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1. A, Maniscalco, J. Yovingh, and R. R. Buntzen

Lawreace Livermore Laboratory, University nf California
Liviumore, California 94550
United States of America

ABSTRACT

Systen studies at the Lawrence Livermore Laboratory have focused on
formulating and analyzing conceptual dosigns for laser-fusion pewer plants
and on developing fusion-fission hybrid concepts that make sense as part of
the evolution to a fusion power cconomy. We discuss here a development
scenario for laser fusion based on these studies. Our scenario projoses
establishment of test and enginoering facilities to (1) investigate the
technalogical problems associated with laser fusion, (2) demonstrate fissile
fuel production, and (3) demonstrate competitive electrical power production,
Such facilitf{es would be major milestoites along the road to a laser-fusien
Power econamy.

The relevant engineering and economic aspects of each of these research
and development facilitles are discussed. Pellet design and goin
predictions corresponding to the most promising laser systems are presented
for cach plant. Our results show that laser fusion has the potential to make
a significant contribution to our erergy needs. Bepinning in the early
1290°s, this new technology could be used to produce fissile fuel, and after

the turn of the century it could be used to gemerate clectrical power.

.
This vork vas parlormad under the auspices of the U.S. Energy Research &

Development Adwinistration, under contract No. W-7405-Eng-48.
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1. INTRODUCTION

The laser-fusion prograc spomsored by the United States Lnergy Research

and Development Adminiscratfon (ER7A) ts primarily concerned with (1}

denonstrating the scientific feasibilitv of in

sting thermonhuclear burm

in a fuel pellet by trradiating it wirh a high-pover pulse of laser ght

and (2) providing the sclentific datn base to develop and evaluate new lasers.
System studiés ar. being carried out by nationai laboratories, private
industry, and several universitles to identify attractive miiitary and

comerclal applications of laser-fusion technolopy. The major commercial

applicotions arce being evaluated un the basis of required laser/target
performance, as well as technolopy and economir Feasibility. These
applications include electrical power productiun, fissile fucl production,
hydrogen production, propuleion, bumup of radisactive fission waste, and

high-tempernture process heat productiom.

RS AN a8

To be n viable source of energy for the future, laser fusion must be

sctentifically feasible, technologically feasible, and economically
competitive with existing cnergy producers. The phases of research and
development leading to significant commercial use of laser fusion in the

field of eleztric power pencration are shown in Table 1. The majority of

the sys.em utudies performed to date have dealt with conceptual designs of
lascr-fusion power plants. These conceptval desigus have been very helpful
in tdentifying critical-path items on the read to a visble laser-fusion
energy option.

Comparing the various designs, it has been useful fo view a laser- :
fusion pover plant in terms of a basi: power-flow diagram shewm tn Fig. 1. R

The simple cxpression shown in this ilpure gives the plant recirculating
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power fraction “'in”s) as a function of laser efficleney v/, pellet paln
Q, therma® efficlency e and blanket energy mulriplication M. Plant
recircolating power is a basic [igure of meric for any pover plant. Fossil-
fueled pover ;lants operate vith recirculating powers of less than 5%, while
the majority of present nuclear plants operate at or slightly above this
Elrure. The laser system efficlency n, 15 a lumped parameter that includes
power conditioning, lasinp, and uptical transport efficiencies; blanket
energy multirlicarion M is defined as the ratlo of blanket thermal emergy
to fusion neutron energy.

The econamic feasibility of laser~fusion power production will depend
on the pellet energy gains achleved and the overall efficiencies at whichk
large pulsed laser systems can operate. The product of laser efficiensy
(nL) and pellet gain (Q) ls an excellent Tigure of merlt for gauging cue
commercial prespucts. This product, vhich ve refer to as the fusion encrgy
gain, represerts the ratio of thermecnuclear enmergy to laser loput energy.

In Fig. 2, the recirculating power fraction is plotted as a function of
fusion enerygy pain for power plants with a blanket energy multiplication of
1 and with several thermal efficlencies. Several reference designs for
laser-fusion power plants [1-3] have used czcirculating power fractions in
the pelghborhood af 25%. However, it may be difflcult to compete
economically wich current pouwer plants at these high values because, {n
gerwral, plant capiral costs scale as the grosa electrical power, while
revenues scale as the net electrical power.

Sophisticated computer programs [4] can mathematicatlv simulate DT
pellet microexplosions and provide estimates of Q for variaus pellec designs
and leser irradiations. As shown in Fig. 3, these programs predict that

energy gains approaching 50 are possible vhen DT micropellets are

-3-


http://la.3er-fusi.0n

symmeerically frradinted with a 100-k] pulse of short-wavelunpth light
() < 1 um) that is properly shaped in cime {t < Ins), Pellet xe'ns a~ Ligh
as 100 may be possible with laser enerpy pulses approaching 1004 L,

With peller gains limited to 100, laser fesinn power planty with less
than 25% recirculating power will requlre lasers with overall efficiencles
greater than 107, lLusers present1y being pursued and developed are described
in Section 2, A development scenarlo for laser~{usion is ther outlined {n

Section 3.

2. LASFR AND TARGET DES1GN

The target and laser subsystems required for u laser-iusion power planc
gavern ncarly all otber compcnent designs. Target irradiation requiaemsnts
and debris spectra dictate many of the design comstraiacs far @ reactor
target performance and laser systew eff{iciency specify ecenomical plant
eperating conditions.

The dynamics of target compTesslen and the 21fffculties mssociated with
achieving large thernonuclear gains, have been described in detail elsewvhere
fs1.

Two types uof targecs, solid and hollow microspheres containing
stolchiomecric mixtures of deuterium and tritium, hove beea extensively
investigated at LIL. Figure 4 shous a sample calculation made for a salid
DT (~1 mg) target, A low energy prepulse (~20 J) explo”es a thin outer shell,
creating an atmosphere around the target. This atmosphere is eated by
another prepulse to ensure rapid electron thermal conduction. The implosion
1s storted by 2-um-wavelengeh 1Ight and continues until the unoblared rarget

surface is roughly half the critical density for l-um light. A




frequency-doubled pulse 1s then used for further compression, and

it is doubled twice apain to maintain svmmetry and to assure goud coupling
vith the plasma. The target thermonuelear aneryy relegse ¥ is 40 MJ with a
0.9 MJ enerpy input from the lmser E  for a ain O of 44. Salfd targets
are attra.-fve for laser-fusion power~plant appllcotions because of thelr
ease of fabrication and potentially low cost. Unfortunately, the peak
Ietensity during the final phase of the implosion excueds that where back
scattering due to Brillouin imstabilitics can occur. Ar these high
intensities, os much as 5U7% of the incident laser energy might he refleeted.
reductng the estimated galn given abave.

Because of the backscatter problem at Yigh laser {ntensities, hollow
targets contalning more surface area huve been Lnveatfgated. Although these
tavgets might Tequire roughly an order nf mipnitude dusy laser power and do
not induce significant plasma instabilities, they are limited in performance
¥ flutd {nsrabllities. To dare, there exists no koown wechanism £t desling
vith these instabilities in high-gain targets.

The present consensus is that for laser pulsc energies hetween 100 kJ
and 1 MJ, the best of these targets might achieve fains in the range of 70
to 120. Such performance must be evalvated in light of the fusion energy
gain Elgure of merlt, nLQ for cthe applicat{on of fnterest (see Flm. 2).

