically-protected LIFR enerpy-sink
cones and oilier radioactive components are also on this level. Tracks arc provided for
movement of cncrpy-.xnk cones between rceiactors and maintenance arcas., Single-loop
lithium heat- trunbfcr systcmq arc uscd between the reactors and the steam generators,

and somipcrmecable membrane lithium-tritium separators dre included in the lithium

s = -



Joops. Scparate heat-cxchanger and lithium-tritium scparator systcas arc provided

for cach rcactor,

The pulse-forming nctworks arc locatcd on the sccond Jevel and the main Jaser
power amplificrs on the third level., There are 16 coz laser power amplificrs, 8 of whi
would be operated at onc time to provide 8 laser beams for symmetric illumination of
fusion pellets. Sclector mirrors are uscd to dircct the laser beams from opcrating las
povwer umplifiers to the rotating mirror, also located on the third level. A laser-
pover-amplificr and pulse-forming-nctwork maintcnance arca is located on the thiid
level which is serviced from ground level by a freight clevator., The front-cnd systom,
i.e., the oscillatur and precamplificrs, is located on the top level.

Each rcactor can be isolated from the system for scrvice without affecting the
operation of the remainder.

v. SUNMARY AND CONCIUSTONS
The most critical unsatisfied technology requircments for laser fusion arc those

related to achieving significant fusion-pellet bum. These requirements include ad-

vances in laser technology and in fusion-pellet design and fabrication techniques.

To date, lascr-fusion experiments have yiclded up to 107 neutrons with laser systems

operating at a few tens of joules. Thesc results, of course, have not indicatcd

scicentific feasibility, but understanding of the fundamental physics of the laser-
pellet interaction is being developed. Within the next few years, 10 kJ laser sys-
toems will be operational and a clearer understanding of fundamentals will be gained.

The major milestone ef scientific breakeven, i.ce., thermonuclear output cqual to

exceeding: incident beum energy, is expected to require laser systems at powers

exceeding 100 TW. Su.h a laser facility is planned for operation in the carly

1980's, NWith the achicvenment of this milestone, the laser-fusion program would proceed

from the rescarch t~ Che technology development phase, aimed at demonstrating the ccono:x

attractiveness of comncrcial cexploitation in the late 1990's or carly twenty-first
century.

Based on our current knowledge of the laser/pellet interaction, certain fcatures
of lascr-fusion generating stations appear certain:

o Conceptual LFRs are rleatively small, compact systems and lend themselves naturally
to the design of generating stations for a range of power levels from approximately
onc hundred to scveral thousand megawatts., Reduudincy of esscential components
can be casily and cconomically incorporated in large power plants.

o In a LFR, fusion pcllet microexplosions must be contained in a manner that both
prevents excessive damage to reactor components and permits recovery of the cenergy
in a form suitable for utilization in an cnergy conversion cycle., Very-high-
encrgy, short-pulsc lasers arc nccessary for the compression and heating of fusion
pellets to thermonucltear ipgnition conditions. The lascr beams must be repetitively
transported to gnd focused on pellets inside reactor cavities.

o The fuol cycle that is rcceiving primary consideration is the deuterium-tritium

cycle. Deuterlum is easily and cheaply obtained from conventional sources; but it



is oxpected that tritium will bo produced, as needed, by reactions between fusion

neutrons and lithium, which must be containcd in blanket regions surrounding reacto

cavitics. Inncr cavity walls must withstand pulses of x rays, 14-McV ncutrong,

and cnergetic ionized particles that are released by the thermonuclear rcactions.

Scveral LFR concepts are being ovaluated to assess their feasibility, to define
technology requirements;’ and to determine their practicability for use in various appli-
cations. The two concepts that have been studied most extensively are known as the
wotted-wall and the magnetically protected LFRs. These two fundamental approaches,
togother with variations, to the contairment of fusion-pellet microexplosions and the
recovery of thermonuclear encrgy for commercial use appear to be fecasible, and,
morcover, to provide a basis for the conceptual design and evaluation of laser-fusion
electric generating stations. _

The most critical parvmeter affecting the economics of a laser-fusion generating
station is the product of laser efficiency and pellet gain, Obviously, this

product must be greater than one for a net output of clectricity and must be greater

than two for commercial feasibility. Because laser efficiencies are likefy'to be less

than 0.1, laser pellet gains must be greatcr than 20. Because it is felt that

pellet gains grecater than 100 are probably not achievable, the minimum laser

efficiency of any proposed laser system must be grecater than 0.02.

The most important engineering technology devclopments (other than LFR designs)
aro:

o Very-high-energy (multi-kilojoule), short-pulse ( 1 ns) lascrs are necessary for t
efficlent burn of fusion pellcts. In commercis) configurations, these lasers must
operato reliably at high repctition rates (10 pps), thus requiring development
of waste heat rcmoval methods. Laser power supplies must reliably supply DC
pulses at hundi: s of kilovolts in microsccond durations at the same rcpetition
ratov. Economic factors dictate lifctimes of the order of 109 pulses.

o Sophisticated fucl pellet delivery and laser control systems must be devecloped
so that the pcllet and laser beams arrive at the cavity prccisély in spacc and
time. Tho last optical clement that "1noks" into the cavity rust
withstand the radiation emitting from the pellet. _
While the dircet production of elcetricity from LFRs in central generating stations

is a principal objective of the Laser Fusion Program, there arc other potential com-

morciul applications that may prove to be no less Important. Among such applications ar
tho production of synthetic fucls, such as hydrogen, and providing high-temperature
process heat that might be utilized in a variety of ways. B8Susion ncutrons can be

238, and 233 232,

uscd to bread 2‘wPu from “U {rom
may be attractive comparcd to liquid-metal fast-breeder reactors. It Is anticipated

Ih. Systems designed for this purpose
that many more sipgnificant applications of this naturc will bo discoverced as laser

fusion is developed and conventional fuels become more scarce, E
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_ TABLE 1 -
THEORETICAL ENERGY RELEASE FORMS FROM FUSION-PELLET MICROEXPLOSIONS

Bare (Frozen) DT STRUCTURED PELLET
FRACTION OF AVERAGE -FRACTION OF AVERAGE
TOTAL ENERGY ENERGY TOTAL ENERGY ENERGY
CNERGY ESCAPINS PELLET . ‘<
T , 2040 05 05 -1c leaN
4
PHOTONS 6.01 ~ I ke P-Ek?’ 005 Cﬁ'-.é-ﬁé'?' ¥)
APRRUCLES ' 007 =2 HEVrm e e e e
NEUTRONS . 0.77 ~ 14 MeV 070505 ~ ~12 K&V
| 22 | 054030 G050

ENSREY DEPOSITED IN PELLET 0,15 50 KEV/PARTICLE B:25— 0.2 MeV/ParTICL
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POTENTIAL LASERS FOR LASER FUSION
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