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iHE <TATHS OF LASER DRIVERS FOR INERTIAL CONFINEMENT FUSION

by
Eugene &. Stark, Jr.

Los Alamos Scientific Laboratory*
Los Alamos, New Mexico 87545

ABSTRACT

The requirements and primary tradeofts on laser
drivers for ICF are uiscussed. The status of drivers,
technolaqy requirements and projections of future are
discussod,
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I. INTRODUCTI

Althouah  the greatest uncertainty in the Ffeasibility of Intetial
Confinement Fusyion involves the possibility of designing high-gain pelloets,
the demanding roguirements on driver performance are also indispensable to
ICF. The present understanding of these requirements is given in Table 1.

Pulse wneray, longth and repetition rate requivements have wide ranges
because Of uncoertainting in the design of high.gain pellets and in  the
technolngy and cconomics of inertial fusion reactors the prepulse energy limit
is impoued by the noed to avoid prohoating Lthe pellet betore the magor lasor
pulse arrives, Ty permit bthe laser pulse to focus strongly onto the pellet,
the reactor <hamber prosoare must beo limited (to avoid laser gas-broakdown)
and this necessitates a4 prossure intorface botween Lhe laser and the chamber.
The product ((0)) of deiver ofticiency and peliot gain (tusion energy output

laser eneray input) i+ determined by wystems studles and economic
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TABIE I
ILASER SYSTEM REQUIREMENTS FOR ICF

Pulse Energy 2 -5M
Pulse Length 1-10ns
Repetition Rate 1 - 40 Hz
Efficiency-Pellat Gain Product 2 (fusion-fission)
10 (pure fusion)
Efficiency > 5a
Beam Focusability to lmm
Pressure Interface to 0.1 torr in reactor chamber
Prepulse Energy 10 mJ
Time Between Major Shutdowns 1 year
considoarations of recirculating power requirements. The efficiency

requircnent is not abiolute, but is highly desirable based on predictions of
the variation of electric power costs with driver efficiency.

The primary tradeoff issues 1involve vs. Q, capital cost versus
efficiency the relative advantages of the laser wavelength, and design issu.s
of capital versus operating costs and reliability. Because there may be a
limit to the acceplable microexplosion cnergy release in an ICF reactor, there
may be a limit on the acceptable pellet gain Q, so that absolute laser
efficioncy may be an important factor. Laser systems typically have a strong
tradeott hetween gsystom cost and efficiency, so that this is an important
issue in systom design,  Wavelongth issues will not be discussed in detail in
this paper, but it should be noted that relative performance in driving
peilots is andecd a tradeoff  issue which must be weighed against drive
efficroncy, «¢ost and eoliability,  Cost/roliability issues have not  been
studied in detail ror Taser dreivers and will nol be discussed further.

The mjor candidate faseors today are €0, and KrF:  their  status,
projections amt technology are the primary quhBﬂct of this paper.  This
l

Information burlds apon a previous related discussion,

II.  THE CARBON DIOXTDE LASER

The €0, Tiser a4 molocular laser containing nitrogen. carbon dioxide
ana - samet ey, holigm, An  electric  discharge oxcites vibrations in the
nitrouen moleculos, which then transter their oxcitation to the CO?. thoreby
creating a molecalar lavel  population  inversion and hence optical gain.
Because the oxcitoed nitrogen moleculos have no dipolo-ailowed transitions,
their  oxcitation Is long-lived, and so the CO, laser has an intrinsic
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(maximum theoretical) efficiency of 40%, with 30% demonstrated in 7?s-scale
operation. Repetition rates of several hundred Hz have beer demonstrated.

The status of the CO2 laser is best illustrated by the Helios laser at
Los Alamos. In Helios, eight electric discharge regions, driven by a
short-pulse laser front end, produce a total of 10 KJ of energy at the 10.67m
wavelength, in a 1lns pulse with an efficiency of Z%. The operational
parameters of the Helios amplifiers are given in Table II. The keys to
efficient operation of Helios are the use of an external electron beam to
control the electric discharge for optimum laser excitation and the triple
optical path through the laser gas, allowing the Power Amplifier Module (PAM)
to serve as both preamplifier and power amplifier.

The next-generation 002 laser 1is Antares, currently under construction
at a 40KJ energy level but originally designed to achieve 100KJ in a 1ns
pulse. This laser employs an annular geometry, with an electron gun in the
middle of the PAM and segmented gain regions in an annulus around the e-guns.
In the context of this Conference, the Antares technology is more similar to
that of a single-pulse research-oriented machine than to the efficient,
repetitive systems required for commercial power production.