The standard procedure for determining laser syatem riquirements for
laser fusfon systems has always been to ure target performance ak a baseline
from vhich the laser requirements can bu calculited. For example, from the
fusion encrgy Rain product, low-recirculuclnp-pover (less than 251) reactors
will requira Insers vith cfffclencies between 10 and 15%. In Fig, 4, we see
that the laser system must be able ro irradiale the target in a particular

vay to achleve high gains. Two prepulnes ara required (20 .0 and 1.5 ki);



then, in a ctaely tlmed and contgzolled fashien, the lascr intensity and

wavelensth nust vary over wrders of pagnitude of f{ve aud e, respectlvelv.
Twelve or more beams are rejuired to mointain svepetry durlog the imploxion,
and a laser with very Mlgh Lrichtness is needed to focus on the small
targets.

The lasers presently beinp most actively pursued for lawer fuslor

experiments are listed ln Table 11. Ndiglasr systems have been develoned
to produce yowerful beams of 1ight with very pood focusabilits (10'% . em?
ster) for target Irradiatien experivents [6). Focugsability is importany
because of the need to cunceatrate the output power of the laser on a spat
approximately 50 um In diameter. Single-pulse CO, systems have also been
wsed for target experiments, Hiph-nvetape-powst experiments for developing
ras-flow equipment, power conditfoning, and optical subaystems have not beun
conducted to date. Examination of Table 11 shows that the currencly
operating gas lasers fall short of the requirements illustrated In Flp. 4.

Extrapolations of the characteristics of various iasers, including an
oxygen svitem [7], are summarizod in Table 111. An estimate of {dcal lassr
properties (i.e., thore required to yleld fusiun enerpy gains greater than
10) is also pfuen. Nd:plass lasers have not beea ltsted In Table I1L. Maler
factors precluding tha use of this highly developed laser technology for
laser fusion power applicatlons lnclude:

(1) The relativaly large non'ipear index of refraction of the plaxa

nedium.

(2) The very lov ave:age pover capabllities resuleing frem the low

laser efficiency and the low chevmal conductivity of the plass medfua.

The oxygen laser (0) {n Table I1I is one new laser being developed for

laser fusion. It will be many yearr, however, before it is available for

s



larpe-scale experiments, Table IV presents several of the more promising
feneric laser mpdia dixcovered ot LLL. Because scalable punping techniques

strongly fmpact the viability of a laser system, lasers should be categorized

by the pumping techafque employed as vell as by the workink laser medium.

The generlc techniques for pumpiag the working gas laser medlum tnclude: (1)
diroct electron beam pumpling, (2) optical pumping (using electron-beam-driven
vadlatlng substunces), and (3) electran dlvcharges.

The properties of the auroral lines of rhe Group VI vlementy were
reported in Ref. (5). When the atoms of these elements ore exclted ro the
l50 state, they exhibit many of the desired properties of the {deal luser.
Stne oi the wore promising photolytie pumping schemes ifnvestipated for che
Group VI elements include vacuun ultraviolet excimer fluarescence from Ar,
Kr, or Xe.

Tn the rare pas-Graup VI utom excimers, cxcitatfon to the !

o scate
results from emergy transfer processes following fonfzation of the mixtures
by an clectron beam. Coherent nscillation “as been observed in rare gas
oxlde media [5,8]. As o result, detalled experimental and cheoretical
studies are presently beinp performed at LLL on the krypton oxide {Kr0) laser
medium.

The major factors precluding the extenulon of Nd:glass laser technolory
to performance levels requlred of lasers for lasar fusion power appllcatlons
wre 1lsted earlier. Cloror serucinmy Quickly reveals that these limitations
tesult primarily from the dielcctric propertias of the glass host and not
from tlie rare earth fons. This obssrvarioa hos prompred lovestigations [9]
of the suitability of rare earth molecular lasers for laser fusion power
applications. Calculations have been carvied cut and reported in Ref. (9]

for the classes of rare earth molecular lasers listed ip Table 1V, The
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catculations indicate chat these vapor systems should be viable candidates

for taser-fusfon poweyv .pplicarions. Experlments to demonsirate laser action

in tiwse media have been inttluted, and they are expected to provide
cvanfirmation of the basic phenomeneloegical nodels.

Thy prospects of Acveloplay new lasers with suleable wuvelengths and
efficlencies in t'w neighborhood of 12 luok vury good. Hewuver, with the
targets descrited previously (@ < 300), fuston energy galns will sttll be
Insufficient for cummercial guwer plant operation. Technical problems
assoclated + Lth developing the nevded high-efficlency, highly-controlled
(space, ¢Ime, and frequency) lascrs with associatod low-Fnumber optfcal
syscems that run at hiph average power, appear overwhelming at this cime.
Wnile turpet desipn s {n its infancy, the question Should be asked whether
or not targets can be du-igned to produce useful applications with the laser
systums that will cercainly be avgilable in the 1980's and 1990's. A sunmary
of the afcicze in luyer/target system research and development {5 given in
Table V.

Atomic lodine s a laser medium that could be avallable in the 1980's
and 9075, It is dlfferent fvom CO, (vhich hos a conuiderable developuent
bage), because of the much snotter wavelewgth produced (1.7 um for iodine
versaus 10.6 im for 602). Thearatical amalyses predict conaiderable
4irflculties 1n praducing galn at 10.6 um wevelengchs [10) because of
unfavorable eleetron spectra croared during the photon absorption process.
Such problems arc less severe at 1,32 \m, and efficlenr frequency doobling
is possible ar the sherter wavelenpth. Although fodine presencly has a lov
efftciency ( 0.1%), various photolytic pumping schemes under study promise
signifleant fncreases ln etficlency such that final system efficlency ('L)

could be as high a8 12, Inprovements beyond this might be passible using



aifferent punp/laser media in essent{ally the sime svster vor figuration
lodine is scalable in pulse energy and jeak power, and it can be extended

to high average pover. Scaling in energy/power is easier than achieving
higher efficfency suth that 0.1 to 1 M), 10 Hz systeor can be envisioned with
form fuctors comparable ro C02 lasers.

With the characteristics of a near-term jodine luser lo mind (see
Table TII}, we could orient target design vork toward maximizing pellet pain,
If we ignore the target economical constraint for che moment, nore expeusive
vomplex rargers might be possible that achieve higher pains. 1f advanced
high-tisk target designs for use with lou-risk loger sysgems ean be
devuloped, the laser-fusion applicatione are significant. This approach

should be explored.

3. A DEVELOPHMENT SCENARIO

Table VI outlines a develepment scenario fox laser fusion. The
completion dates piven ara estimated ot the basis of the magnitude af the
tequired fusion energy gains, the availability of the laser svstems needed
ta achieve these gains, and the aeed for a substantial time gap between
establishment of the lager-fusion test facility (LFTF) and the hybrid
demonstratlon plant. Fusion-fission hybrids will have the patential to
Produce fissile fuel and vnergy wirh fusion ener®y galns an order of
megnitude lower than those required (or pure laser fusion; hence, they will
not be en irely dependent upon the availability of advanced lasers.

1986 is che earliest low-risk completion dote for g LFTF, which would
be in the planning and design stages for &4 years and under construction for

& years more. An esrlier complatien date would require that construction

g



begln before adenuate oxperlmental verification f the laser/netlet

interaction rerfomance had heen ohtained,

The O, laser I8 the ealy high-averape-m =2t laser system that c-utd

be available f-:. LFTF before 1986, lodine and some of the new lasers
previsusly discussed could be attractive candicates for a LFIF completed in
1986 or later, A 10=TW (16 ®J in | ns) an laser factlity {s presently being
bulle at the Los Mamos Scientific Laboratary (LaSL). 1t is scheduled for
completion in tate 1977, 1f target-irradiation experiments are successful,

a 100-TW Cl‘2 laser facilicv could he cempleted in 1981 and used fvr peller
experfments [n 1982, The building phase of a LYTF scheduled for eompietfon
before 1986 would have te start before 1532 without the benefit of experimental
results from the 100 TW facility. This would require that large sums of

maney be committed on the basis of fysion enerpy gain estimates theoretic.lly

extrapolated from experimental results obtained with the 10-TW fasility.

