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ABSTRACT

KrF lesers asppear to bs s vary promising leser
fueion drivar for commercisl applications. The
Large Amplifier Module for the Aurora Lsser
Syatsm st Los Alsmos is the lergest KrF lassr in
the world and ic currently operating et 5 kJ
with 10-15 kJ eveantually sxpectsd. The naxt
goneration system 18 anticipated to bs & single-
mein-smplifier syetem thet genecatss
epproximetely 100 kJ. This psper sxsminea thes
cost and efficiency tredeoffs for s complets
single-mein-explifisr KrP lseer fusion ex-
perimeantal fecility. It has bsen found thet @
77 efficlent $310/jouls complsta leser-fusion
cystan is possible by using lerge amplifier
modules and high optical fluencas.

INTRODUCTION

Considerebls progress has been made on KrF
lesars aince they were firet atudied im 1974.!
In 1975, thay becems ons of many sdvanced short
wavalength lassrs being ezamined as potential
drivers lor !nsrtial confinemasnt fusion st
Lesvrence Livarmore Nationsl Labourstory. A
study of thess pocential drivers in 1978 con-
cluded that e-bsen pumpad KrF lessars ware
quentitetively superior in efficlency to the
other leser systems. This led to s seriss of
erticles end reports on solutiois to the main
problem assesocisted with KrF lassar-fusion
eystems: thet they ars not capsble of snergy
storage sud thus require leser pulse comprassion
froa the long punp times required for effictient
leser saergy extrsction to the shert target il-
luminection time needed for high implosion
efficliencies. Three pulae-corpression methods
origineliy received the most sttention; Raman
pulss compression, anguler multiplexing, snd e
combined snguler mulitiplexed and Keman crmpres-
eion syestem known ss hybrid pulss
compuuion."-6 Duriny this seme time pariod,
ths Departmenc of Eneryy funded thres in-depth
studiss to detsrmine the crnsrscteristice of
megajouls-clemss KrF lesesrs. Hethamatical
Sciances Northwest performed a concoptusl design
of & Kr¥ sceling module using anyular wultiplex-

ing (end existing technology) thet could be
ecaled up in energy by replication.’ Avco
Everert Kesearch Laboratory developed a concep-
tual design of e megesjoule-sized sngular
multiplexed KrF leser with a repetition rate of
2-Ht.9 Finelly, Leswrence Livermore National
Laboretory, Bechteal Netionsl, Phvaice
International end Hughes Aircreft colleboration
performed a atudy on @ 1.5-MJ, 2=tz KrF fusion
lessr aysten ueing Remaa pulee comprlnlion.9
The rasults of thess studies wers similer in
thet:

o eastimeted lssar system costs wers & few

hundred dollars per joule,

o asstimuted lesser syatem efficiency wes

betwveen 3 and 4 psrcent, and

e technology development, sspacially in

the sreas of pulessd power, s-beams, ard
vptics, waa nssdad.

Recent sdvences have improved thes outlook
for KrF laser fusion drivera, Tha 1980 studise
all uasd & ges mixturn coneisting of aep-
prox.mately 2-3 stmosphersa ergon diluent, 5-10%
Kr snd e trecs of Fj, which resulced {n s maxi-
mum intrineic efficiency (definad ew laser
snargy generstsd psr unit gumping enargy) of
sbout 10%. New theorsticel!? and expsrimentall!
studies indicate thet srgon-fres mixturea at ap-
proximetely one stmosphere cen result {no
intrineic efficianciea ee high ese 17X.
Iorcovements in the slsctron beem sfficiency
heve aslso beaen rsalized through the use of seg-
mentad cathodss.’’® Sagmented cathodes sllow

® use of lower megnetic guide field

which reduces the smplifisr cost,

® ghorter pulssd powver riss times which

incresse ths pulse powsr uti'izstion,
and

® highar pulssd powsr sfficisncy dus to

bigher e-beez trenamission through thae
hibschi by preventing smitted slsctrons
from being intercepted by the mejor
hibschi supports.
The coubined {mprovements in pulsed power and
intrineic sfficliancy hss rssulted in eaticmated
lasar-systan afficisncies mors than doubls thosa
of unly five years ago.

Hethods of raducing the cost of KrF fusion

lsuer systeas have sleo bean sddrsvsed. Sincs s



large fraction (30-50%) of ths laser system cost
is due to optics, this was saaily recognized as
a high~leverage area. Lightweight pressed and
fuased pyrex mirror blanks cost substantislly
less than conventionsl low-expansion glage.
Planetary poliahing also resulta in substantisl
cost savings over convantional polishing.
lmprovaments in coatings allow higher operating
fluences than just a faw years ago, ressulting in
smaller (lexa expenaive) optice.

