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DEVELOPMENT OF CO, AND KrF GAS LASERS
AS DRIVERS FOR INERTIAL CONFINEMENT FUSION

Stephen D. Rockwood
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

I. Intggguction

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 targits will require drivers
capable of delivering several megojoules of enerpy to a target at power
densities in excess of 100 TW/cmz. This represents an increase in
required energy over carlier projections and has contributed to what
might be termed a cost bharrier to the furthe: 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 linearlv
with output energv. Thus, continued progress toward energv production
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
lnsrr systems because of their intrinsic high averape power capability
and case of operation. This paper will review the status of activities
in both carbon dioxide (CO?) and krypton fluoride (Kr¥) Jdevelopment at
the Lahoratory,

1. Antares Laser Facility

By far the greatest effort to date has been given to the €O
loser. This development has culminated v the Antares facility, whaceh
hegan experimental operation in November 1URY,

The Antares lascr svatem is desipned to provide 40 kI ot on=tar pe?
energy trom 24 beams in a nanosecond pulse. The systen, shown
achematically in Fiv.o 1, has the basic master-oscillator, power-ampliti,m

configuration of all existing hiph-encrpy, shovt-pulse funion lasers,
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Two power amplifiers provide the 40 kJ output. Each power amplifier
is annular in geometry and segmented into 1? 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 trrough the -ides of a 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 azimuthally segmented into 12 sectors, The design specifications
for the power amrlifier are given in Table I. The electron gun is a
triod: with a tubular gi1id structure. The mechanical design of the gprid
was & key element in obtaining reliable operation of the clectron gun.
With a total electron window area of 9 rr.2 this is the world's largest
known triode tube!

In the construction of large fusion lasers optical components and
controls are a significant portion ¢f the system's costs. Onc ot the
substantial cost savings possible with CO, lasers such as Antares is
the use of diamond-turued metal mirrors. The large (35- to 70-cm)
optica’ {lats, spherer and off-axis parobolas used in Antares werse
prepared by Union Carbide's Y-12 facility at Oak Ridpe and have surface
finishes of about 206 R and surface figures of one wave in the visible,
Because this finish ana fipgure was achieved by machine out withont anv
subsequent hand polishing the finished costs ranged from $4000 v flats
and spheres to $7000 for oft=axis parabolas. Greater cost reduction
could he realized ip mass production of optics fer even larger system,

The Antares optical svitem delivers 80% of the output eaerpy into
tarpet spot diameter of 100 g with a pointing accuracy of Dh pme The
alignment syatem is fully automated, A schematic for this system is
shown in Fig., 4. Alignment in performed from a sinple statien for cach
beam live.  HBripht, visible livht sources are poditioned at the neoded
alipnment points along the heam path and viewed by a telescope/TV camera
from the alignment station. The centroids of the lipht spots are

determined by a video tracker that generates error sipnals uned by the
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computer to move appropriate mirrors and bring all beams into
congruence. The final alignment is accomplished using & CO2 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 mm light, which
removes all sources of dispersion error in elements such as the salt
windows. This alignment system has demonstrated a pointing accuracy of
S'Am.

The technology for CO2 is well developed and could bz confideatly
scaled to megajoule energy levels with costs of abhout $300 per joule
output. However, while CO2 possesses all of the desirable attributes
of a fusion driver from the laser system standpoint, the ICF program ha-
not been successful in developing target designs that lead to high gain
(»50) when illuminasted by this laser's iO.b,Am radiation. FRecant
low-energy experiments with short wavelength light have shown favorable
trends in both inc-eased coupling to the target and a reduced quantity of
hot electrons. Given these trends in target physics Los Alamos has
initiated a technology demontiration test of a Krf laser. The remainder
of this paper will describe this development activitv,

The KrF laser has two outstandirp attribuates for fusion
applications: a short, 0 2%=pm, output wavelength; aad “he aavantaye o!