A laner-fusion test faeiliry

As indicated {n Table VI, the first step in a logical scenario for the
development of laser-fusion power plucts {8 a laser fusion test [11,12].
This facility would be used to study:

® 14-HeV neutton damage.

@ 14-HeV neutron activation.

® Neutron-energy direct-cowversion schemes,

® Charped-particle~encrgy direct-conversion schemes.

e Laser-fupion blankets and first walls.

® Neurtonic pumping schemes fov insers.
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M nifngful I4=MeV neutron damage experiments wopld impose the preatest
demonds on the LFTF. Typical cancepteal D-T loscr-fusfon reactar power
plants [1,2,13] operate uith a time-averaged 14-MeV neutron lux of about
5 % 10” n/mz's. There is little experience with 14~MeV neutron damape
in candidare first-vall materials at these flux levels. Currest é~MeV
neutron generators produce on very small samplos, a flux one ovder of
magateude Igwer than that lisred above [13]. This means that we nust
incrcase the expari{mental time by an order of mupnitude to achieve the time~
incegrated flux that the firse wall of a fusion-~reactor power planc may be
required to witharand. Since liferimes louger than 1 year are desired for
the firat wall of [usion-reaccor power plants, a l4-MeV neutron generator
capeble of producing a Flux of ut least 5 x 1017 nfmes is required, and
greater fluxes oro desired., Such a generator would be useful for studylnm
the bulk and surface effeccs ol pulses of 14-MeV neustyons on candidace
reactor f{rsc wall materials, It would also be useful for examining x-ray
flash danape and pellet debris camage as vell ax the damage from laser lighe
reflected from the pellet on the firsc will, Neutrom activation studius
would be yseful in waste manaRement analysis for fusion reactors.

The I4-MeV neutron generator could be used to lavestigate schemes (such
as that of the Compton gencrater proposed by Heod and Weaver [1%)} for
converting neutron energy directly inco clectrical pover. Additlonal uses
of the 14-MeY neutrons wouid be to study neurran!c pumplug oclemes proposed
by Wells {16] and conventional and hybrid blanket concepts proposed by
Man{scalco (17]). The charged particles from the fusion reactlon and pellet
debris can be used to study schemes for o _verting the charged-particle
energy directly into elecrrical power (e.g., the expansion of the fusion

fireball apainat a magnetic ficld imposed from outside the firsy wall |18]),
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& flrng-wal) time-averaged 14-Me¥ neutron flux of 1.8 « 101% n/nfes
wns chosen in our reference design fur LETF. This flun Ls Toushly three
times preater than thut currently anticipated for fusiun power plants, Thus
LFTF must operate with a "plant factor” of greater tham 0,26 tu accumylate
Jamage data In che wvume real-time that will vernt fn a fusion power plant
operuting with a “plant factor™ of 0.8, FEach of the mpjor svbsysteds in n
LFTF, pust have n rellublilty factor of 0.85 tv yleld a plant factor greter
than 0.26. For reasonable sized experiments, about 1 m? of experimental area
Ls required. Allowlng 27 steradians for pellet Lrrudiotion plum 6.3 steradisn
for vicuum pumping, the raquired first-wall radius is 0.4, This radius,
coupled with 2 time-gveraged [irst~wail neutton flux of 1.8 = 1018 nfmles,

results in a lear power requirement of 10 MW.

Flgure 5 shows the plant power and laser input power requirements for
LFIF as a function of fusion gain. Note that the plant power i6 proportional
to the fuslon gain and 13, when considering the olectrlcal pover facror,
virtually the same as the laser input power, The plant cost for a thermonuclaay
power of L0 MW and a firscovail neutren flux of 1,8 x 1018 ames, is
shown in Fipure v ay a fuaction of fuslon gain. The fcportant thing to note
in this figure is that for fusion galas greacer than 0,1 (laser inpur powers
less than 100 MW) the plant cost 1s virtuolly unaffected by the fusion energy
gain.

The results shown in Figures 5 and 6 {ndicate that 0.1 ls a minioum
fusion galn for a practical system with 10 MW of fusion power. Higher fuslon

gains nre of lnterest, but che perf{ormance risks increase with increasing

fusion gain. To obtuin 10 MM of fusion pu er fTrom a syatn with a fuslon
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rain of 0.10, the pover fnte che laser must be 100 M, The tatal pruer
requirement for sv~® a {artlity is 110 VA, 90T of which can be Lermed laser
pover requircments. The total cust of the svstem has been estimated ar 1bd
M5, with D% of this figure In the laser system and 253% in the tritium-
handl{ng system.

Theve are several possible gas laser systems capable of operatimy in
a pulsed mode with nonosecond pulse lenRths, One laser system assumed in
our reference dasign studies is the €O, laser. As mentloned already, another

2

likely candidate Ix the fodine laser. A summary of ! requirements for

these two laser systems {n a LFIF is plven [n Table ¥1l. Bath systems vield
a fusion energy gafa of 0.1 and provide 10 MM of thermonuclear pover from
100 MW of laser input power.

Frelwald and Kern [12] have investipated laser-fus{on sources for CTH
surface and bulk damage testing. Their veference desipn features a 0.5-o—
radius cy.indrical flrst-wall protected Erom che pellee debr{s by 0.B-tcsla
solenoid. The experibental area 1s about 1.65 mi. The loser output emergy

i6 200 kJ. There i& a pulse repetition frequency of 1 Hz. Frelwald

consideTs (WD SUPATATR laser Aystems: C\)Z ond WF. For o CDZ laser system,
he establishes a luser systen efficiency n of 0,063 and n gatn Q of 2

resulting in » fuafon gain of 0.13. The powar required hy the laser syatew
{5 1.6 MW, and the peak first wall neutron [lux s 2.2 » 10%° n/oes for an

experineatal production rata of 3.6 % 10°® n/s. Using an WF laser syeten

with an efficlency of 0.069 und a peilel yoin of 8, the fusion gain is 0

ihe pover required by the #F laser system is 1.4 MW, and the peak neutron
flux 1s 8.9 < 1018 n/n? + 5 uith m expertmental neutron production rate of
1.5 » 1017 n/3. Frefuald estimaces o total eapltal cone of sbout 5 H$ for

the LASL reference design, and a total electtical powee requirea:nt with a

13-
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G4, faser ot 1.4 Mev ang ¥t an dik laser of

it a qover factar
vl D83, tin tetal clectrival power feguirement fecomes 1.3 and 2.% MYA for
i, andt HE, respeetivelr,

The effertiveness of tne varions facilities can be reasured fn four
dufFerent wavs: nentron flux per wnit o plant power required fnfre - M)y;
aeutron flux per unil plant cost [n/m: * » * M$); axperimental neutron
production rate per wnit of plant power required (n/MJ); and expertmental
neutron production rate . ¥ unit plant cost (nf/s ~ MS). A summars of the
performance parameters for tae reference facilities is given [n Table VITL.

Nete that the costs and pover r

fremeris are not necessarlly comsintent
between the LFTF and the LASL svstems.

