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Abstract

A new typre of KrF laser system has been proposed that has a significantly
higher efficiency than pure angular multiplexed KrF lasers. This system uses
electron-beam-sustained discharge lasers to pump a high gain Raman amplifier.
The disciarge lasers can operate at a higher efficiency than e-beam pumped
lasers, and the forward Raman scattering process has both a high gain and high
quantum efficiency using the rotational transition. The Raman system cost and
performance has been examined and compared to the pure angular multiplexed
system. The discharge-Raman system has a higher efficiency (12.3% vs 9.1%) and
a higher cost ($140/joule vs $100/joule). For an ICF power plant driver, the
higher efficiency offsets the higher cost, making the discharge-Raman system ap-
pear to be an attractive alternative to the pure angular multiplexed system.



Introduction

The requirements of a commercial applications inertial fusion driver have
long been known., The driver must deliver 1-1C MJ with pulse widths of 5-20 ns
at a pulse repetition rate of 1-20 Hz (for a 1000 MWe plant), with the optimum

operating parameters depending on the cost and efficiency of the driver, and on

the target gain.1 The driver must also be efficient enough so that the product

of the target gain and driver efficiency is greater than 10 for pure fusion
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power. Using standard target gain curves,” the driver efficiency should be at

least 5-10%. The wavelength (for lasers) must also be less than 400 nm for ef-
ficient target coupHng.3 KrF operates at 249 nm. The driver cost must be less
than a few hundred dollars per joule for it to be affordable. KrF lasers appear
capable of achieving this cost goal.4

Only two lasers are thought to be scalable to the required energies with
suitapfe wavelengths: frequency tripled Nd:Glass lasers and pulse compressed KrF
lasers. KrF lasers have so far demonstrated higher system efficiencies and,

moreover, use a gaseous lasing medium that readily aliows repetitive pulsing

5

through forced flow heat removal, A 1978 study™ concluded that e-beam-pumped

KrF lasers have a maximum potential system efficiency of only 6%. However,
recent theoretica16 and experimenta17 work with a new regime of gas mixtures has

indicated a possible 50% improvement in the laser intrinsic efficiency over what
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was thought possible in 1978, New work on expanding-flow e-beam diodes
improvements in the laser pumping efficiency. These effects combine to make the
KrF laser efficiency suitable for a commercial-applications laser fusion driver,

Historically, KrF laser fusion drivers have had many differen: forms based
on the method of pulse compression (Krf lasers operate mnst efficientiy when
pumped for hundreds of nanoseconds and thus the pulse must be compressed to the

5-20 ns range required for inertial fusion). 1In 1980, Mathematical Sciences



Northwest9 (now Spectra Technology) and Avco Everett Research Laboratorylo per-

formed the first conceptual designs vYor angular multiplexed (optical pulse
compression) systems. Recent work with angular multiplexed systems has included
improvements in kinetics axd e-gun design. It has been found that total laser

system efficiencies greater than.9z are possible, and that a 5-MJ single-pulse
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laser system will cost approximately $100/joule in 1984 dollars. This study

used amplifier modules with energies slightly greater than 200 kJ, optical
fluences less than 4 J/cmz. and was costed as a facility assumed to be built in
the 1995-2000 time frame,

Bechtel performed a conceptual design study of a 1,5-MJ, 2-Hz KrF fusion
laser system in 1980.12 This study also used 200-kJ main amplifiers, but used
backward Raman scattering for pulse compression instead of angular multiplexing.
The backward Raman amplifier approach was used because it was thought important
to reduce the alignment system complexity by reducing the total number of beams

