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ABSTUACT

KrF lanero ●ppear to b~ J very promising lsoer
funion driver for comrmrcisl applications. Tha
Largt Amplifier Module for the Aurora Laoar
System ●t Loo Alamoa 10 tho largemt KrF lacer in
the world and ic currancly operating ●t 5 kJ
with 10-15 kJ ●ventually expected. The naxc
ganaration ayscem is ●nticipated to ba ● ●ingle-
main-amplifiar ayatam that gcnerat~c
●pproximately 100 kJ. This papar ●xaminaa tha
coot and ●fficiency tradeoffs for a completa
olngla-main-ampl ifisr KrF later fuoion ●x-
porimental facility. It hat baon found that ●

72 ● fficitot $310/joula completo laser-fusion
ryntam is pooaiblo by ,,sing larga amplifiar
❑odults ●nd high optical fluencen.

LNTRODUmION

Considorcbla prograna ham baan made on KrF
lasarn sinca they ware firmt mtudiad in 1974.1
In 1975, thay hcam~ ona of mmny advancad nhorc
vavalengch laaara baing ●xamincd ●s poceatial
drivars for !.ncrcial confin~mant fusion ● t
Laurenca Llvarmora National Laboratory. A

btudy of th~ca pocanci~l drircrs in 197B con-
cludad that ● -baam putnpad KrF laaarn wara
quantitatively cuparior In afficiancy to tha
othar laoor syscamo. Thin lad to ● s@ri@I of
artlclan ●nd raportc On molutioM co tha main
problam asaociatad with KrF lasar-fusion
syotams: that thay ara not capabla of ●narry
t[oraga ●ud thus requiro lasar pulGa compassion
froh chd long puup citotB raquirtd for tfficiaht
lasar ●~argy ●ttraction co rba short target il-
lumination tima naaded for high implosion
●fficienciaI. Thrae pulse-comprco -ion mathod~
originally raccived cha most sctontion; P.aman
pulsa compraosion, angular multiplexing, and ●

combined angulsr multiplex-d ●nd kaman c,lmpran-
sion ayatnm know!] as hybrid pulca
compraocion. 4-6 During this sama time parlod,
tha Dapartmanc of EnarHy funded thr~a in-deptli
● tudlos to datarmlna t))a ctlaractariuticu of
magajouls-clann KrF la~orc. Mathematical
Sciancem Northwaet parforrn?d ● conceptual deuign
of ● Kr}’ ocaling module using al)uultrr uultipl#X-

ing (and existing technology) [hat could be
acalad up in energy by rep!.icat ion.’ AVCO
Everett Keoearch Laboratory developed a concep-
tual denign of a magajoule-aizod ●ngular
multiplaxad KrF lacer with a repetition rate of
2-Hz.@ Finally, Lawrenca Livarmore National
Laboratory, Bachcal National, Phyaico
International ●nd Hughes Aircraft collaboration
performed ● study on ● 1.5-tLJ, 2-IIz KrF funion
lanar ●yotam using Ram-i) pulaa compraeaion.g
The raaults of theso otudiea wara oimilar in
that:

● estimated la~ar aystam coaco wera a few
hundrad dollar- par joula,

● sscimuted loccr ●y*tern ●fficiency was
betwsen 3 and 4 parcenc, ●nd

● technology davalopment, ●opacially in
tha araas of pulsad power, ●-beams, ●r,d
upticn, wa8 naadad.

Racant ●dvances havo improvad tha outlook
for KrF latar fusion drivarn. Tha 1980 studies
all uaad ● gas mixturo consisting of ● p-
proxlmately 2-3 atmospharaa ●rgon diluent, 5-10%
Kr and ● traco of F2, which raoulcad in a mtxi-
mum intrinnic cfficitncy (dafinad ● u lacar
●ncrgy gcnaratad por unit
●bout 10%.

jumping Qnargy) of
tiaw thooratlcall ●nd ●xperimantal)l

otudies indicata that ●rgon-froa mlxcures ●t ap-
proximately one ●tmoaphara can ronult in
Lntrinnic ●fficiflnciaa an high ● n 17X.
Imr(ovamants in the ●ltccron beam afflci~ncy
have ●lmo been ramlizarl through Cha usa of moh-

mented cathodan. 7,8 Sagm@nted csthodaa ●now
● uca of lowar magnatic guida fiuld

which raducas tha ●mplifiar cost,
● thorcar pulsad powar risa timaa which

increase cha pulsa powar ULi’.iZaLiOn,
●nd

● higher pulmad pouar ●fficiency d~a to
highar a-baam transmission through tha
hibachi by pravanting ●mittad ●loctronI
from balng incarcaptad by the major
hibachi tupporta.

The co~binad improvements in pulsed potiar ●nd
intrinsic afficlcncy haI rasulctd in ●sLimaLad
lamar-aystcm ●fflciwncics mora Lllan douhla thona

of unlj [lva yearu ago.
Hmthods of reducing tha coot, of KrF funlon

lauer uyolams hava ●lno baan addrcuo~d. Sinca ●



large fraction (30-50%) of the lamer system coot
is due to opcica, this was ●adily recognized ●a

a high-leverage area. Lightweight preaaed ●nd
fueed pyrex mirror blanks coat nubotantially
leas than conventional low-expansion glmos.
Planetary polishing also resulca in eubstantitl
coet savinge over conventional polishing.
Improvement- in coatings allow highar operating
fluencaa thsll just a few years ago, re-ulting in
nmaller (lese axpensive) optics.

