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ABSTRACT

KrF lasers appesr to be a very promising laser
fueion driver for commercisl applications. The
Large Awplifier Module for the Aurors Laser
System at Los Alamos is the largest KrF laser in
the world and ic¢ currently operating at 5 kJ
with 10-15 kJ eventually expected., The nextc
goeneration eystem 18 anticipated to be a single-
main-amplifier system that generates
approximately 100 kJ., This paper examinea the
cost and efficiency tradeoffs for a complete
single-main-amplifisr KrP laser fusion ex-
perimental facility. It has been found that a
77 afficient $310/joula complete laser-fusion
cystem is possible by using large amplifier
modules and high optical fluencaes.

INTRODUCTION

Coosidereble progress hamn been made on KrF
lasers since they were first scudied in 1974.!
In 1975, they becane one of many advanced short
wavalangth lasers being examioed as potential
drivers lor !nertial confinement fusion at
Lavrenca Livermore National Labouratory. A
study of these pocential drivers in 1978 con-
cluded that e-beam pumped KrF lasers wera
quantitatively superior in efficiency to thae
other laser systems. This led to a series of
articles and raports on solutioas to the main
problem associsted with KrF laser~-fusion
syoctems: thatr they are not capable of energy
storage aud thus require laser pulge conmpression
froaw the long pump CTimes required for efficient
laser eaargy extraction to the sheort target il-
lumination time needed for hligh i1mplosion
efficiencies. Three pulae-~corpression methods
originally received the most attention; Raman
pulse compression, angular mulctiplexing, snd a
combined angulsr multipleaxed and Keman compres-
sion seystem known a8 hybrid pulsae
compression.“-® Duriny this sape time pariod,
the Departmenc of Enerygy fundad three tn-deptl
studies to detsrmine the criatacteristice of
megajouls-class KrF lasers., Mathematical
Sciences Northwest parformed a concoptual dewsign
of & Krt sceling module using angular wultiplax-

ing (and existing technology) that could be
scaled up in eneryy by replication.’ Avco
Everert Kesearch Laboratory developed a concep-
tual design of a megajoule-sized angular
multiplaxed KrF laser with a repetition rate of
2-Ht.9 Finally, Lavrence Livermore National
Laboratory, Bechtel National, Phvaics
International and Hughes Aircraft collaboration
performed a study on a 1.5-MJ, 2-Uz KrF fuslon
leser systan ueing Ramaa pulse compression.?d
The rasults of these studies were similar in
that:

® estimated laser system cosmts were a few

hundred dollars per joules,

o astimuted lsser systam afficiency was

between 3 and 4 percenc, and

e tachnology development, especially in

the areas of pulsed power, e-beams, and
vptics, was needed.

Recent advances have improved the outlook
for KrF laser fusion drivera, The 1980 studies
all used & gas mixturn consisting of ap-
prox.mately 2-3 atmospheres argon diluent, 5-10%
Kr and a trace of Fj;, which resulted in a maxi-
pum intrinsic efficiency (definad awv laser
energy generataed per unit gumping snergy) of
about 10%. KNew theoretical!Y and experimental’!
studies indicate that argon-{ree mixtures at ap-
proximately one atmosphere cano result in
Intrinsic efficinancias as high as 17X.
Inroovemants ino the elwctron beam efficlency
have also been realized through tha use of seg-
mented cathoies.’’® Sagmented cathodes allow

e use of lower magnetic guide field

wvhich reduces the amplifier cost,

® gshorter pulsed pover rise times which

increase the pulse powar uti'ization,
and

® highar pulsed power efficiency due to

higher e-beanm transmission through the
hibachi by preventing emitted electrons
from being {ntercepted by the major
hibschi supports.
The coubined ifmprovements in pulsed powar and
intrineic efficiency has resulted in estimated
lancr-systen afficiencies more than double thosa
of only five years ago.

Hethods of reducing the cost of KrF fuslon

laver wysiLeas have slso bean addrevwed. Since a



large fraction (30-50%) of the laser system cost
is due to optics, this was eazaily recognized as
a high~leverage area. Lightwelight pressed and
fused pyrex mirror blanks cost substantially
less than conventional low-expansion glags,
Planetary polishing also results in substantial
cost savinge over conventional polishing.
Ieprovements in coatings allow higher operating
fluences than just a few years ayo, resulting in
smaller (leas expensive) optics.

