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I. Introduction

On the basis of data obtained in inertial confinement fusion (ICF)
experiments over the last five years it is now apparent that successful
energy production from inertial fusion targ: ts will require drivers
capable of delivering several megajoules of enerpy to a target at power
densities in excess of 100 TW/cmz. This represents an increasc in
required energy over ecarlier projections and has contributed to what
might be termed a cost barrier to the furthes development of TCF. This
cost barrier is created by the fact that improvements in target
performance are progressing as the cube or fourth root of the driver
energy while the cost of the driver continues to scale nearly linearly
with output energv. Thus, continued progress toward energv productinm
from ICF depends on a breakthrouph in the cost vs energy scaling of
fusion drivers,

Several different driver systems are currently under development in
the national ICF program. Los Alamos has traditionally emphasized pas
laser systems because of their inirinsic high averape power capability
and case of operation. This paper will review the statws of activities
in both carbon dioxide (C0O,) and krypton fluoride (KrF) .levelopment at
the Laboratory,

1. Antares baser Facility

By tar the greatest eftart to date has been piven ta the Co
luser.  This development has eulmivnared i the Antares tacitity, whioch
begm experimental operation in November 19814,

The Antares laser svatem s desipned to provide S0 kit ol on=tay pe
enerpy from M4 beams iu oa namosecond putse. The systen, shown

achematically in Fire 1, has the basie mastev-oscillator, power=amplitic

contignration of all existing high-cnerpy, short-pulse fusion lasces,
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Two power amplifiers provide the 40 %J output. Each power amplifier
is annular in geometry and segmented into 12 heams. At the target
chamber an array of fold and focus mirrors bundle the 24 beams into 6
groups of 4 to irradiate the target symmetrically. The 6 beam bundles
are brought to focus as if through the =ides of & cube with the target at
its center.

Figure 2 presents a cut-away view of rhe power =mplifier. A
cylindrical geometry houses the central coaxial! cold cathode electron
gun, which supplies four axial discharge sections, each discharge section
being szimuthally segmented into 12 sectors. The design specifications
for the power amrlifier are given in Table 1. The electron gun is a
triod: with a tubular giid structure. The mechanical design of the prid
was o key element in obtaining reliable operation of the clectron gan,
With a total elerctron window area of 9 rr.2 this is the world's largest
known triode tube!

In the construct ion of larpe fusion lasers optical compounents and
controls are a significant portion ¢f the system's costs., Oune ot the
substantial cost saviugs possible with CO, lasers such as Antares is
the use of diammd-turned metal mirrors. The large (35— to 70-cm)
optica' llats, spherer and oft-axis parobolas used in Antares werse
prepared by Unjon Carbide's Y-12 facitity at Oak Ridpe and have sarface
finishes of about 206 R aud surface tigures of one wave i the visibie,
Because this finish ana fipure was achieved by machine cnt withoat any
subsequent hand polishinge the finished conts ranped from $4000 § ¢ Tlats
and spheres to $7000 tov off=axis parabolas, Greatery cost reduction
cauld be realized v omans production of optics ey even bavpger systowe,

The Antares optical svatem delbivers 80% of the ontpot enerpy jate o
tavpet spat diameter al WO pw with a peinting acceuvacy of 5 pon o The
abignment syatem is fully astomat e, A scehiematic far this system is
shown in Fig. 3. Atignment in peviormed brom a sinple statien for cach
beam live,  Wripht, visible Licht souvees are positioned ot the aesided
aligmoent points alonp the heam path and viewed hy a teledscope/TV cameva
from the atignwent station,  The centroids of the bight spots are

detevmived by a video teacker that generates ecrrov sipuanls aned by the
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computer to move appropriate mirrors and bring all beams into
congruence. The final alignment is accomplished using & co, laser beam
originating at the alignment station ard detected by energy transmission
through an aperture at the final target position. The target chamber
mirrors are adjusted by the computer to maximize the energy through the
aperture. The final alignment is accomplished with 10.6 um lizht, which
removes all sources of dispersion error in elemencts such as the salt
windows. This alignment system has demonstrated a pointing accuracy of
5 Hm.