on target, This 1s not necessary for three reasons. First, techniques such as

1

aperture combinat‘lon1 can be used to combine beams in the angular multiplexed

approach in order to reduce the number of beams. Second, the number of beams on
target {s usually set by optical fabrication and cost considerations. The laser
energy and the optical damage fluence specifies the total area of optics
required. The number of beams is then given by this total area and the optimun
size of optical components as determined by the optical manufacturing industry
costs and capabilities at the time of construction. This means that the lowest-
cost driver might use more beams than needed for target illumination
requirements, The third reason that reducing the number of beams is not as im-
portant as thought in 1980 1s because of the recent advances in alignment system
technology.11 The recults of the Bechtel study indicate that backward Raman

pulse compression 1s somewhat inefficient (~50%), and that a laser fusion system



based on this process appeared less attracti'’'c than the angular multiplexed ap-
proach because of the low system efficiency.
Stimulated Brillouin scattering (SBS) was the next system proposed for

laser pulse compression for ICI-'.13"19 SBS appeared to prowmise large compression

ratios at high efficiency, flexible pump geometries, beam combination, and beam

10,13 J¢ sBs revealed that the S$BS

cleanup. However, a more detailed examination
process has no significant advantage over pure angular multiplexing for pulse
compression down to the 5-10 ns range (though it can be efficient for jenerating
subnanosecond pulses). Moreover, it produces a non-ideal output Stokes temporal
shape that makes pulse shaping appropriate for ICF targets difficult.
Furthermore, calculations indicate that SBS transverse window parasitics will be
a serious problem for lasers having a 1inewidth significantly narrow for effi-

cient compression.

20 that surveyed all of

Spectra Technology has recently completed a study
the possible technologies for KrF laser fusion systems. They found that small
(<5kJ) electron-beam-sustained discharge (EBSD) KrF lasers can have a sig-
nificantly higher efficiency (wail-plug to laser 1ight out) than electron-beam-
pumped lasers. These EBSD laseirs are also small enough and the required number
large enough that factory assembly-1ine manufacturing and mass production tech-
niques bacome possible., However, some nonlinear method is required in order to

combine these lasers into a tractable number of beams. The Spectra Technology
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study found that forward-Raman amplifiers " utilizing rotational Raman scatter-

ing in H2 can provide the required beam combination and beam cleanup at high
efriciency. If the input Stokes beams are time and angle encoded, then the out-
put Stoxes can be separated, demultiplexed, and brought to target by a method

very similar to the pure angular multiplexed system.



The purpose of this paper is to examine the cost and perforiance of the
EBSD laser-forward Raman system and compare it to the pure angular multiplexed
system. The comparison will be done for a single-shot, multimegajoule system,
but the figure-of-merit of the comparison will be their attractiveness as a com-

mercial applications inertial fusion driver.

Discharge Laser-Forward Raman System Description

The architecture and shape of the forward Raman driver system is set by the
number of Raman amplifiers needed to deliver megajoule energies to the target
and the desire to minimize the cost of optical components and number of beam
1ines tn target, For example, consider a 5-MJ system using 25 final Raman
ampiifiers; each Raman cell must handle 200 kd. If the full pulse compression
is achieved in the cell and it a 3720-ns pump pulse is to be reduced to 8-ns,
then there must be 40 Stokes beam lines per Raman cell. Therefore, there are
1000 final beam lines directed to the target. Techrniques such as aperture com-
bination can be used to reduce this number if desired. Another determinant of
the Raman cell size is the window operating fluence and the path length required
for beam separation. The operating fluence sets the minimum Raman cell window
size; using a fluence (for the long pump pulses) of 6 J/cmz. the windw size be-
comes ~2-m square for a 200 ko Raman cell, A window this large is beyond the
capabilities of current coating machines; thus segmented windows with elements
in the 50-100 cm range will be employed. The use¢ of smaller window elements
results in reduced window cost, but requires a "grid work" support structure;
this subject will be further examined later in this section.