For a time-averaged neutron flux of 1.8 v 10°% n/m? + s, the time-
averaged TLERT wall eneray flux for ncutrons and chavied particles,
respectively, is 4.1 and 1.1 Hi/n, The amount of neutron wnergy deposited
in the firse wall I5 negliglble relatlve co that deposited by the charped
particles. Hoffmanm [19] notey that A tantolusm-tungaten alloy has a mexinum
heat flux capability of sbout 36 M/mZ, while stofnless steels have heat
Flux capubtlities between 10 M/m’ for specified geometries and wgter cooling
120]. Thus, igher neutron fluxes nay be considered for these Tagllitles
in the future, although experimental probes can be injected through the first
wall to achieve time averaped nuutron fluxes ne high as 6.5 * 1017 wm? + s
This is two orders of magn'tudd greater than the neutron [luxes of proposed
fusien reactor dowigns.

A loser-fusion englneerlng research facllity could be bullt {n the mid
19805 wslng, wear-tern short-pulae gas-loser technolopy, produ. ing 10 W of

thermonuclear power with fusion pains of approximately 0.1.
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Pusion-Flsslon Hybrid Megcters

Suclear power-generacing svstems using fusion-pruduced neutrons to
generate fixsion are gemerally classifivd as fusion~fisslon Xvbrids.
Interest {n hybrid svstems, dating back to the early 1950°w (21,22}, hay been
metivated peimarily by their potential to relax fusion enerpy pain criteria
stgnificantly and to breed substantial quantities of fissile waterfal. The
principal advantapes of a coupled system result from the fact that, taken
separatelv, fisslon systems are inherently power rich (with 200 MeV per
fission reaction) .~d neutron poar, while DT-burning fuslen systems ara
comparatively power poor (with 17.6 MeV per fusion) and fast~neutron-rlch.
The rerm fast-neutren-rich should be emphasized because ip ix the 14.1-MeV
neuCronk from UT (uston thac provide bybrid svstems with the abilltr to
geferate substantial amownts of chergy and flxsile material from the sbundant

2
fertile macerials 228y ana 4%

Th, thereby, operating with lovw fissile
caterial inventories {n a subcritical fashion that provides an ubsolute
yvarantee against a nuclear excursion.

Our svstem studies have bren Birecied toward neutronle analysis and
comparison af hybrid coacepts for laser-(nduced fuslon that use energy-
muleiplying and fissile-breeding blankets based on differen: fission reactor
technologies (liguld~metal angd gas-cooled fast breeder reactors, high=~
teaperature gas-cooled reactors, liquid-metal-cooled thermal reactors, ete.).

The hybrid concepts analyzed in our system studies zould best be
categorized ns fast or thermal fisgion svetems. Figt [isslon svstems are
defined as blankets in which more than half of the fus i enerpy
amplification is derived from fast fissions (E “ 1 MeV) in ferrile materials.
Thermal fission systems are defined a3 blankets in which more than half of

¢he emergy amplificaction results from thermal Flssions in Fissile materials,


http://fnst-neur.ron-rlc.li

Faut or thermal fission systems are of three bypes:
1) An vleetrieity-consuming facility that produces [issile fusl.

2} An electrical break-even factlity thot produces

Ti5411e fuel.

3) A producey of fisstle fuel and electrieity.

Obviouily, hybrid faciliticvs of che first two rypes are classifled av [lsatle
fu 1 producers. Facijitles of the third type are classf{ficvd either as
Flesile-fue) or electrical-pover producers. The distinction Is mude en the
basis of which tunctlon necounts fnr the majority of the Eacility's revenues.

At gresent, 1t s unclear which hybrid vill have the largest cvommercial
lmpact. However, facilfeivd of the First twv types may have the potent]:l
for earlier vommercial upplication because thernodynamic eff{ciency,
reliability, and duty cycle requirements are not stringent for simple Feasije-
fuel producers.

Fusion-fission hyhrids can be deslgned to maxirize Fissile-fuel
pruduction or fusion-neutrun eperyy multipiicaries. ln gencral, fissile fuel
production {per unit of fusion energy) is maximized {n Fasc fissior hlankets
contalning fertile materials, whi’e enerpy multiplication is maximtzed in
thernal Figsion blankets containlng heterogeneous lattices of fisslonable
macerial and mederator. Flpuras 7 and 8 show the conflguratlivns and muterial
chulces for hybrid hlankety vhich £311 Into one of these tvo categories.

The conceptual designs and material chofces, as presented, enconpans So many
different flusion reactor technologles {RICR, LMFBR, GCFBR, etc.) that it
«ill be ficting to giva the reasons far excluding light vater reactor (LWR)
technolopy, slnece it is the mast widely used and established flssion
rechnulogy. Blankets for BT-burning fusion devices must breed rritium, ane
they will therefore contaln subntantial quancities of iichiun, Rarer has

avt been listed as a pussible copiant because of the pousibility of trit{um
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contamination and the hazards posed by lts sgenerallv hiph clemlear reactiviey
with liquld mecils, particularly l:hiun.
Refractory metals such as ninbium, tungsten, and molvbdenus hawe been

chasen ay structural materials in several fusion reactes won

ceptual designs
because nf thelr puvsfcal and clemtcal properties at high temperaturcs.
These oetals have also been considered as potential struetunral materials for
hybrid biankers; however, it {s anticipated that statnless stecl will be the
structural moterial of cholce for first-generation hybrid reactors.  The
selection of stainless steel limfts the high-teoperature operation of a
nybrid blanket to values currently achleved in flsslan reactors.
Geverthelesa, it is consistent with our deslrce to consider hybrid concepts
which could be built in the near furure with mlnimal extensions of the state-
of-the-art technology developed in the fiuslen-power econnmies.

Thorium and depleted uranlum (t.e. diffusfon plant tailtngs) are tue
of the moct attractive fuels tor fissile-fuel-producing fast-fission hlankets.
Relatively abundant thorium s attractive because it breeds 2PU, n better

fissile fuel for thermal fisslon renctors than 25y or 29

Pu.  Depleted
uranium {8 an attraetive hybrid fuel because the U.S. has a natisnal
stuckpilo of this uaterigl mmounting to more than a billlon pounds,

A thorfun-fueled non-fisktoning blanket {3 another type of fissile-fuel
praducer. Strict'y speaking, {t is mot o [usion-Fisafon hybrid. It is
usually referred to as a symbfotic sy: tem, indicating that fuel [y produced
for consumption in physically separate Iission reactors. Fisslonlag !4
suppressed in this type of fusion blankel by moderating the fuslon nculrons
to enersies below the [ission threstiold In thorium and by continupusly
4 Z]fiu

removing the bre « In comparison to hybrids, svmbiotic devices provide

very litrle, if any, energy multiplication and produce lcan fissile fuoel per
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undt of tusion cnerpw

Bowews r, propuswnt  of

mbintic wv

e clate that

the Lo redi Coan eapakil

mav he olfuct b lower rlanket and fuel

roprovessing costs resulting from

absuace of flssien products,

A comparat fve sumpary of the operat lona® characteristies of the three
Pissilesfuzl producers deseribed above (s shown ia Table IX. The ftasile
fuel producers shown can be considered ta be neutronically optimized in that
they have resulted from more than 10U separate transport calculations
described ia a previess paper {27]. All of the newtronlcs calcul tiens vere
performed with the TART Monte Carle Code [24) and with cro: s sertions from

the Evaluated

clear bata Libravy 125] ar LLL.  The comparat:ve wuemere
shous that deplaced uracium hvbrids maxi-ize energy mult{plicatton and
flssile production per wit of Iusion encrpy  whervens thortum fast-fisston
concepts exhibiz che best performance on the basis of fiwsile prudu-tion per
unit of thermal encriy. Therefore, uraclum-fueled Fiss{le produccrs would
appear to be more actractive if the laser and fusien assoclared coses
dominate, whereas thorfum-fueled fust-flussior hybrids would be more
attracutve 1t the blanket and heat-removnl costs dominate.