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

are the facts that its efficiency appears to be limited (o 5% or less,
which is marginally low, and the laser medium does not store enerpv. It
is thia latter fact, namely o Pebd lifetime of aeder 10 ns, that
dominates all aspects o' the design of a large RrEF lascer,

The KrF laser action is most efficientlv initiated by deposition ol
hiph energy electrons in a few tmospheres of gas containing Ar, K1, an!
l-‘,‘,. Becaune the laser mediam does not store encrgy for longer than
roughly 10 ns, conventional techniques of pulsed power and e-bean
excitation ftail to input enerpy vapidly enough to viel! the desived Taswer

output,  Even it the enerpy could be anput vapidly, a recond effect comes
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to play that 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.,

B~ t;l. To avoid energy loss through ampl:ification 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 ed® 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, E, scales as

ut'’

2 2 2
Eout~ d"~ 1/p" o~ te -
Thus, the output of any amplifier unit increases quadratically with the
electrical pulse time. In practical systems the rulse length mav be
several hundred nanuseconds,

The question for fusion applications is then how to decrease the
long optical pulse lengch from an efficiently run amplifier to the fow
nanoseconds commensurate with target disassembly time. Tuere arce
currently two approaches to achieving the nominai factor of 100 pulse
compression:  Raman compression and angular multiplexing., The {irst
approach uses the nonlinear saturation property of backward Raman
scattering to acnieve pulse compressinn.? While oftfering optical
cim-licity this technique has not vet achicved both acceptable

ession and conversion efficiency.  The alternate approach, c¢alled
oy acal maltiplexing, was first proposed by R. D, Hunter, Wesicern
Rescarch Corporation, loea, and is depicted schematically in Fig., 4. An
excimer amplitier is pumped by 4 long electrical pulse while a number o!
short optical pulses pass thronpgh it at slightly ditlerent anples and
Stapaered in time to create a lonp optical pulse train.  The individaa!
pulses are then delivered to the target alonp paths of different length
so that all the individual, “hort pulses arrvive on tarpet at the sam
time. Althouph complicated optically this technique works with high
clticiency,  One of the principal objectives of the Los Alamos
development program is to construct, test, and cost this optical concept

in oa real laser system, not .-;impl‘/ $Hopaper system,



IEEE Paper ~5~

If the optical pulse length is t, and the electrical pulse leugth

The

is tas then the number of compressionochannels is N = te/to.
reduction of complexity dictates decreasing N and hence to» but recall
that because of ASE and KrF kinetics Eout’v tz so an optimum in

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

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

nE 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 independenrnt and hence

Ao

C=n+ Noawg—2 £ .
(tp LO

A minimization of this function with t, has been performed and is
presented in Fie. 5 parametric in the damage threshold for optics. Thix
number often dictates the optical area required in any laser system. A
weak minimum in the pumping pulse length is observed in the range o! 10
to 500 ns for o 0.5-MJ, 10-ns svstem. The minimum shifts to shorter
electrical pulses with a decrease in energy and/or aptical pulse longth,

On the basis of such arguments l.os Alamos has chosen a 1 m x 1 =~ x
2 m power amplifier as th basic buitding block to be tested for tuture
KrF development. This amplifier, known as the LAM for large aperture
module, is excited by a 500-ns electrical pulse delivered by a
Marx/water-line driven, cold=cathode diode. The emittine surface of the
diode is carbon fett.  Other speciflications ot the LAM ave provided 1,
Table 11, Construction of the LAM is complete, and it is now involved an
electrical and lasing testse Conatruction of a front end svstem to
provide the 96=cloment inpet pulse train is in progress and should bhe
completed by October 1984, The front end svstem contains a mister
oscillator and two irtermediats amplifiers to penerate cnouph power to
drive the LAM to saturation.  The two interacdiate amplifiers ave swmalioa
that, the LAM Lut otherwise very samilar an mechanical and electrical
desipn.  They are prediceed 1o have a small sipgnal pain of about 4570

and stage enerpy gains o 196 and 70, respectivelyv,  Thas, with a maste
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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 an< 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 been
made to reduce systems cost and simplify the optical train. Tf the high
gain opevation canncl be achieved (due most probably to ASE), then
another intermediate amplifier will be added to keep stage gains in the
rarge of 50 or below. The vperation of Aurora is intended to provide
data on low-cost, innovative laser svstem designs and as such will he
siuccessful even 1f the projected 20 kJ is not achieved.