The purpose of this paper is to re-explore
the KrF scaling module in light of the recent
advances. A baseline laser system concept will
be described in some detail, and results of a
system trade-off study will be presented to
determine the characteristice of the uptimal
single~pain-amplifier KrF laser-fusion systenm
(with respect to cost and efficiency). A com-
panion plpel.'12 to this one examines similar
trade-offs for a multimodular MJ-class single-
pulse KrF test facility.

LASER SYSTEM ARCHITECTURE
The laser system architectura used for this

trade-off study is a modified version of the
Aurora K.F laser under construction at Los

Alamos National Laboratory, and is depicted in
Figura 1, A 5-rs pulse generated in the froat
end undergoes aparture divisioo, amplification
in the small smplifier module, and intensity
division. The beams are then angle encoded,
sent through Leam clean-up and into cthe first
single-pass preamplifier. After exiting an op-
tical relay, tha beams are seut to the
intermediate amplifier input array through a
second cingle-pass auplifier. Tne beams are
directed through the double-pass intermediate
anplifier to an array used for directing the in-
termediate aaplifier output into the main
smplifier, Upon exiting the main azplifier, the
besms are doeuultiplexed using two mi-rors per
beam and ara seni to the target optics, which
consists of two mirrovs, a lens, and a window,
The beams have nov all reached trne target simul-
taneously (or with the desired pulse shape).
Thare are additional components of the
laser system besides the laser hardware. The
high-power beans travel in beam enclosures with
either helium or a soft vacuum used to reduce
besam losses. A laser diagnostics and coatrol
system is used to fire the laser and to monitor
its condition, An alignment system is used to
maintain the proper beam and zmplifier
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Conceptual layout of the Kry laser system.



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

MODEL DESCRIPTION

A KrF laser gystem cost/performance model
has been developed to perform trade-off studies
tor a complata inertial fusion experimental
facility, The code uses present-day technology
and coets with much of tue information coming
rrom the Aurora laser system and from conceptual
degign studies done for Los Alamos by Avco
Evarett Reserch Laboratory (AERL) !9 and TRwW,
Inc. % Los Alamos National Laboratory alsa has
an ongoing design project with AERL for a 100 kJ
laser amplifier using expanding flow (3ermented)
diocdes. The trade-off study described here uses
information fuom all of these sources in addi-
tion to input from Los Alamos personnel,

The computer code defaults define a
baseline system vhich repreventsy the starting
point for the trade-off studies. This system
uses B0 beams to 1lluminate a target wich 100-kJ
with shapaed pulses constructed by superimpesing
5-n0s pulses. The main amplifier is pumped for
400-ns at 300 kW/cm? and is filled with 89.5Z Kr
and 0.52 F,. The amplifier is pucped from two
sides using 1.1 MV electrons through 5 diodes
per side with a curreat density of approximately
30 A/co?. Tne wain soplifier curreat rise time
is calculated by the expression

Lovsning . Eswircu
Lptooe * 5 *%
BUSHING  NSwITCH
Trign = 22 Z + 2 L
Loap * ZerL

wvhere L is the inductance for the diode, bush-
iag, aod switch, Z is the izpedeuca for the
water lines and the load, ¢ad N is the nuazber of
burhlngs and switches, For the baseline system,
the pulsed power utilization, defined as

Tpump

’
pump * 004 T

fppy ° T

is 96%. The pulsed powar efficiency ia given by
the product of five efficlencleas: wall plug to
high voltage (98%), high voltage to Marx gener-
ator (94%), Marx to pulse forming line (93%),
pulse forming line to e-gun diode (95%), and e-
gun diode to gas (70%). This gives an overall
pulsed power efficiancy of 59%.

The amplifier fill fuctur is calculated as
a function of the amplifier dimensions and the
distance from the {nput and output arrays to the
amplifier, Urxing a separation lenyth of 1U0-
meters, the main amplifier £i11 factor is 98X,
Coupling these efticiencies with 15X laser in-
trinsic afficioncy, 95X buum transmission (from
amplifier to target), Y8X transmission through
the applifier window, and 97X transmission
through unpumped reyions containing [luorine
give a total system efficliency or 7.6X.