Fipure 9 gives the pruductivn capabilitles of lgser~driven Fissile-fue!
producers and Fluysion breeder reactors along with rhe comsumption
requirements of thermal bummcr and comverter reactors. (Reactors are
considered “burners” for values of € < D.B, converters for 0.B < ¢ < 1.0 and
breeders lor € » 1.0 where C, the converslon ratio, is defined as the ratlo
of Tisile atrms produced to fissile ntoms desrroved.) The left portion of
Fig. 9 diwplays the net fissile product{or eapabilities of both fusfon and
fission breeders normulized to u unit of thermal energy. ™n this basis,

thorium faat~[igslon hybrids outperfcem uranfum-fueled concepes.

18-
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The rost attractive feature of fuslo breeders relative to flssion
breeders is that fusion brevders produce appromimately 10 cimes more flssile
matertal per unit production of thermal caerpy.

The Fissile covsumption roqultements of present bumer and advaticed
converter reactors are presented In the ripght side of Fig. 9. 1t s
interesting to match the cousumption requirements of the flssile burners co

the production capabilitles of the breeders. Hare we see that a trorium

fast-fission hybrid provides unough fissile material to fuel 23 HT4R's of
equivalent thermal powor, while u depleted-uranicam-Tueled hybred produtes
enough fissile material to fuel § IXR’s of equivalent thermal pouer.
Conversely, fast breww.: reactors do not produce vnough excess fissile
material to “uel even one LWR of equivalent thern.l power. (Tt is well known
that the er.ess fissilev material produced fn FBR is bear used to fuer another
FBR.)

A scenario with laser-fusion driven hybrids providing €lsslle fuel For
the currently available th rmal €ission reactors appears to be a viable
alternative to the prosent wclear pouver resvarch and development stratepy
based on fisslon breeders p-oviding adequate quantitfes of flssile fuel for
themselves. The hybrid s.enario uould become lnereasingly attractive 1T
fission breeders' cost much more than fissile burners and thetefore praduce
mere expeasive eleecriclty.

The ¢aergy multiplication characteristics of all the ncutronscally
analyzed |17] hybrid blankete are summarized in Fig. 10. It gives the fusion
energy gain requirements for laser-fusion power plants with various
percentages of recirculniing puwer &3 o funcrion of blinket vnergy
mulriplication. The cuives we.o wencrated from Jhe expression for plane

recirculating power given in Fig., 1, withk chermal efffciency set at 353,
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Flgure 10 dramatically polats out the order-of -mapnitude o creases that take
place in requited fuslon enerpy pain as fission blankees with higher energe
muliiplivation are woployed.  in Flsste 9, “o v that thovium-futlud hvbridy
vutpyrformed uranium-fueled hybrids on the banis of finsile tuel produced
per unit of thermal enwrgy.  Figure 10 shows that urantum-fucled hvbrids can
penduce flssile fuel in an enerpy breakeven code with fuxien energy pains
thac are 2 ta 6 times lowet then those requited fur thorlum blunkuts.
Puwar-producing hybrids are defined s focilities which operate with
rerirculating power less than 257, [t becomes sttractive to loak beyond
thrrium and depleted-uraniwm fueled planket concepls vhen we cansider hybrid
facllicties that preduce electrical poser as vell as fissile fuel. Thewe
include plutoninm-enriched fast-fission blankets and thermnl~fission blankets.
In Table X, nentronieally optimized versions of these tw poer-producing
Wwbrids are corpared to the previously shoun depleted-uraniwn fast- fissien
blanker now befng operated at a high encugh fusica energy galn o be a power
producer. Plutoniwrenriched fast-fission blanketn could best be
characterized as source-driven fast breeder reactors (LMFER or GCFBR). They
exhibit the largest enerpy multipifcation and flssile produttion per unit
of fusion energy. The curves in Figure 10 irdicate that lutonlum-enriched
hiybrids have the potential tu pruduce electrical power with the lowest fusion
enerpy gains. At first glance, these neutronic characteristlcs make o
plutonium-enriched Mlanket concept luok very attractive. However, the large
inventories of fissile material resulring from plutoniun earichaents in the

neighborhood of 107 make {t nvce:

surv to operste this blanket at much higher

power densities with effective neutron muitiplicativn factors “1,“.) very

clase to ufty. This negates some of the Inherent safety features of hrhrid

systems,
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t eners

Thermal Eisslontng hybrid concepes caiibit the lar,
multiplicasions wleh the lewest fissile materlal fnventories. In o« eparias

thermal and fast-Ilssion hybrids as power producets, Fiyure 1) shrus t

thernnl fi:sfon blankets ~an efficiently nroduce pywer with fuslon energs
gains 2 to . times [ower than chose required (a1 fase-Ilo-lon blmkets.
However, t-.¢ comparative surmury (Table X) (ndicates that the waivneed enern
multiplicazion is Ralned at the -aupense of reduced fiss{le prodection and
higher puser-density requirements in larger, more wumplex blankecs.
ConsequentZv a [inal ranking of these :wo hybrid conceper muct memit studies

which trea: the onpinecering and cconomic requivements, 11 as the

reutrenle aspects.

A Pire Lasar Fusion Reagtor

The cltimote goal of laser-fusion research {s a pure loser-fusion
reacror power plant. To achieve this goai, a fusion erersy galn of at ieast
i0 in required. At the present time, lasers meetlns the requirements for a
pure lager-fusion reactor system are mot evailuble, but there have been
teverul conceptual drslgns proposed. The basic Mfferences nre primarily
in the design of the first wall thac separates the blanket from che
microoxpinsiion chumber.

Three dlffermnt approaches to the combustlon-chamber flrst-wall design
have beaa Clycussed: dry wall, wer wall, and magnetlcailv rtleided wall,
These three approaches ari: distinguished by the way the blast chamher uai
{nterfacas vith the hot blast debris impinglag on fts surface.

The dry wall concepr involves uring an unprotectad wall between the
blanket and microesploston chamber. Thls wall may be fabricated from niobiwm,

stalnless steel, or ancther metal, or from a graphite or carbon curtala aver
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ndvantage of a oetal flese wall i+ that

« aetal flese wall [13].

‘abruoatten is relatively simple and the vapor dressure i~ low, making the

iter peer requiremente ~mall. The disadvanrage o the meta? first

RTINS

wall i~ that the “eling ask from the thermonuc lear burn that {s depos{tcd

nber, “ut tends to

£ first wall dees net diftuve anto the vacaum

firsy serface

tnre and spall

concentrate until bubbles form, which 1oz

materiais.  with the narticle {luences and enerpics ascaciated wieh the hlast

debrii, a short first~wall I!fetioe must therefare be plammed for. The

Aisadvantape of a zraphite coverlny over the First surface is that hvdropen
{uwotupe debris reacts with the carbon, formlng bethane and acetviene [$b].
Thuse compounds are more dlfficule to vacuws pump and to recover tritiem frum

than the inorganic pellet debrix.
The wet~w3ll concert for fusion reactors wi1l allow the charged
particle debris deposited In a liquid layer over the first va'l to diffuse

back [ntu the vachun chamber withmut building up pressure in blisters tc

fracture-productng stress levels in superficial lavers that oceurs in salids.