An integral subsvstem of Aurora is the optical train linkiny the
master oscillator, intermediate amplifiers, and the LAM. This subsvstem
consists of an encoder, a relav optical train, two 96 element (& x 129
mirror arrvavs, LAM optics and alignment controls, This 1s a major
subsvstem o! Aurora in which cost control is vitally impertant. Cost
control 1n this major subsvstem i1s very amportant. The hasic apvroach o
optical multiplexing is to generate a h=ns input pulse and slice this
beam spatially into ar % x 12 element arrav.  Fachi of the rewsaloang g
beamlets are then seporate by Y ns by time of tlight to form an apiical
pulse train 480 ns Tooave The beams are relaved individually throash a
entrance pupil and then through the intermediate amplitieors to the 1M
along a common optical axis as chowm in Fip. 6,

The channel-to-channel beam angles determine the extent and
canplexity of the optical svstems.  The anples and entrance and exa
pupi!l size of the svstem are related by the invarviant, A@d, where A®
the anple between beamlets ant d 15 the aperture diameter. To the Aur
dest o a8 s 1705 mrad at the entrance pupil and 1. mrad at the evit o
the sveomd dotermediate amplitier, which detines the exit pupil.  The
avsten uses square boams to improve peometric filliog of the TLAM,  oar o

plane turnz have been avoided because they produce tootprint rotatien,
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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 multiplexing 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 area conld cathode
dioc s be achieved? Can efficient extraction of optical energyv be
achieved in large aperture amplifiers with control of ASE?

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

3. Energv Extraction - Noes angular multiplexing lead tn efficient
enerpv extraction with little channel-to-channel cross talk as
predicted?

G Cost = What are the actual coste and cost scalings for a KrF sveter
of this design tor future applications?

Answers to all of rhese questions are crucial in determining the
potential orf KrF to meet the future driver needs of 10V, Ry far the oo
critical factor at this time 15 cost -- a clever set of engitneering
cholces is needed that will alles the 1CF program to lower the cose
barrier now ampeding turther deselopment.,

Cretit toa the work summarized in this paoer belongs to the et
ICF laser team at Los Alamos.  Specific acknowlcdpement 1s made 0! the
outstanding contrindations of: Jorg Jansen as the Antares Projece
Manager; trey Canavan andt Allea Bunter tor Jeading the concentual dewy -
ot Aurora; and tack Hanl oo tor the detanied desiyn o the optical

multiplexing wvatem,
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Hunter, 1. Appl. Phve, ST (laon) Juko,

7. "An Fiticient, Double Pass Raman Amplifier with Pump Intensity
Averaping anoa Lapht Goude," 00 Goldnar, M. Tavlor, and 1, K.
Morrav, submatted to TERF-JQL, July 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 torr
E/p 10 kV/cm=torr
Pulse Width 3 us
Optical
Gain-length, gl o]
Gain Uniformity over Aperture +15%
Output Energv/Amplifier 20 kJ

Mechanical

Dimensions 17 = long % 3.7 m Jiar
Welgpnt 125,000 kp

Anode s 0,79 m x 2,36
Discharge Voiume Tot gl 3700 liters

Flectron Gun

Voltage 525 EkV

turrent Densitv Into Las S0 mA/cm:

Current Density Unitormitey #2000

Pulse width 4 ops

Dimensions 11,2 m lonp x 1.7 m ‘'ia-

Welpht 20,000 §,

Cathode=arid Soacing 10 -m

srid- Anode Spacing 15 o

Total Foirl E-Keam Transrmission IR

Pressur, 107" tory

Cotd tathol SH tlade., SY-om louy,
Cuhomil Ta

Forl Area khadh wWinlow Shox Th cmr

Total Feil Area TS

Foil Material aatantAl, 00 e
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TABLE 11

LAM SPECIFICATION SUMMARY

4arx
Marx Energy
Pulse Length

Laser
Input Light Energy
Output Light Energy
gol _
Stage Galn
Intrinsic Efficiency
Laser Clear Aperture
Gas Pressure

Electron Gun
Voltage
Area (100 em x 200 cm)
Current Densityv (inte Gas)

720 kJ
500 n»

2000 J
15-20 kJ
7-9

10

~117%
lmx  om
~l.5 atm

700 kV
20 x 1n3 cm:
20 A/em-
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