The purpoae of this paper is to re-explors
the KrF sceling module in light of the recent
sdvancea. A baseline laser system concept will
be described in some detail, and resulta of a
eyetem trade-off study will be presantad to
determine the cherscteristice of the uptimsl
single~pein-emplifier KrF leser-fusion eystem
(with reespect to cost end afficiancy). A com-
panion plper12 to thie one examines similar
trade-offe for a multimodular MJ-clesa single-
pulee KrF test fascility.

LASER SYSTEM ARCHITECTURE
The lasar aystem architactures used for thie

trade-off study is @ modified varaion of the
Aurore K;F lessr under conestruction at Loa

Alamos National Laborstory, and is depicted in
Figure 1. A 5-rs pules genarated in the front
end undergose aparturs divieios, amplification
in the emall aaplifier module, and intenaity
division. Ths beams are tbhan angls sncodad,
sent through Leam cleen-up and into the firet
eingle-paess preamplifier. Afcer exiting an op-
tical relay, tha bsazs ars esur to the
intcermediate amplifier input arrey through a
second cingle-pass auplifier. Tne beame are
directed through the double-paas intermediate
amplifier to an array uasd for dirscting the in-
termediate aaplifier output iato the =zain
aoplifier., Upon exiting the main szplifier, the
bsams ere deuwultiplexed uveing two mi:rora per
beam and sre senl to the target optice, which
consiaste of two mirrors, a lsne, and a window.
The bsams have novw all resched trne target aimul-
tansously (or witn the deaired pulas shape).
Thare ere additionsl components of the
lagar system beeides tne laser herdwere. The
high-powar besns travel in besm euncloaurea with
aither helium or 4 aoft vecuum used to reducs
besx loases. A laser diagnoatice and coatrol
syatem is used to fire the laser and to monitor
its condition. An slignment aystem ia used to
maintein the proper besm and zmplifier
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Conceptual layout of the Kry laser syatem.



directions, A gas purification system maintaina
the correct gas mixture. Finally, a target
chamber with a vacuum system and terget
positioning syatem is also included.

MODEL DESCRIPTION

A KrF laser system cost/parformance model
has been developed to perform trade-off atudies
tor a completa inertial fuaion experimental
facility. The code uses present-day technology
and coats with much of tue information coaing
rrom the Aurora leser syetem and from conceptual
degign etudies done for Los Alamos by Avco
Everett Resarch Laboratory (AERL)!¥ end TRW,
Inc.l% Los Alamos National Lsboratory also has
an ongoing deeign project with AERL for a 100 kJ
laser amplifier using expanding flow (seymented)
diodes. The trade-off study described here uses
information fu.om all of thess sources in addi-
tion to input from Los Alamoe parsonnel.

The computer cods dafaults define a
bassline system vhich reprevants the sterting
point for the trade~off studies. This asyaten
uess B0 beema to illuminete a targst with 100-kJ
with ahsped puleses constructed by superimpcsing
5-ne pulses, The main emplifisr is pumped for
400-ns at 300 kW/cam® and 1s filled with 89.5% Kr
and 0.5 F,. The amplifier is pumped from twe
aides yeing 1.1 MV slectrona through 5 diodes
per aias with a current density of approximately
30 A/ce?. Tne vain smplifier current riss time
is calculated by the exprassion

“pusHiye , swiren

+ -
1008 " Fyisune - Nsertn
Trian = 22 Z + 2 e
LOAD PFL

where L ie the inductence for ths diods, bush-
iag, and switch, Z is the izpadeuce for the
wvater lines and the loed, #ad N is the nuzber of
burhings and svitches. For thes beselins system,
the pulsed powsr utilizetion, definad as

Tpump

»
Tpump + 0.04 ‘ri.n

Nppu

18 96X. The pulsed power sfficiency is given by
the product of five efficiencies: well plug to
high voltege (98%), high voltayges to Marx gener-
ator (94%), Marx to pulmss forming line (93%),
pulse forming lins to e-gun diode (95%), and e-
gun diode to ges (70%). This gives an overall
pulsed power sfficiancy of 59X.

The amplifier fill fauctur ias calculated e
e function of the amplifier dimenaions and the
distance from the {nput end output etrraya to the
amplifisr. Uxing a eeparstion length of 100~
meters, the main smplifier fill factor is 96X.
Coupling thase efticisnciea with 13X laser in-
trinsic sfficioncy, Y5% beum trensmisaion (from
anplifier to terget), Y8% trensmisaion through
the esmplifisr window, and 97X transmiseion
through unpumped regions containing [luorine
give a total system afficlancy ot 7.6X.