{41,

The ftrst vet wall concepe, skoun ln Figure 11, was developed hy LASL
1t features » farpe enerpy fluenee per pulse on a liquid-licthium-over-niobium

firet wall. This concept 1.5 Teceived the most extensive analvsis of any

LCTR to date. The pulse repetitinn 1requency Is low, due to the large maas
of Uthium that is blown off the ‘{rat surface after each microexplosinn.
Thie 1lthium st he oumved from the cavity until n pressure of lesy than 1 torr

Is achleved, Thus, the pulse repetitfon freguency ia Timited by vacuum-pumping

conrjderations,
The a1 spressed ablotfon [1] ayntem shown {m Sfg. 12 Is 2 modification
o Tt e wet wall concept that reduces the wass of 1ithium blowm of f fram the

wet wall. Lithiu ablatiom {s suppressed by using a llner conalstin
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pyramidal eléments to effectively increaae the sarface area of the first wall.
Thuy, for o givon reactor radius, this nloblum linar covered <ith lithium
lovers blast enurgy |iuxes to a lewel where serious ablation does not oceur.
A conceptual suppressed-ablation laser-fusion reccror blanket element is
shown 1a Figure 13. The major disadvantages of the wet-wall reactor concepts

are (1) the large vacusm-pumning loads requited due to the high vapor

pres e of lithium and (2) complex first-wall designs which mus: aijow the
coo.unc to migrate from reservoirs to cover the first wall liners

The magnetically shielded First wall concept {3] ie shown in Fig. 4.
A solenold surrounding a lithium blanket is used to dlvere the pellet debris
f om a niobrum dry first wall, The ¢nergy of the pellet debris Ls deposited
1 o conical surfaces at the ends of the cylinder. Thuse surfaces are couled
b the .eactor primary coolant, Note thac in principle, the energy of the
P+ ‘et dedbris can be converted directly to electricity by exhausting the
debris inte a MHD duct [18]., In genvral, the magnatically shielded ifrss
wall combined with direct convarsion of the pellet debris is of greater
interest vhen the bulk of the energy from the laser-pellet interaction and
thermonuclear burn is in the short-ranged charged particle debris (as in the
cage of low-pellat-gain DT ruactions or advanced fuel cycles such as DH23
ar pB). The magnetic-shield first-vall concepc does not protect the first
wall from the photon or soft x-ray flash during the microexplosion process.
The disadvancoge of a magnetic-shield first-wall {s thot 1f a liquid meral
is selected as a coolant, the pumpinpg power required to move the liquid metal
will increase if movement oceurs across magnetic [ield lines. A second
disadvantage is that the blanket modrles and firet wall are more inaccessible

than in the dry vail concept.
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A vomparlison of [our different remctor coneepts fs shown in Tuhlwe X1,
Tue net power ol each of the plants ts 1000 Mie, with 3 recirculacing power
fraction of 0.3) and a system efficlency of 0.27. Note that whlle the
recirculating power fraction is too high to he of intereat from a long-range
polat of vwlew, the : reterence designs are vgluable in that they tniitate
studfck on the periphcral problems of laser fusion. The actma) reactor
deafgns for laver-fusien plants wil) probebl, wse a cezbinatfon of the above
firat-wall designs, tallored to the specific iaser-pellet design and fuel
eyele.

A great deal of cffort, patience and invention will be needed before
pure laser-fuwlon renctors will contribute appreciably ta our national energy
pieture. This interdfsclplinary ¢ffort should be focussed on Eirat-wall,
pellet and loser domign and Jevelopment. In a Surprise-[ree scenario, pure
1aser fusion may be abla ro meet 10% of the increase in our national demand

for aloctrical powor 20 to 30 ycars after the tutn of the cencury.

4. CONCLUSIUNS

In Fig. 15, a development scenario fer laser fusion iz superimponed
on the curvas from Fig. 10. The curves give fusion energy gain as a function
of blanket energy multiplica-ion for power plants with varioun percentages
of reeirculating vower. 7The evolutlonary path shown here i{s based on our
balief that the most desirable laser-fusion development path is one thac wiil
allow this new cachnology to contribute to our emergy needs In the shortest
poisible time. As such the major route to laser fuslom production fearures

a fusion test facility {r the mid-1980"s, demonstration fisaile-fuel
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producers in the early 1990's, and a prototype laser-fusion pover planc
sametime after tho turn of the centu.y.

Depleted-uranium-fucled hybrids have beea chosen over other blanket
concepty becau-e they have the pacencial to operate econamically with lower

blanke: enerpy multiplications along with fusion cner

Ralns that are an
order of mugnitude lower than thos: required for pure laser fusion. When
higher fusion enargy gains arc achieved, thorium fueled concepts could be
conaidored. Power-producing hybrids represent another alternative,
attractive onco the reliabjlity of laser fusion in the fissile fuel
production rode hes bewn established.

The scenario outlined here describes one possible developmental patk
for laser fusion that offers the poss’hility of near-term as well as lopg~
term onorgy benefits. It is based on our belief that fusion anergy foins
in the neighborhood of ane will be achieved in the next dvcade, wheieas gains

of 10 or more lle gsomewhere in the unpredictable future.

-25-


http://bl.ink.pt
http://th.it

REFFRENCES

HOVINGH, [, MARISCALCD, J. A., PEiERSUN, M. WERNER, R. V., “The
preliminary design of a suppressed lasi. induced fusion reactor" (Proc.
1st Topical Mearing on the Technology of Controlled Kuclear Fusion,
San Dicpo, California) Vol. I, (1974).

WILLIAMS, J. M., MERSON, T., FINCH, F. T., SCHILLIKG, F, P. FRANK, T.
G., "A conceptual lasec contrelled thermonuclear reactor power plant.
{Proc. 18t Topical Meeting on the Technulegy of Cuntralled Nuclear
Fusion, Sun Diego, California, Vol. I, 1974},

FRANK, T., FREIWALD, D., MERSON, T., DEVANEY, J., "A laser fusion
reactor concept utilizing magnetic fields for cavity protection" (Proc.
lst Topfcal Heeting on the Technology of Controlled Nuclear Fusion,
San Diego, Califoraia, Vol. T, 1974).

“TMMERMAN, S. B., Nuerical Simularion of the High Density Approach

to Laser Fusion, Report UCAL-75173, Lawrence Livermore Laboratory, (1973).

DAVIS, J., CLBMENTS, W., (eds.), Laser Program Anmual Report - 1974,

Lawrence L Laboratory, L » California.

GLAZE, J. A., "High erargy glass lasers” (Proceedings of the 19th
Annual Tachnical Sympaeium of the Society of Photo-Opticul
Tastrumentation Engimecrs, August 1975, San Diego, Galifornia).
BUNTZEN, R., RHODES, C., “Lasers of systems for laser fusion™ (Proc.
16t Topical Heeting on the Technology of Controlled Nuclear Fusion,
Sun Dlego, €A, Vol. 11, 1974).

WERNER, C. W., GEORGE, E, V., HOFF, P. ¥,, RHOLES, C. K., Dynamic
Model of High Prassure Rare Gas Facimer Lasers, Report UCRL-7517),

Lavrence Livermore Laburatory, Livermore, California (1974).

~26-



11.

13.

14,

15,

KRUPKE, W. .., "Prospects for trivalent rare earth molecular vapor
lasers for fusion” (Proc. of 12th Rare Lareh Research Coafersnre, Vail,
Colorado, July 1876).

THIESSEN, A. R., Utiliey of 10,6 un Laser Lighe for High Density lLosar
Induced Fusion, Report UCRL-74923, Lawrence Livermore Laboratory,
Livermore, Californla (1973).