The technology for CO2 is well developed and could bz confideatly
scaled to megajoule energy levels with costs of ahoat $300 per joule
output, However, while C02 possesses all of the desirable attributes
of a fusion driver from the laser system standpoint, the ICF program ha-
not been successful in developinp target designs that lead to high gain
(50) when illuminated by tinis laser's iO.bl*m radiation. FRecont
low-energy experiments with short wavelength light have shown favorahle
trends in both inc-eased coupling to the target and a reduced quantity ol
hot electrons. CGiven these trends in target physics Los Alamos has
initiated a technolngy demonttration test of a Kr¥ laser. The remainder
of this paper will describe this development activity,

IIT. KrF Luser Development

The KrF laser has two outstandirp attribates for jasion

applications: a short, ().‘.“)-Pm. output wavelenpth; sad “he aavantape o

a pascous medivm for low-cost, high=-power operation,  Noo as attractive
1

arce the facts that its efticiency appears to be bimited ta 5% o less,
which is marpinally tow, and the baser medimm does not store enerpy, It
iw thia tatter Tact, namely 8 FrF% bifetime of wder 10 as, that
domivates all aspeets o' the desipgn ol a large KrEF laser,

The KrF laser action is most efficiently initiated by deposition ot
high ecnevpy electrons in a few tmospheres of pas containing Ar, Ki, an!
l-',‘,. Becaase the baser medinm does wot stove cunerpy Tor bonger than
rovghly 1O ny o coavenmriomal tectimigues ot palsed power awd o-bean

excitation Iarl to dupnt enerpy vapidty enoupgh to vied?? the desired Lases
» )

ontput . Evenw it the enervpy coubd be dnput rvapidiv, a secomd etfect come
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to play tha: significantiy affacts the amplifier design. The KrF laser
gain is proportional to the pumping power. Thus, for a specified energy,
the gain g varies inversely with electrical pulse length, i.e.,

g~ t;l. To avoid energy loss through amplification of spontaneous
emission (ASE) along paths othe: than that of the principal optical axis,
laser designers typically liwit the transverse aperture size d of an
amplifier to values such that od &€ 1. Since the output fluence of a KrF
laser saturates at a few joules/cm2 we observe from the preceeding

arguments that the output per aperture, EO scales as

ut '

2 2 2

E ~ d ~ 1/~ t .
out e

Thus, the output of any amplifier unit increases quadratically with the

electrical pulse time. 1In practical systems the rualse length mav be

sveveral hundred nanoseconds.,

The question for fusion applications is then how to decrease the
long aptical pulse ltengch from an efficiently run amplifier to the fow
nanoscconds commensurate with target disassembly time. Tuere are
carrentlv two approaches to achieving the nominat factor of 100 palse
compressiont  Raman compression and angular multiplexinpg., The Virst
approach ases the nonlinear saturation property af backward Raman
scattering ta acateve pulse cumpressinn.? While oftering optical
st hicity this techniqae has not vet achicved both aceeptahle

ession and conversion efficiency,  The alternate approach, called
v acal mattiplexing, was first proposed by R, D, Hunter, Wesiern
Rescarch Corporation, bae., and is depicted schematically ia Fig. &, An
excimer amplifier is pamped by a lonp electrical palse while a namber o!
short optical pulses pass throngh it at sliphtly difterent anples and
Stipaevad i time ta create o tonp optical puiae trvain,  The audividaat
pulses are then delivered to the target aloup paths of Jdifferent benpth
so that atl the tndavidual, ot pulses arrive on tarpget at the same
time, Although compbieated optically this techniqae works with hiph
clitieicneyv,  One of the principal objectives of the Los Alamos
development program is to consteact o test o amd cost this optical concem

in a real baser svstem, wot simply a paper svstoew,
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If the optical pulse length is t. and the electrical pulse leugth