The second determinant of Raman cell size {is the required path length to

ssparation. This {s the distance required to fully separate the N Stokes beams



that multiplex the Raman amplifier. This distance is fixed by the maximum off-
axis field ang’e that is acceptable in terms of optical aberrations, and the
maximum acceptance angle for the forward Raman process. A two-dimensional for-
ward Raman amplifier extraction code was written in order to investigate the
Raman processes constraints. This code included the forward Raman gain as a
function of angle between the Stokes and pump beams, allowed converging or
diverging beams, accounted for imperfect Stokes-pump beam overlap, and included
beam reflection from the back mirror (for double-pass Raman cell designs). The
results from this code verified that the Raman processes, and associated
geometrical effects, are not the limiting processes in terms of beam path
lengths to separation when conversion efficiency of over ~90% was achieved.
Instead, optical aberration (specifically astigmatism) set the final path length
to separation in terms of deliverable beam quality at the target. The result
implies that Raman cell f/numbers (ratio of separation path length to Raman
apertura size) must be ~25-30; consequently, apertures of 2-3 meters require
path lengths of order 50-100 meters,

Raman Amplifier Configuration

There are many possible configurations for the forward Raman amplifier.
Two examples include: (1) straicht through system where the pump and Stokes
enter a front window and then the ampiified Stokes exits a back window, 2nd (2)
a folded system where the pump and Stokes enter a front window, are reflected
from a back mirror, and the amplified Stokes then exits back out through the
front wirdow, These two arrangements are illustrated in Fig. 1. Both of these
designs have the same volume of window material, but different size apertures.
The straight-through system "sees" the pump fluence at the front window and the
amplified Stokes at the back window. The folded system “sees" both the pump and

amplified Stokes at the front window. As 2 result, the window area is larger
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for the folded system by a factor of two and the system includes a large back
mirror (which can also be segmented). One might conclude that the straight-
through &rrangement wouid be the most cost effective because the large mirror is
removed and the window area is the same, However, one of the windows for the
straight-through arrangement is actually a lens, and the added cost for figuring
the surfaces partially offsets the mirror cost of the folded arrangement.
Further, the straighi-through geometry has slightiy longer overall size when
path lengths to separation are included. These tradeoffs have not been fully
completed; but for the present reference 'design, the folded geometry has oveen
tentatively chosen. The basic arrangement for a 200 kJ subsystem is presented
in ¥ig. 2.

Electron-Beam Sustained Discharge Lasers

KrF E-Beam Sustained Discharge (EBSD) lasers are viable alternate drivers
to purjely E-Beam Pumped (EBP) lasers. Extensive modeling studies have been per-
formed to evaluate EBSD lasers as fusfon drivers. Those studies have shown that
under certain conditions, EBSD lasers can be significantly more efficient than
EBP lasers. This increase in efficiency results, in part, from the fact that
the upper laser level is formed dominantly by excitation transfer between
neutral species in EBSD lasers, as opposed to being formed dominantly by ion-ion
neutralization in EPB lasers. The neutral channel is energetically more effi-
cient than is the ion channel. In addition, the wall-plug efficiency at which
power can be deposited in the gas 1s higner for discharges than for e-beams.
Electrical circuits for discharges typically have fewer stages of power con-
ditioning, therefore having a higher overall charging and transfer efficiency.
There are also significant losses associated with penetration of the e-beam

through mechanical structures, Table I shows the pulsed-power requirements for



EBSD and EBP lasers; the mentioned e-beam energy losses do not represent a large
fraction of the total EBSD power requirements.

Although EBSD lasers are intrinsically more efficient than are EPB lasers,
the laser extraction efficiency is reduced by higher absorption losses resulting
from the larger fracrtion of the halogen donor (FZ) wnich is required to insure
discharge stability. The end result is that the wall plug efficiency of EBSD
lasers is calculated to be 14-15% whereas the wall plug efficiency of EPB lasers
is 9-10%. It is this projected increase in overall efficiency of EBSD lasers
that has motivated us to consider them as fusion drivers.