HOVINGH, J. Analysis of a Laser~Initiared, Inerrially-Confined Reactor
for a Fusfon Engineering Research Facility (LAFERF) United States Encrgy
ltesearch and Development Admimlstratic , Report UCRL-76517, Lawrcnce
Livermore Lahoratory, Livermore, Califarnia (1975); also to he
Published in Proc. Tnt. Conf. on Rediation Test Facilities for the CTR
Serface and Marerials Frogram, ArRonne Natlonal Laboratory, Argonne,
Illinoie, (July, 1975).

FRETWALD, D. A., KERN, E. A., laser Fusion Sources for CTR Surfaco and
Bulk Damage Tcsting, Reporr LA-UR-75-908, United States Energy Research
and Deveclopment Administiation; olRo to be publisked in Proc. Int. Conf.
on Radlation Test Facilities for the CTR Surface and Material Program,
Argonne Narienal Laboratory, Argonne, Lllinois (July, 1975).

WILLIAMS, J. M., FINCH, F. T., FRANK, T. G., GILBERT, J. S.,
“Engineering design considerations for laser controlled thermunuclear
reactors" (Proc. Fikrh Symp. Eng. Prob. of Fusion Research, Kovembur
6~9, 1973, Princeton, New Jersey).

BARSCHALL, H. H., Intense Sources of liph Energy Neutrons, Raport
UCRL-74031 (1972).

WOOD, L. L. WEAVER, T. Sume Direct Convarsion Pessibilities for
Advanced CTR Syatems, Kapoert UCED-16229, Lavrence Livermore Laboratory,

Livarmnra, California (1973).

-27-


http://10.fi

17.

1.

23.

WELLS, W. F., "Laer-pellet fusion by emergy fcedbuck to a direct
nueizar pumped auxilfr-y laser” (The 2nd Int. Conf. on Plagma Science,
May l4-1b, 1975, Ann Arbor, Michigan).

MANISCALCO, J. "Fuslon-fission hybrid concepts for laser-fnduced
funion", Nucl. Tech. 28 (1976).

RUCKOLLS, J., BMHEIT, J., WLLD, L., "Laser-Induced thermonuclear
fusion", Physics Today, 26 (1973) 46.

1IOFFMAN, M. A., WERNER, R. W., ROOZE, T. R., CARLSON, G. A. Fusion
Reactor Firag-¥all Copling for Very High Energy Fluxes, Report UCRL-
75H2%, Luwrence Livermore Laboratory, Liveruwore, Culifaruis, (1976),
HOFFHAN, M. A., WERNER, R. ¥,, "Heat flux limitations on first-wall
shields for early fusion machines" (Proc. First Top. Meeting on the
Tech. of Controlled Nuclear Pus{on, April 1974, Sem Diego, Californta)
CONF=-T40402-P1.

POWELL, F,, Proposal for a Driven Thermonuclear Reaction Cover, Report
1MS-24920, U.5. Atowlc Energy Commimulon, (October, 1953).

IMHCFF, . H. et al., A Driven Thermonuclesr Power Brzeder, Report CR-b,
Cnlifornia Research Corporation, California (June 1954),

COOK, A., HANISCALO, J., 23

U breeding and neutron multiplying
blankets for fusion reactors”, Huc. Tech. (in press).

PLECHATY, E.F., RIMLINGER, J.R,, TART Monte Carlo Neutvon Tramsport
Code, Report UCIR-522, Lawrence Livermore Loboratory, Livermore,
California (Feb. 1971).

Lawrence Livermore Labrratory Evaluated Nuclear Dat: Library.
BALOOCH, M., OLANDER, D. R., "Hydrogen attack of fusion reactor first
w 14 made of graphite", Trana. A,N.S. 1975 Winter Meeting,

November 16-21, 1975, San Framcieco, Maiifornia.

-28-



TABLE 1. THE PHASES OT RESEARCH AND DEVELOPMENT FOR LASTR FUSION

Scientific Feasibiliry
3 Praviding the scientific data hase to understand the
underlying physies of interaction between laser light

and plasma.

- Providing the scientific data base to develop and

evaluate lasers for laser fusion.

Engineering Feasibility
L3 Research Iacilitiea to mvaluate the technologpical

problems associated wirh laser fusion.

. Experimental paver reactors to jnvestigate the
integrated englneer ng performance of a laser~fusion

pover plant.

Cotmercial Feasihility

. Prototype lasetr fusion power planta to compare the

concept to covpetitive alternatives,
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TAMLE L[I. CURRENT STATUS OF LASIRS

Max power Wavelength
Havelength, {single bear), Efficfency, Pulse energy, zoaverethilfcy,
Laser Lo ™ x 3 Focusability wn
Nd:Glass 1.06 1.2° ~0.1 80(65 Ps) Very good 0.53~50% efficlency
0.2-0.3% 60 Total Nominai 0.35~730%
v.6° - 150 (0.4 n8)  Unknown 0.27~20%
co, 10.6 0.5t 12 259 (1.6 n8)  food Yot denons- rated at
high power
Todine 1.32 0.3% 0.1 00 (1 ns) Poor ar ta Nd:
HF 2.7 s ~3 4h00 (26 ns) Very pecr Hot evainazed
d

Slawrence Livermore Laboratory Los Alambs Sclentific Laboratory

b,

KMS-¥ (uses pulse atack) ®Ingtitute fur plasmaphysik, Garchlmg

University of Rochester Fsantia Laboratories, Albuquerque
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Laser System
Propertiea
Wavelength, m
Emergy, J
Pulse width, ns
PAF, s T

Efficiency, %

Fusion energy gain (estimate)

TABLE I11.

co.

10.6
10
1.0
>10
5-8

0.1

POTENTIAL LASERS FOR LASER FUSION

2.7
10
1.0
>10

5-13

“1

1.0

~1

0.5¢
10°
0.1-1.0
>10

>1.0

>1.0

TIdeal

0.3
10%-10%
0.1-1.0
>10

10-15

>10



TABLE 1V, _GENERIC LASER FUSION MEDIA TDENTAPIED AT LLL

® Group V1 atoms (optica

11 pumping).

o, s, Se, Te, T, Ge, S§n, SL

® Rare pas - Group VI acom ewcimers (electron bean pumping)

Ar0, Kr0, XeU, KrS, ctc.

® Rare earth molecular Raves (opticel and E-beam pumping)
Rare earth trihalogeno
Rare earth-rransicion matal trihalogen complexes

Raze earth vapor chelates
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TABLE V. LASER/TAKGET SYSTEM OPTIONS

Option A: Matching laser to

Option B: Hatehing target
near-terz targek technolofy

to near-term loser techmology

Target charac- ® Potentially inexpensive and ® Patentlally cxpensive and

teristics

Laser aystem

characteristics

easy to fabricate

®Gain appears limited by

Rayleigh-Taylar ineta-~

bilities and high {nduced

reflectivity

®lHighly uniform near-
normal frradtation

required

eliigh efficiency
#Humerous buans
eLlow f mumber optics
eHultiple frequency
@ Pulse shaping

eHigh Brightneas

33—

difficult to fsbricate

#Higher galn, improved

caupling

@ Non-normal {llumination

@ Low efficiency
@ Longer pulse
eHigh { number optics

@ Reduced numder of beams
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TABLE VI. A DEVELOPHMENT SCENARIO FOR LASER FUSTON

Facilities

Laser fusion test facllities
to levestigate the techno-
logical problems associuted with

laser forion.

Fuslon-£Llseion hyhrld reactors to
produce fissile fuel apd/or

pouer with laser (usion.

Prototype lamer fuafon power
plants to compare the concept tv

competLtive alternatives.