The

is te, then the number of compressionochannels is N = te/to.
reduction of complexity dictates decreasing N and hence te' but recall
that because of ASE and KrF kinetics Eout" tz S0 an optimum in

t, must exist for any desired energy. This value is found by noting

the number of coutrols ¢ will be proportional to the number of amplifiers
/E

ng E and the number of adjustments per multiplexing

total’ “out’
channel N = te/to. If all amplifiers are driven by a common

multiplexing system then n and N are independent and hence

e

c=n +\ n#;i —% .
[ “e "0

A minimization of this function with te has been performed and is
presented in Fie, 5 parametric in the damage threshold tfor optics. Tiis
number often dictates the optical area required in any laser svstem. A
weak minimum in the purmping pulse length is observed 1n the range of {0
to 500 ns for a 0,5-Mt, 10-ns svstem, The minimum shifts to shorter
electrical pulses with a decrease in energy and/or optacal pulse bongth,

On the basis of such arguments Los Alamos has chosea a b ow x 1~ ¥
2 m power amplifier as th  basic bultding block to be tested tor futwnv.
KrF development, This amplifier, known as the LAM for large apevtoye
module, is excited by a 500-ns electrical pulse detivered by g
Marx/water=line driven, cobd=cathode diode.  The emittine surtace of the
dioele 08 carhon fett. Othier specifications of the LAM ave providded o,
Table 1. Construction of the LAM s complete, amd it is now invelbwed gz
electrical and taring tests, Constroactiom af a froat ewd wvetem to
provide the 96=cloment fapet palze teain is in pregress and shoabl he
completed by October P9840 The front eod svetom containn a master
oscilltator and two ivtermediat,: saplilicrs to penerate cuouph power 1
drive the LAM to saturation.  The two intevuwediate ampiificrs ave swal it
thar. the LAM Lat otherwise very simitar an mechanical awd olectiieal
desipn, They ave predicted to have o smatl siponal pain of abouwt 15700

Al stapge enerpy paius op 10 and 70, vespectivelve Thoas, with a4 masten
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oscillator output of a few tenths of a joule the energy will be about

30 J after the first intermediate amplifier and 2 kJ after the second.
This energy is calculated to te adequate to saturate the LAM in a double
pass configuration. The entire system is named Aurora and is predicted
to have an energv output of greater than 20 kJ.

It wust be emphasized that Aurora is an experiment in low-cost laser
techrology and is not an iCF target shooter. As such, :he Aurora design
is not conservative. The choire of a stage gain of 150 for the first
intermediate amplifier is admittedly high risk. This choice has heen
made to reduce svstems cost and simplifv the optical train. T1f the high
g3in opevation canncl be achieved (due most probablv to ASE), :then
another intermediate amplifiet will be added to keep stage gains in the
rarge of 50 or below. The operation of Aurora is intended to provide
data on low-cost, innovative lascer svstem designs and as such will he
ssiccessful even 1f the projected 20 kJ 1s not achicved,

An integral sabsvsiem of Aarora is the optical train linking the
master oscitlator, intermediate amplifiers, and the LAM., This subsvetes
consists ol an encoder, a relav optical train, two 90 element (& x 1)
mirror arvavs, LAM optics and aligament coatrols,  This is a major
sabsvstem ot Aurora in which cost control is vitally impertant. (Cost
control an this major sabsvstem is very amportaat,  The basic aptroach |
optical multiplexing is to peacrate a d=ns dnput pulse and stice thia
heam spatially into m 8 x 12 etement arrav,  Facl of the resalovage ae
bramlets are then sevorate by s i Lime of tlight to form an opigeal
pulse tramn AB0 ns ey The heams are retaved individually thronsh o
eutvance pupil amt then through the intermediate amplbitiers to the 2
atovy o common optieal axis as rhhown an Fip, b,

The channel-to-chaunel beam anple: determine the extoent an!
complexity ot the optical sestems.  The auples and catvanes aad exq!
papil size ol the svstem are related by the tavaviant | A@d, where A
the aunple between beambets an? d 1s the apervtarve odiameter. o the Aar
desy o a0 s 1S mevad at the entvauce pupi b oamdb R mvad at the exar o
the seeomnd intermeadiate amplitver, which doetfioes the exit papilt. The
WVSTER uses sgpave boamn to o amprove peometrace filliop ol the LAM, Dar o

phane tuwvns have boeen avoided becrnse they prodiuce toatprint ratatven,
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The Aurora system is scheduled to be fully integrated and
operational at the 20 kJ level by about August 1935. This system will
provide a real engineering data base for any future KrF system using the
angular multiplexiag technique for pulse compression. It may also be
used to examine backward Raman scattering in conjunction with
multiplexing for pulse length agility. Critical engineering questions to
be addressed with Aurora include:

1. LAM - Can reliably uniform emission of large arca cold cathode
dioc s be achieved? Can efficient extractinn of optical energv b
achieved in large aperture amplifiers with contrel of ASE?

2. Staging - What is the best technique for achieving high stage pain
in KrF svtems?

3. Energv Extraction - Noes angular mu'tiplexing lead ton efficient
enerpgv extraction with litrle channel-to-channel cross talk as
predicted?

G Cost - What are the actual costs and cost scalings for a KrF sveter
of this de-ign toy futuve applications?

Answers to all ot these questions are crucial in determipiag the
potential of KrF 1o meet the fature driver needs of 10V, Ry far the s
critical factor at this time 1s cost -- a clever set of engitecring
chodces s needed that will alles the TCF program to tower the cose
barrier new ampeding tarther decelopment .,

Crelit tya the work sammarized da thia paser bedongs ta the ooty
TCF laser teaa at Les Alamos. Specific acknow’cdpenent as made o tae
outstanding contradations ! lorg Javsen as thie Antares Projees
Mangiper; Grey Capavan o aelb Abbeo Buatey tor Teading the concentaal ey -
ol Advoria; aad Fack fant we Loy the detavivd desipa of the optie ol

multiplexing —vatew,

Reefevencen,

l. "Mhvsies of the Eevpron Flaovade Laser " 7Lt oohuson, A, M.
thwter, to Appt. Phve, S (2A00) oKn,
" "An Flticient, Doable Pass Ramao Amplitier with Pamp lutewsity

Averaping an oo Lapht Guade ™ 0, Gotduac, M, Tavior, awl 1, K,

Merrvav, saliitted to TERE- B 0 Gy 19K,
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TABLE 1
ANTARES POWER AMPLIFIER
DESIGN SPECIFICATIONS

Electrical

Main Discharge Voltage 550 kV
Current Density 7.5 A/cm?
Total Current (48 sectors) 960 kA
Electric Field 18 kV/cm
Pressure 1800 tors
E/p 10 kV/cm-torr
Pulse Width 3 ps
thical
Gain=length, gnl B
Gaip Unitformity cver Aperture +155
Output Energv/Amplifier 20 kJ

Mechanical

Dimensions 17 = tong » 1,7 m Jiar
Welgpnt 125,000 kg

Anodes 3.75 m x P36 o
Dischiarge Vojurme Tot o 3700 hiters

Floctron Goy

Voltape 25 EkV

tarrent Density 1ato as S0 mA ot

Carrent bensite Usitormitey +20"

Palse Wisdti: 3 us

Daimensiens 1.2 m tonp x 1,7 m 'va-

Welpint 20,000 § o,

Catbode=vrud Svacinyg 10 m

crad-Ancede Spacioy Iy om

Tota) Forl E-Beam Tranm mis<yon Wt

Pressor. 1= o

Codd cathiot Al b hade., Sv-om Lony,
cuh o mil o ha

Forl Arca Eadh wWiandow o th cw

Total Forl avea 0o

Foal Materyval YastonSAl, S0 g
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TABLE 11

LAM SPECIFICATION SUMMARY

darx
Marx Energy
Pulse Length

Laser
Input Light Energyv
Output Light Energy
gol _
Stage Gain
Intrinsic Efficiency
Laser Clear Apeirture
Gas Pressure

Electron Gun
T Voltage
Area (100 cm % 200 cm)
Carrent Density (intce Gas)

720 kJ
500 n»

2000 J
15-20 kJ
7-9

10

~l117%
lmxam
~l.5 atm

700 kV
20 x 103 cm:
20 A/cm-
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