A. Future Systems

Several major studies have becn conducted on the cost and configuration
of future CO2 systems. One by the Avco-Everett Research Lab2 forms the
basis for this discussion of future systems. This study developed a reference
design for a commercial class system and permitted the ronstruction of cost
estimates for various technology cholces. Note that the quoted costs are
i Intended to be relative and are based on mature-technology "nth copy" rather
than "first of a kind" cost astimates.

TABILE II
HELIOS OPERATIONAL PARAMETERS

Gas Mixture C07, Ny, He, 3/1/4/1 ratio,
1600 torr pressure

Discharqge 200Kv, 10A/cm? 375 duratioq,
controlled hy 300Kv, 1A/cm
electron beam fonization.

Dimensions 34cm square optical aperture,
2m long
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Two factors had a strong influence on the design concept:

Because repetetive operation requires gas flow and cooling, and because
the major efficiency losses in gas flow arise from turning the gas
flow, a large wind-tunnel-like design was proposed, Fig. 1.

Because COZ is a storage laser, the Powwer Amplifier energy 1s not
available in a single 1lns pulse; therefore, ine 1l-ns pulse was
propagated four times through the amplifier, with interpass delays of
several hundred nanoseconds.

This system concept was sized and costed for various combinations of
several other immortant factors--the repetition rate, the laser gas pressure
and the choice of pressure interface window. Predicted costs and efficiencies
are presented in Tabie III.

In the Avco design, typical PAM parameters are:

1MV discharge voltage

3.3m long m optical direction

1.6m wide electric discharge direction
3m high or. gas flow direction

417s electrical pulse length 90.5 atm)

The discharge voltage was chosen as high as practicable under reasonable
technology forecasts. The height in the gas flow direction decreased at the

higher

repetition rates in order to minimize gas flow power consumption. The

desired electrical pulse length varied inversely with the laser pressure, due
to faster molecular kinetics at higher pressures.

TABLE III
COSTS AND EFFICIENCIES OF 1.2MJ CO, LASER FOR
VARIOUS REPETITION RATES AND DESIGN CHOICES

Gas Repetition Aerowindows Salt Windows
Pressure Rate Cost Efficiency Cost Efficiency
(atm) (Hz) ($ Mi'lion) (%) ($ Miilion) (%)
0.5 2 229 6.04 268 8.09
0.5 10 263 7.52 303 8.03
0.5 40 550 8.13 596 8.16
1.0 10 132 7.6 168 8.3
1.0 40 308 a.5 353 8.5



B. Key Technologies

The results in Table III focus attention on the key technology issues for
the CO2 laser.
1. Pulsed Power. 1t is clear from Table II1 that higher pressures are

advantageous in both cost and efficiency; however, a latm pressure required an
electrical pulse length of 2us. These advantages result primarily from the
fact that higher-pressure PAMs produce more laser energy per unit volume (
pressure) and hence heve Tower capital costs and less gas flow losses.

There are, however, serious auestions on the viability of the shorter
electrical pulse technology. 1A pulsed power system based uporn thyration
switching and pulse transformers is assumea for electrical lengths 7.4us, and
it is predicted that this combination is feasible with long lifetimes based on
today's technology. Risetime and peak-current requirements become more
stringent for shorter electrical pulses, causing a design shift to
pulse-forming network coupled directly to the PAM, with spark-gap or
stacked-ignition switching. Because of limited spark-gap 1life and
uncertainties in use and triggering of series-stacked ignitrons, the higher
pressure PAM option is viewed as riskielr, and the potential payoff of
developiny long-life high-current comp]onents for use at ~2us pulse lengths is
clear from Table I[II.

2. Prassure-Interface Windows. The cost, efficiency, 1life and

feasibility of pressurc-interface windows are important factors. Although
Table IIl indicates a cost advantage to aerodynamic windows and an efficiency
advantage to s¢lt windows, there are many issues to be resolved.

Salt (NaCl) windows consume no power, but have cost and size
limitations. Their life is uncertain but their advantages strengthen at high
pressures, which increase the power consumption of aerodynamic windows. The
Avco studv astumed state-of-the-art NaCl windows arranged in a mosaic to
achleve the dasired size, with an energy loading of 1JIcm2, half the design
point of present -ingle-pulse systems. The primary issues are the life of
salt flats and the ability to maintain spatial coherence of a laser pulse as
it propagates Lhrough a segmented window,

Aerodynamic windows can be viewed as regions of curved gas flow, in which
the centrifugal Force of the curved flow can support a pressure difference
across the tlow. Both supersonic and subsonic "aerowindows" have been built,
typically In aperturss up to 10cm across. Their prior applications have heen
in systems In whi. the total mass flow of gas must be minimized: these
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windows consume large powers. Estimates hased on reoptimizing aerowindovs to
minimize power consumption give -15 - 30MW per square meter of aperture per
atmosphere of pressure difference. The estimates in Table IIl use the lower
figure. Because ot this high power consumption, the Avco design with
aerowindows utilizes a single aerowindow of .6m2 aperture for the entire
laser:; beams from the various PAMs are sent through at different times and
angles to prevent gas breakdown. The critical issues are the scaling of
aerowindows by ~ two orders of magnitude in area from present sizes, redesign
to minimize power consumption, and the actual 1laser fluence 1limit in
preventing laser-induced gas breakdown.