Required fusion

energy gatn (n,Q)

Earliest
completion
Candid lasers date
0, or I 1986
T or nev loser 1994
Tdeal laser 2000
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TABLE Vil. LASERS FUR LFTP REFERENCE DESIGN

Lager

Pellet gain {Q}
Lager efficiency (n )
Lasar output energy, kJ

Hepetition este, Hz

Fusion enerpy Ratn = Un, = 0.1

Laser input power 100 WW

=35

2 10
0.05 0.0}
100 100
50 10



TABLE VIIT. SUMMARY OF PERFORMANCL PARAMETER: FOR THE RLFERENCE FACILITIES

First-vall neutron flux, n/omes

Flrst-wall radius, o

Experimental area, o

Laser input pover, M

Fusion enerpy gain

Plant power required, MVA

Picnt cost, MS

Experimental neutromns, n}:

Eifectivences ratiou:
Flux/plant cost, nlmz'u'HS
Flux/plant power, nlmz-HJ
Experinental negtrons/plant
cest, n/seH§

Experimental neurrona/plant

power, n/HJ

1.7 x 1048

1.1 x 1016

1.3 x 101¢

1.0 « 1036

1.3« 101

USL-C02

2.2 » 1010

0.50

16

14

5.4 x 101

6.7 x 201

1.5 * 1018

LASL-HP
8.9 x 101®
0.50
1.65
1.4

.55
2.5
57
1.5 * 1077
1.7 x 102
3.6 * 108
2.8 ~ 19%°
5.9 x 10%®



TABLE IX, COMPARATIVE SUMMARY OF FISSILE PUEL PRODUCING BLANKETS
Thor lum Thorfum Lepleted Uranlum
Operational Characteriatica aonfiasion fast flsajon fase fiasion
Blanket energy msltiplicstion 1.3 2.3 10.0
Tritiux breeding tacio >1.q 1.0 >1.g
Fisaile production in kg per MW-yr
of fusion energy 1.3 3.5 9.0
Fissile production in kg per MW-yr
:
S of tlankee chermal energy 1.1 1.7 1.1
Maxjoun pover demaity !a Fuel,”
W 12,7 5.3 135.,0
Maxtpum fuel burayp,” acom 2fyr =0.0 0.07 0.1
2.30 1.40 0.35

Fusion energy gain {Qn ) for

electrical breakeven

neutron £lux of 1 Mi/mt.

“Normalized to a first-wall fusion
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TABLE X. COMPARATIVE SUMMARY OF POWER PRODUCENG FUSTON-FISSION HYBRIDS

Oparational Characteristice

Depleted
uranium
fast fission

Natural
uranius
thermal fission

Pluronius
enriched
fast fission

Blanket energy multlpllcation

Tririun breeding ratio

Net fissile production fn kg per
Mw-yr of fusion energy

Her fisstle production {n kg per
Mu-yr of blanket therwal energy

Maximun pover density o fuel,®
Wen®

Haxioum fuel burnup,® atom yr
Fugion energy gain (n,_q) for
252 recirculating powes

Fusfon energy gain nQ for 10%

reclrculating power

0.0

>1.4a

135.0

a.30

4.8

B0.0

1.0

0.1

410.0
2.55

fNomalized o o flrst-vall fusion neutror flux of 1 Mé/u?.
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TABLE X1. NOMINAL REFERENCE SYSTEM PARAMETERS, 1000 MWe LeTR®

Suppresaed Magretdcally
Dry Hall Ablation Wer Wall Protected

¥usber of chanbers 4 50 2% 4

Pulse rate, He/chasber 7.2 10 1.2 7.3
Fugion energy gala (On,) 6.5 7.0 T e 6.5
Rlanketr gain, M 1.3 1.1 1.3 13
Tritium breeding ratio 1.2 1.4% 1.2 1.2
Cavity shape Sph. Icoa. Sph. Cyl.
Birpt wall radius, o 9.7 2.2 1.7 .5
Ho, of Laser beama’cavity ] 12 E:} 8

Laser enersy into cavity/pulse, MJ 1 0.1 1 1

%A1l of these systems have been normalized to a recirculating power fraction of 0,33 and a net system

efffclency of 27%.
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rig. 2

Fig. 3

Fig. &

Fig. 5

Fig. 6

Fig. 7
Fig. 8
Fig, 9

Fig., 10

Fig. 11

Fig. 12

FIGURE C.PTIONS

Lager-fusion power-flow diagran: - lager system effictency;

Q = pellet gain = therwonuclear energy M= b

Taser light energy anket energy

oultiplication; Ny = electrical conversion efficiencys P, =
elecerical paver Input to laser; PB = gross electrical power; FB =
net electrical povers By, /n, = Inony (084 + 0.017),

Plant recirculating pover requirements as a function of fusien
eneTgy Raln.

Pellet gain versus comprassion for short~vavelength-light pulses
of varying energles,

Sapple taleulrtion for the anlid DI taorget shown {from Ref, 5)¢
B = 0.9 ML Y = 40 K, and Q = &4

Povar requiremonts for LFTF as a funciien of fusion energy gain.
Resulte are for a first-wall 14-MeV nvutron flux of

1.8 x 20'® a/n?es at @ radius of 0.4 m (10 ¥ cuermonuclear pover).
Coot of LFIF as a function of fusion ounergy gain. Cost s
norpalized to a first-wall 14 MeV meutron flux of

1.8  10%8 n/n?+s ac a rodfus of 0.4 m (10 W thermonuclear power).
Fast fiseion blankets: configuration ond material cholcew.

Tharmal fissolon blanketa: configuration and material choices.

The production and consumption of tiselle fuel.

Laser-fusion encrgy galn rrquirements for hybrid fusion/fisslon
systoems.

The 1fthium vetted~wall LCTR concept.

A conceptual suppressed-ablation laser-fusion reactor
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Fip. 13 A conceptual suppreswed-ablation 1

r-fus’on reactor blanket
element,
Fig. 14 Schematic of cylindrical magneticallv protected LCTR cavity.

Fig. 15 A development scenarin for laser f

o
Y repirs was pa
e

Peretopment Adminnb
o ny o

new o
M. PDAAYGL.  produtl  of  Pracess
dnelosed, e yrprpsents Thal ju e mankd not
ungr Cewately cuned fuhts ©

/sc/po/mla


http://conccptu.il

0.8 Pspm Q Blanket 0.8 Py, n QM
M

A

Electrical
conversion
system
T
P
9
in
p l Bus
BV par
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3716 um
* 9 % 10° .
Atmosphere =
5
2 1.15 x 101 :
a,
. 1.5 kJ
2 M 13 |
1070 um = |7 x10 i 13
4.55 X 10 i | |
2 um | 1 um {0-5 umlAAQ.ZS um
Target 55.56 60.85 61.94 62.15 63.15
Time - ns

Maniscalco, Fig. 4
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Maniscalco, Fig. 6
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E~——— breeding region

Clad fuel

Fast fission region
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Fertile isotopes:
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Fissrie

Cladding:
Coolants:
Structure:

A S e g

232Th or 238U
2330’ 2350, or 239Pu
stzinless stee) or refractory metals

gas or liquid metal
stainless steel or rorractory metals

Manisculco, Fig. 7
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Fusion e==F | toderstor
- = =and tritium
> chamber g \_|breeding region

/ = =

Fast fission region Clad fuel \yojerator
- and coolant

Same material choices

as given for fast fission
blankets Thermal fission region

Fuels:

Type: oxides or carbides
232Th or 238U

233U, 235U, 239,

Fertile isotopes:
Fissile isotopes:

Cladding: graphite, zirconium, or stainless steel

Moderators: graphite or hydrides
Coolants: gas or liquid metal

Structure: materials with low thermal
neutron absorption

Maniscalco, Fig. 8
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