The projected aperture size (30-35 cm) of the EBSD lasers is smaller than
that of EPB lasers (1-3 m), and the energy density is also lower. The result is
that the laser energy delivered by a single EBSD laser will be approximately 2.5
kJ, thereby requiring many more EBSD laser modules (on the order of a few
thousand) for a fusion power plant than the 10-40 modules required for EBF laser
systems. The large number of EBSD lasers is not necessarily a disadvantage
since the 320-400 ns output pulse of the smaller laser can be directly imaged
onto the forward Raman amplifier, thereby eliminating the need to multiplex, or
otnerwise condition, the output of the primary laser amplifier before Raman
pulse compression occurs. The total number of optical beam lines and optical
elements required for a system using the more numerous EBSD lasers therefore
differs 1ittle from one using fewer, but larger, EBP lasers., Also, there are
certain manufacturing mass production and reliability advantages to using EBSD
lasers.

Individual EBSD lasers can be packaged quite compactly, thereby maintaining
a relatively high average planar energy density. A conceptual design for an

EBSD laser module is shown in Fig. 3. The basic building block of the module



consists of a pair of EBSD lasers whose e-beams are commonly housed in the cen-
ter section. The pulse forming 1ines (PFL's) for the discharges are folded and
stretched longitudinally parallel to the optical axis. The transverse dimension
of the PFL's for both the discharges and the e-beams do not exceed that of the
laser. thereby allowing the basic laser modules to be stacked vertically. The
typical size of the basic laser module containing two lasers is 2.7m x 1.0m x
Tm. A 200-kJ array of EBSD laser modules will therefore require an area of ap-
proximately 200 m2 if stacked four high.

The aperture size of the EBSD lasers could be increased to order 50 cm,
thereby reducing the number of required lasers by approximately half and making
EBSD lasers appear even more attractive. There are certain system tradeoffs and
technical issues that must be considered in scaling the apertures of the EBSD
lasers. The technical issues center primarily on the necessity to maintain
highly uniform e-beams over the entire aperture, a requirement for discharge
stability. By increasing the aperture size of the EBSD lasers, the inductance
of the laser head is increased, thereby decreasing the rate of current rise and
lengthening the laser pulse. This lengthening of the laser pulse has implica-

tions on the degree of multiplexing required before the Raman ce.ls.

EBSD Laser-Forward Raman System Cost and Performance

A reference system has been selected for analysis and comparison with the
angular multiplexed case. This system is costed using technology appropriate
for the 1995-2000 timeframe. The system generates 5 MJ of laser 1ight from 25
200-kJ Raman amplifiers, and i1luminates targets with 8-ns pulses. The two-pass
Raman amplifiers have a gain of 400, and are used with the Raman window operat-
ing at 6 J/cm2 for 320 ns. The demultiplexing and target chamber optical

fluence is 4 J/cmz. The Raman cell is approximately a 2-meter cube, with the



window and mirror made np of 16 square segments. It is filled with H2 at 3 at-

mospheres, The 98 2.5 kJ discharge lasers per Raman cell are 1.5 meters long
with a 30 x 35 cm cross section. They are triple-passed with a gain of 100.

The efficiency of this system is equal to the product of four efficiencies;
the discharge laser efficiency (15%), transport efficiency from the pump into
the Raman cell (98%), the Raman cell efficiency (90%), and the transport ef-
ficiency from the Raman cell to the target (93%). The total laser system
efficiency is 12,3%.

The cost of this laser system is $140/joule or 700 M$ with the cost break-
down shown in Fig., 4, Note that over 25% of the total system cost is for the
discharge lasers, 15% of the cost is from optics, and 18% is the cost of beam
enclosures. The cost of this system will be compared with the cost of the an-

gular multiplexed system (Fig. 5) in the next section.