The purpose of this proper la to re-exploro
the KrF scsling module in light of the recent
●dvancem. A baceline laser system concept vill
be described in some detail, and raeulta of ●

system trade-off ●tudy vill be premented to
determine the characteristics of the Jptlmml
tingle-ain-mmplifier KrF laser-fusion system
(with racpect CO coot and ●fficiency). A com-

panion paper12 to thla one ●xaainas elmllar
trmde-offs for ● multimodular MJ-clasm mingle-
pulse KrF te-t facility.

USER SYSTEM ARCHITECTURE

The laser mystem ●rchicacture used for this
trade-off study is a modified version of the
Aurora K:F lacer under construction ● t Los

Alamoa National Laboratory, ●nd ie depicted in
Figure 1. A S-re pulaa gen~rated in the front
●nd undergoes ●perture division, amplification
in tha small ●mplifier module, ●nd Intensity
division. The beamm ● re then ●ngle ●ncoded,
seDt through be~m rlean-up ●nd iDco che first
●iDgle-pasa pree.mplifiar. Ucer mrlcing ●n op-
tical relay, thn beama ● re ● e”dc to the
incarmmdiate ●mplifier input array through ●

second clngle-pass auplifier. Tne beams ● re
directed through the double-pame intermediate
smplifier to ●n ●rray used for directing the in-
termediate ●aplifier output into the aain
●mplifie:. L!pon ●ti:ing the meln emplifie:, the
baamt are douultipl~xad uting two d:rorm per
beam and are ●en: to the target optics, which
consiata of two mirro:s, a lens, nd m window.
The beame have now all reached tLe target ●imul-
tanaously (or witn the de-ired pulse shape).

There are additional componen~s of LtIa
laser cyotem besides the laber hardware. The
high-power beanc travel in beam ●riclomures with
●ither helium or A moft vacuum used co raduce

beam lessee. A lafier diagnostic and control
system it ueed co fire the lacer and to monitor
its condition. An ●lignment ●ystum ia umed to
maintain the proper beam #rid amplifier
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Fig, I, Conceptual layout of the Krl: laner nystem.
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directions. A gaa purification ay8tem maincaina
the correct gaa mixture. Finally, ● target
chamber with a vacuum ayetem ●nd target
positioning ayatem ia ●lso Included.

HODEL DESC:<IPTION

A KrF laaer syacem coat/performance model
haa been developed to perform trade-off ●tudiea
~or a completa inertial fusion ●xperimental
facility. The code uses present-day technology
and coats with much of cha information coaing
z’rom the Aurora laaer ayatem ●nd from conceptual
design ●tudiea done for Loa Alamoa by AVCO
Evaratt Reaerch Laboratory (AEltL)lg ●nd TRW,
Inc.14 Loa Alamoe National Laboratory alao haa
●n ongoing doaign project with AEFLLfor ● 100 kJ
lanar ●mplifier using expanding flow (sePmented)
diodea. Tha trade-off study describad hers uses
information ftom all of cheoa ●ourcea in addi-
tion to input from Loa Alamoa paroonnel.

The computer coda dafaults define ●

bamallnc syctam which rapre~ontu tha starting
point for the trade-off ●cudiee. This ayatem
uses 80 baama to illuminate a target With 1OO-U
with ●hapad pulaea conotrucced by auparlmpcslng
5-ns pulsaa. The main amplifiar la pumpad for
LOO-UC AC 300 kU/cm3 ●nd la fillad with 99.52 Kr
●nd 0.5% F2. Tha ●mplifier la pumpad from two
●ld@a using 1.1 fIV ●lactrona through 5 diodes
pcr ■iaa with a curranc danaicy of approximately
30 A/ca2. Tne main amplifiar current ris~ clme
ia calculated by the ●xpra-alon

whcra L la tha inductance for tha dioda, bush-
Lag, ●nd auitch, Z ia tba I=padancm for the
water linam ●nd thm load, mad N is cha nuzber of

buchingc ●nd ●witch~s. For cha baseline syecom,

tha pulced povar utilization, dafinad ●a

is 96X. The pulsed powar ●fficiency in given by
che product of fiva ufficianciaa: wall plug LO

high voltage (98%), high volta&e to H~rx gener-
●tor (9tl%), Harm to pulnc forming line (93X)1
pulaa forming line to e-gun dioda (95%), and c-
gun diode co gaa (7L)%). Thla givew an over~ll
pulaad powar ●fficiency of 59%.