In addition to all ot the subaystema listed
in the previoua section, the code calculates
costa for a power conditioning syatem, deaign,
apares, contingency, and indirect field costs.
The code calculatea estimates for bullding costs
but they sre not included ino the laser aystem
cost, Figure 2 shows a bregkdown of the lar'r
aystem cost for the baseline system, which c( te
$680/joule. Note that optica cost conatitutes
33% of the total. Optice with more-damage-
resiatant coatings cen be made smesller and can
have substentiel impact on the total laser sys-
tem cost, Thie will be the first of many trede-
offe exsmined in the following section.

OPTICS

BYBTEM

Fig. 2. Cost breakdown of the baseline JUU kJ
laser systam.

RESULTS OF TRADE-OFFS STUDY

A trede-off study hes bessn performsd in or-
der to determine the optimal single-zein-
amplifier desiyn ino tarma of cost end
efficiency. Key paremeters have bsen veried
from the system bassline design to determine
thair eeneitivity, Since optics represasnt tna
largeat frec:ion of the besuline coat, the
operating fluence was varied from ths bassline
valus of 1.5 J/cm . As shown in Figure 3, {n-
crearing the fluence reduces the laser system
cost, for both 100 kJ and 200 xJ syszecs, Siace
the larger system hes a aignificantly lowasr coat
par unit snergy thao the bsseline aystcm, the
eystam energy sceling was examined next., Figurce
4 clesrly showr :thet the system ucis coe:
decressss for larger systams with s slignt
penelty in efficlency. By combining lesrge
suplifisr modules with high opereting fluences,
a 300 kJ system st 5 J/cm would cuset
§310/joule.
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Other trade-offas that have been exsnmined
have been found to pe iess significant. The
lager pump duration asenaitivity shown in
Figure 5 has @ broad miniwum in cost near the
baseline viulue of 400 na. Shorter puap times
result in lower system efficiencies 1ue to lower
pulse powver utilization and higher coats due to
larger pulsed power ayscym. Longer pump times
result in slightly higher costs due to larye
numbere of buam linea, snd hence optical com-
ponents and alignment atstiona. Figure 6
demonstratea that the amplifier window fluencs
does not significantly sffect the cost, but doss

1000 T T T T 10

LASER SYSTEM COST ($/J)
~
(%) ADN3IIDIS43 WILSAS H3ISY]

800 - / -1

»

400 - -

2001~ .. coorT 7

=== EFFICIENCY

o I ! ! ! o
) 100 200 300 400 800

LASER PUMP TIME (ns)

Fig. 5. Laser aystem cost and efficiency aa a
function of the laser asmplifier pump
time.
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¥ig. 6. Lesar system cost as a function of the
amplifier window fluence showing the
region of scceptable aapect ratios.

affect the amplifier dasign. 1If only low
fluencea are 4llowed, the amplifier will be
limited to lower eneryiea in order to have
reasonable uspect retios; otherwise amplifiers
will be too short. Higher fluences would reault
in too long of an amplifier which would reauit
in lower fill factors. This would then sllow
larger sneryy amplifiere within the limite of
amplified spontaneous samission, paresitics, and
manufecturing limitationa. Finslly, Figure ?
showa tha effact of varying the terget illumina-
tion time. Very ehort times refult in high
coats dus to the lsrge number of emsll opticel
elemante. Long illumination times have a
slightly higher coat duo tv the small number of



1000 ~T T T T 10

8
o
Ll
N\
1
°

»
o
o
{
1
IS

»n
o
o
1
1
~

= COS8T
== EFFICIENCY

| | 1 | 0
(4 100 200 300 40 800

LASER PUMP TIME (ns)

LASER SYSTEM COST ($/J)
~
(%) ADNIIOIIIT WILSAS YISV

Laser system cost as a function of the
target illumination time.

Fig. 7.

large optical components. A broad minlamum in
cost occurs between 10 and 40 ne wizh 8 10% cosr
penalty at 5 aos (the baseline case),

SUMMARY

Dus to receat advances in KrF kinetics and
e-gun diodea, K=F lesera look very proumising aa
lag~r-fusion drivers. Sys:-em efficiencies of 7-

% appear possible with today’s technology.
With coste of a few hundred dollers per joule,
KrF lasec-s sppeer affordeble for tne next gener-
ation of experimentsl laser fusion facilities
and are approaching coset/performance goals for
commercial applicationa. Different trade-offs
heve been exsamined for a single—nain-suplifier
laser sye:zen. Largs axaplifier modules and high
operating fluences have the g-eatest impact on
the laser system cost, with a 3JU0-kJ aystem
operating et & fluence of 5 J/cm costing ap-
proximazely $300/joule. Technology sdvances in
opzics, kinetics, and pulesd power expected in
the near future and economies for larger syatens
can result in further unit coat reductions end
ioproveaents in eafficiency.
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