Comparison of the Two Systems

The EBSO laser-forward Raman system and the pure angular multiplexed system
show similarities and differences. While both systems use 200-kJ final
amplifiers, the Raman system is pumped for 320 ns which allows fewer beams to be
used for demultiplexing than the 400-ns e-beam pumped amplifiers. The large
final Raman amplifiers also have the advantage of using segmented windows. As
described before, the Raman cell can be operated around the window support
structure so it causes no loss in efficiency. The large 2-beam pumped
amplifiers have to rely cn large monolithic edge-fused windows to eliminate
obscuration. Since these windows are large and thick, they contribute sig-
nificantly to the optics cost for the pure angular multiplexed system. The

Raman cell windows contribute a much smaller fraction to the cost of optics.
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Another advantage the Raman system has is the ability to use lower quality op-
tics for the pump beam (upstream of the Raman cell). This also helps reduce the
total optics cost.

As expected, the large number of discharge lasers makes up a larger frac-
tion of the total cost than do the large e-beam lasers. The large number of
amplifiers opens up the possibility of assembly-line construction which can sig-
nificantly reduce the cost. Finally, system integration costs are expected to
be higher for the Raman system due to the larger number of components, The
cther elements of the two laser systems are comparable in cost.

The cost and efficiency of the Raman system are $140/joule and 12.3%,
respectively, while for the pure angular multiplexed systam they are $100/joule
and 9,1%. For an ICF electric power plant, the higher driver efficiency and
corresponding lower recirculating power fraction results in a cost savings for
the balance of plant tha'. more than offsets the additional driver cost. Thus,
from this preiiminary analysis of the Raman system, it appears to be an attrac-
tive alternative as a driver for an ICF electric power plant.

Summa iy

A recent study of many different types of KrF lasers has conciuded that
electron-beam-sustainad discharge laser pumping of forward Raman amplifiers
using the rotational process appears to have the highest laser system
efficiency. This system offers other advantages over the pure angular multi-
plexed system, The beam cleanup in the Raman cell relaxes the requirements in
the discharge laser and allows the use of lower-cost optics. The system is also
very high gain, which allows a very simple, low-energy front end.

Though the cost of the Raman system is expected to be higher than the pure
multiplexed system, the higher system efficiancy appears to make it an attrac-

tive ICF driver. Some potential disadvantages of the Raman system is the
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"diffuse" nature of the pump, and vhe large H_ ceils., The cost of the laser

2

hall may be an additional cost burden that nas yet to be calculated, and the

Raman cells may present a fire/explosion safety hazard. This will be examined

in further studies.

1.

5.

6.

8.

9.

References

J. H, Pendergrass, "Optimum Diriver Pulse Energy/Repetition Rate
Combinations for Inertial Fusion Commercial Applfcations," Fusion
Technology 7, July, 1985,

R. 0. Bangerter, J. W-K. Mark, and D. J. Meeker, "Target Gain for lon
Driver Inertial Fusion," Los Alamos National Laboratory raport LA-OR-81-
2989 (1981).

K. A, Brueckner and R. S. Janda, "Wavelength Dependence of Laser Coupling
to Pellet Implosions," Nuc. Fusion, 17, 305 (1977).

D. B. Harris and J. H. Pendergrass, "Krf Laser Cost/Performance Model for
ICF Cgmmercial Applications," Fusion Technology, 8, 1220 (1985).

) |
W. F. Krupke, "Advanced Lasers for Fusion Applications,” Proc. Int, Conf

Lasers 1978, San Diego, CA, August, 1978, p. 24 (1978).

F. Kannari, A, Suda, M, Obara, and T. Fujioka, "Theoretical Evaluation of
Electron=-Beam=-Exci ted KrF Lasers Using Argon-Free Mixtures of One
Atmosphere,” Appl. Phys. Lett., 45, 305 (1984},

E. T. Salesky and W, DO, Kimura, a) post deadline paper at XiIl Conf. of
Quantum Electronics, b) paper submitted to IEEE J. Quantum Elentron.

"Conceptual Design Review for the Polaris Power Amplifier Module,"

presented by Avco Everett Research Laboratory at Los Alamos National
Laboratory, November 15-16. 1984,

"Conceptual design of a KrF Scaling Module," MSNW Final Report,
DOE/DP /40304 (1980).