‘Tha amplifier fill factur i- calculated ●n
● functizn of thu ampllfimr dimenniuno and thu
dittanca from the input ●nd output arraya to tha
amplifier. U#ing ● aaparalion Icngth of lWJ-
meteru, the main ●mplifiar fill factor it 9kl%.
Coupling theaa afilcienclea with it% Ianar ln-
trinaic ●fficiancy, 95% bamm trannmiaaion (from
●mplifiar to target), Yu% trannmltiaion throu~h
the ampliflar ~lndow, ●nd 97% transrniaaion
through unpumpad ra~iona containing fluorim

giva ● total ayutam ●fficiaucy UL 7.6%.

In addition
in the urevioua

to all ot the oubeyacems listed
section. the cod; calculate

coata for ● power conditioning oystem, design,
aparea, contingency, and indirect field costs.
The code calculate ●etimaten for building costs
but they ●re not included in the laaer system
coat. Figure 2 ehowa ● breakdown of the la~-r
■yatem cost for the baeeline eyatem, which C( ce
S680/joule. Note that optics coet constitucea
332 of the total. Optics with more-damage-
rmaiacant coatinga can ba wde smaller and can
have aub~tantial impact on the total laoer oYo-
tem coat. This will be Che firet of many trade-
offa ●xamined in the following ~ection.

OPllrx

Fig. 2. Co#t bruakdown of the baseline 1(JU k.1
lauer uyotem.

RESULTS OF TRADE-OFFS STUDY

A trade-off atur!y has bean parformd in or-
dar to dacormioa tha optimal cingle-main-
●mplifiar defiign In tmrma of CO-C and
cfficiancy. Kay paramec~rs hava baen va:iad
from cha ●yscem baaelina da~ign co datarmina
thair ocnaitlvity. Sinca optics rapramanc he
largeat frac:ion of tha batulina cost, tha
operating fluanca war varied from tlIm baIalirIs
value of 1.5 J/cm . Aa ●hewn in Figuru 3, in-
craaring tha fluence rcducta the laoar oytitem
co-c, for both 100 U and 200 U tys:nc$. Siaca
tha largar iyatam has ● significantly lowsr coac
par unit ●nergy than cha bssalina mytc~m, the
systam energy scaling waa ●xamined uext. F:gu:a
4 claarly ~how~ :ha: tha -y~:am ur.i: CUS:
dacreaeee for larger oyot~mo w~th a alignc
panalcy in efficiency. By combining lsrgc
ampliflsr modulss with hieh operating !luancee,
● 300 kJ uyatam ● t 5 J/cm would CUCE

$310/joul@.
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Other trade-offe thet have been exnmined
hsve been found to De less significant. The
laser pump duration sensitivity shown in
Pigura 5 IISS m broad mlnitium in cust near the
baseline vulue of 400 nn. Shortci pump times
result in low~r eyatem efficiencies Iue to lowur
p,llne power utilization and higher coatrn due to

larger puleed power ●ystum. Longer pump timce
ranult in nlightly higher cost~ due to large
numbers of buam lines, ●nd hence optlctii com-
ponence and alignment etation~. Figure 6
demonstrates that the amplifier window Eluence
doao not nlgnificantly ●ffact the cuut, but does
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Fig. 5. Laser system coot ●nd ●fficiency ●a a
funccion of the la~er smplifier pump
time.
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Fig. 6. La~er ayetem coot ae ● function of the
amplifier window fluenca showing the

region of ●cceptable aepect ratios.

affect the ●mplifier daaign. lf only low
fluencea are ~llowed, the amplifier will be
limitsd to lower energies in order to have
reasonable ~spect ration; otherwise amplifiers
will be coo ~hort. Higher fluenceo would result
in too long of ●n ●mplifier which would tenuit
in lowtr fill factors. Thie would then allow
larger ●nergy amplifier- within the limite of
amplified epontaneoua ●mie~ion, paraeitica, and
manufacturing limicntionmo Finally, Figure 7
shows the ●ffect of varying the target illumina-
tion time. Very ohort times re~ult in high
coete due to the large number of ●mall optical
●ltmenta. Long illumination times have a
#lightly higher coet duo co the emall number of
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larga optical components. A broad minimum in
cost. occurs between 10 and 40 ns vi~h a 1(I2 cofir.
peoalty ●c 5 as (the bsseline caaa).

sumARY

Due to recea~ ●dvances in KrF kinatics and
e-gun diodes, K:F lacers look very promicing as
lac*r-fusion d:ivars. Sys:em efficiencies of 7-
8% ●ppaar possible with today-s technology.
with costs 0: ● few hundred dollars per joule,
fiF lasa:s ap?esr ●ffordable for :ne next gener-
ation of ●xperimental laser fusion facilicias
and are approaching cosc/performance goals for
commercial applicstiona. Different trade-offs
have been ●xamined for ● aingle=min-a@ifier
laser sys:em. Largs ●nplifier ❑odul~s ●nd high
optracing fluances have :ha g:aa:est impac[ on
tha la~er cyscam COSC, with a 3U0-kJ ~ystem
operating sc a flucnce of 5 J/cm costin~ ap-
proxlma:eiy $300/jouLe. Technology advances in
op:ics, kinetics, and pulsad powar ●xpected in
the near futura ●nd ●conomies for larger systems
can result in further unit cosc raducciona and
inproveaen:s in ~fficiency.
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