Other Issues. Because the Co2 laser has proceeded through several
generations of short-pulse systems, the future technology issues reflect
primarily the requirements for reliable, efficient, repetitive operation. The
scaling of atmospheric-pressure discharge to square-meter and larger
apertures, and the value of an imposed magnetic field, is an important issue.
Although micromachined copper-surface mirrors appear to meet the efficiency
and lifetime requirements, work is required in the cooliag of mirrors under
repetitive nperation. There is a wide field of eoxploration required in the
design of integrated optical systems, involving automatic alignment and
beam-qual ity-correcting optics. Concepts for control of temperatures and
density fluctualions 1in gases must be engineered to prevent laser beam
focusability degridation by rantom gas fluctuations. Advances dre required in
the life of electron-beam foil windows , through which the
di-charge-contrnlling electron beams pass.

The Future. [In the development of ICF, a megajouse-class single-pulse
602 Taser will be nceded if 002 remains a viable candidate. [t s
expected that Jdischarge-scaling and efficient energy extraction studies will
influence its dosiqn markedly. Soma of the technology requirements are being
addressed for other applications, but a comprehensive program to develop the
C0, laser's potential as an ICF driver will lickely await a national
comnitment to 4 repetitively operated facility, e.g., an Engincering Test
Facility.

[II. THE KRYPTON FLUORIDE LASER

In the presence of an enerqetic electron beam, krypton and fluorine can
form a bound, oxcited molecule:



e +Kr > Krt + 2e
e +Fy s F-+F
Kr* +F~ » KrF*
The excited KrF molecule has a high probability of dissociating by emission of

one photon, so this process populates the upper laser level and atomic
repulsion destroys the lower laser level, thus allowing optical gain.3 The
KrF laser operates at 0.249um, considered by many to be an ideal wavelength to
drive ICF pellets.

Unlike C02, the KrF 1laser is not a storage laser; the spontaneous
lifetime of KrF* is 3ns, and this fact has a substantial impact on design
concepts for KrF. The theoretical efficiency 1limit 1is 24a, with 2a
demonstrated and 8 - 10a projected. Typical operating parameters are given in
Table 1IV.

Because the KrF* molecule lives only 3ns, there must always be a
saturating laser field present or energy and efficiency will be lost. There
is therefore a fundamental requirement that some pulse compression scheme be
employed to convert the 300ns system operation into ~10ns pulses. One method
is optical angular multiplexing,4 by which a sequence of 30 pulses, each
10ns long, saturates the amplifier in turn; because the pulses pass through
the amplifier at differeng angles, they will separate physically and can ihen
be delayed to arrive simultaneously on a pellet.

A second compression scheme, which can bhe used in conjunction with the

first, 1{is Raman pulse compression.li

This i< a nonlinear process which
occurs in a high-pressure methane cell, A high-power KrF laser pulse (i -
0.249un) and a shorter, lower-power “stokes" pulse (a» = 0.268um) travel
against each other in the methane cell. Through the nonlinear Raman
interaction, the shorter Stokes pulse depletes the onergy in the laser pulse

as they travel past each nther, therehy in effect compressing the laser pulse.

TABLE IV
TYPICAL KrF LASER OPERATING PARAMETELRS

Gas Mixture Ar/Kr/F2
700/100/10 torr

Electron-3eam Ex<itoed
veltage > Z00kV
current J0A/cm?
pulse length 300ns

Peak Power Qutput 10 - 100 MW/cmp
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There is a tradeoff between compression ratio and conversion efficiency which
is, e.g., 12 x compression at 50a or 8 x at 70a. An advantage of Raman pulse
compression is its tolerance for Jlow-optical-quality laser pulses, thus
removing some burden from Lhe optics which precede it.

Yet another approach is to use one of these schemes with a much shorter
(e.g., 50ns, 2500 torr opressure) excitation, but several performance
parameters remain to be proven.

6 Its

present and planned cperating ~arameters are given in Table V. At present,

The most advanced short-pulse KrF laser is RAPIER at Livermore.

the KrF development work is decoupled from the ICF pellet physics work,
because the latter can proceed with frequency-tripled or-quadrupled light from
Nd-glass lasers.