In addition to a&ll ot the subsyscems listed
in the previous section, the code calculates
costa for a power conditioning system, design,
spares, contingency, and indirect fleld costs.
The code calculates estimates for bullding costs
but they are not includeqd in the laser system
cost, Figure 2 shows a breakdown of the lar'r
system cost for the baseline system, which cc .ce
$680/joule, Note that optics cost constitutes
33% of the total, Optics with more-damage-
resiscant costings can be made smaller and can
have gubstantial impact on the total laser sys-—
tem cost, This will be the firgt of many trade-
offs examined in the following section.

OPTICS

BYSTEM

Fig. 2. Cost breakdown of the baseline 10U kJ
laser systenm.

RESULTS OF TRADE-OFFS STUDY

A trade-off study has been performed ip or-
der to detarmioe the optimal single-zain~
amplifier desiyn in tarws of cost and
efficiency. Key parameters have been vacied
from the system baseline design to determine
thair sensitivity, Since optics reprasent the
largest fraczion of the basvlina cost, the
oparating fluaence was varied frow the baseline
value of 1.5 J/cm . A» shown in Figure 3, in-
creaaring the fluence reduces the laser system
cost, for both 100 kJ and 200 kJ systecs. Siace
the larger system has a significantly lower cost
per unit energy than the bssaline system, thae
system energy scaling was examined next, Figure
4 clearly showe hat the syscem uni:z cos:
decreases for larger systeams with a sligne
penalcy in efficlency. By combining large
amplifier modules with high operating fluences,
8 JOO kJ system at 5 J/cm would cust
§310/joule.,
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Other trade-offs that have been exanmined
have been found to pe iess significant. The
lagser pump durastion sensitivity shown in
Figure 5 has a broad minriwum in cost near the
baseline vulue of 400 nm, Shorter puamp times
rusult in lower system efficiencies 1ue to lower
pulse power utilization and higher coats due to
larger pulsed power systym. Longer pump times
result in selightly higher costs due to large
numbers of buam linea, and hence optical com-
ponents and alignment stations. Figure 6
demonstrates that the amplifier window fluence
does not significantly effect the cost, but does
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Fig. 5. Laser system cosét and efficiency as a
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Fig. 6. Lasar system cost as a function of the
amplifier window fluence showing the
region of acceptable aspect ratios.

affect the amplifier dasign. 1Ilf only low
fluences are ullowed, the amplifier will be
limited to lower energies in order to have
reasonable #spect ratios; otherwise amplifiers
will be too short. Higher fluences would result
in too long of an amplifier which would resuit
in lower fill factors. This would then allow
larger energy amplifiers within the limits of
amplified spontaneous emiseion, parssitice, and
manufacturing limicacions, Finally, Figure 7
shows the effect of varying the target illumina-
tion time. Very short times regfult in high
costs due to the large number of small optical
elemants. Long illumination times have a
slightly higher cost duo to the small nuober of
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large optical components. A broad sinimum in
cost occurs between 10 and 40 os witzh a 10% cosr
penalty at 5 ns (cthe baseline case).

SUMMARY

Due to receat advances in KrF kinetics and
e-gun diodes, K-F lasers look very promlsing as
lag~r-fusion drivers. Syscem efficlencies of 7-

% appear possible with today’s technology.
Wicth costs of a few hundred dollars per joule,
KrF lasecs appaar affordable for tne next gener-
ation of experimencal laser fusion facilicies
and are approaching cost/performance goals for
commercial spplicstions. Different trade-offs
have baen exsumined for a single—nain-awplifier
laser sys:zen. Large axnplifier modules and high
operating fluences have the greatest impact on
the laser system cost, with a JO0~-kJ aystem
operating at a fluence of 5 J/cm costing ap-
proximazely $300/joule., Technology advances 1in
opzice, kinetics, and pulsed powar expected in
the near future and economies for larger systens
can result in further unit cost reductions and
inproveaents in efficiency.
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