12



10.

11,

12,

13.

14,

15.

16.

17.

18.

J. H. Parks, "Conceptual Design for an Angularly Multiplexed Rare Gas
Halide Laser Fusion Driver," AERL Final Report, DOE/DP/40113-1 (1980).

KrF Laser System for Intertial Confinement Fusion, Los Alamos Status

Report, Edited by R. Jensen and D. Hyer, to be published,

J. Caird et. al., "Conceptual Design of a 1.5-MJ, 2-Hz KrF Fusion Laser
System," Lawrance Livermore National Laboratory Report UCRL-53077 (1980).

M. J. Deamzen and H, Hutchinson, "Laser Pulse Compression by Stimulated

Brillouin Scattering in Tapered Waveguides," 1IEEE J. Quantum Electron.,
19, 7, (1983).

I. V. Tomov, R, Fedosejevs, and D. C. D, Mcken, "High-Efficiency Stimulated

Briliouin Scattering of KrF Laser Radiation in SF," Optics Lett., 9, 405
(1984),

M. Slatkine, I. J. Bigio, N. A. Kurnit, and D. E. Watkins, "Pulse

Compression of Excimer Radiaton by Backward-Stimulated Brillauin Scattering
in Gaseous Medfa," Thirteenth International Quantum EYectonics Confarence,
Anaheim, California 18-21 June 1984,

V. A, Eroshenko et. al., "Numerical Investigation of the Possible Use of

stimulated Brillouin Scattering in Laser Fusion Facilities," Sov. J.
Quantum Electron, 10, 1481 (1981).

Yu. V. Dolgopolov et. al,, "Experimental Investigation of the Feasibility
of Application of the Wavefront Reversal Phenomenon in Stimulated
Mandel'shtam-Brillouin Scattering," Sov. Phys. JETP, 49, 458 (1479).

V. A. Gorbunov et, al, "Time Compression of Pulses in the Course of

Stimulated Brillouin Scattering in Gases," Sov. J. Quantum Electon., 13,
900 (1983).

13



19.

20.

2.

S. B. Kormer, et. al., "iUse of Stimulated Mandelstam-Brillouir. Scattering
for Peaking Pulses and Interstage Decoupling in Laser Fusion Experiments,"
Sov. Phys. Tech. Phys., 25, 757 (1980).

J. J. Ewing et. al,, "Nonlinear Techniques for Fusion Lasers," Spectra
Technology report, (1985),

M. J. Shaw et. al., "High-Power KrF-Laser=-Pumped Raman Amplifier," Conf. on
Laser and Electro-Optics, Baltimore, Marrland, 21-24 May 1985,

14



Fig. i.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Figure Captions

Two possible forward Raman amplifier designs using single-pass and
doubie-pass geometries.

The e-beam sustained discharge KrF lasers pump the large Raman

amplifier. The input Stokes beams is time and angle encoded so the
output Stokes beams can be decoded to deliver short, shaped pulses to
the target.

A pair of e~beam sustained discharge lasers form the basic building
block. These amplifiers can be stacked vertically.

Cost breakdown for a 5-MJ discharge-Raman system. The total laser sys-
tem cost is $140/joule with a system efficiency of 12.3%.

Cost breakdown for a 5-MJ pure angular multiplexed system., The laser
system cost and efficiency is $100/joule and 9.1% (from Ref. 11).
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TABLE I

PULSE POWER REQUIREMENTS FOR KrF E-BEAM
SUSTAINED DISCHARGE LASER

Discharge E-Beam

Voltage (kV): 200 500
Current Density (A/cmz): 60 3
Total Current (kA): 200 15
Impedance () 1 30
Pulse Duration (.asec): 300 300
Energy (kJ) 12 2.5
Inductance (nH): 75

Aperture (cm): 35 x 35 35 x 100
Length (cm): 100
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