A. Future Systems.

Several recent studies have addressed megajoule-class Krf laser design
concepts. These studies have included pure angular multiplex and hybrid
multiplex/Raman compression systems.7'8

The study which addressed near-commercial-class requirements was
conducted by Livermore, Bechtel, PI and Hughes Aircraft. Aimed at an
Engineering Test Facility design, this study developed a concept to produce
1.5MJ, deliverable in 20ns, operating at 2Hz with an estimated efficiency of
24 and life of 107 pulses. The design calls for 14 PAMs, with
characteristics given in Table VI. A sirgle methane cell !5m long with an
optical aperture of 3.3 x 1l1.6m provides a 5x pulse comprassion at 30a
efficiency for all the 1laser pulses. A pulse-forming line provides the
electrical cxcitation and each PAM has a1 laser gas flow loop. The optical
windows are Supreasil, 10cm thick, with four Im x Im windows in a square array

on each end of each PAM. System mirrors are dielectric-coated aluminum,

TABLE V
RAPIER PARAMETERS

Front End Qutput 1J in 20ns
A Amplifier

volume 5 liters

excitation two opposing e lectron-bean

guns, each 300kV, L00A/¢mé
output 15 m 20ns 2-pulse multiplex

B Amplifier (planned)
output goal 200Jm 50ns;: 100Jm Stokes pulse
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TABLE VI
KrF PAM PARAMETFRS

Dimens ions 3m long
2m x 2m aperture

Excitation

electron heam 1.3Mv

25 A/cm2

400ns duration
optical Four 100ns

pulses amplified

Enerqgy COutput 160KJ
B. Key Issues.

Because present-generation KrF KF systems produce only ~10J, there are
both fundamental and technological issues in scaling them to the megajoule
level.

1. Optics. Laser damage to optical elements is an important issu=.
Because of the short wavelength, multilayer dielectric coatings are required
to achieve high-reflectiviity mirrors and highly transmissive windows. The
highest single-pulse damage thresholds, for 22ns pulses, are 3.60/cm2 for
reflectors and 10.8J/cm2 for windows.q The damage mechanism is
electric-field dependent. Window size limits of 0.5 to Ilm-diameter are
projected, and the application of uniform dielectric coatings over such areas
is an issue. The effect of fluorine on the optical elements must be
considered.

2. Discharae  Scalability. The short 1lifetime of KrF* produces
significant amounts of amplified spontaneous emission (ASE), comparable in
power to the laser pulse output. Control of ASE and parasite oscillations is

necessary to maintain system officiency and to pravent prepulse enerqgy from
destroying the peillet. Magnetic fields will be needed to control pinching of
the electron-beam excitatiun. Survival of the electron gun and foil window
are a qredter issue hore than with CO2 because the electron gun provides the
entire excitation. Greato: understanding of the fundamental KrF kinetics will
be required to permit optimization and predictiorn of PAM perfirmance in larger
sizes.

3. Pulsed Power. This system uses a Marx-generator source, which
charqes an intermediate-storaye (~2us) water-insulated line, which in turn
drives a fast pulse-forming line. Gas switches are assumed, bhut such
high-power switches are only in levelopment for <ingla-shot operation only.
The short excitation pulses require low-jitter switches for correct timing.
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New devalupments in electron-beam cathodes (Maxwell's carbon-felt cathode,
53'5 spark cathode), but Tlong-lived electron-beam foils will require
development.

4. Other Issues. At the potential risk of greater complexity, 50-fold
optically multiplexed PAMs may be considered, to avoid the need ¥or Raman

compression. Scaling and improvement of Raman compressor performance will
require the ;suppression of other nonlinear processes, e.g., the power loss to
the second-Stokes frequency. Especially in highly-multiplexed KrF systems,
there is a potential for optical "crosstalk" between angularly adjacent beams,
which could generate unwanted prepulse or parasitic energy. Any decrease in
the required laser pulse length would require greater pulse compressions,
hence a more complex optical system.

IV. OTHER LASER CANDIDATES

The Xe Cl1 excimer laser is very similar to the KrF laser, with two
important exceptions: its wavelength is 308.mn and its demonstrated intrinsic
efficiency is only 5a. The wavelength may be an important advantage because
of an empirical A variation of laser damage thresholds on optical materials
in this wavelenath region. There is a possibility that a thorough
investigation of its xinetics will incicate improvements in efficiency, but Xe
C1 is cl2arly recaiving less attention than KrF.

The free-electron laser10 operates by passing a stream of bunched
electrons through a region oJf spatially-varying static magnetic field (a
"wiggler"). By controlling the electron energy, optical gain can be -reated
at any wavelength. Although only ~10a of the electron energy can be converted
to laser energy, recovery of the unused laser energy might increase total
system efficiency to -?5a. Two applications of free-electron lasers to ICF
have been discuszed. In one, ms-length laser pulses would be generatcd and
optically pump another 1laser medium, from which shorter pulses would be
extracted to drive the pellets., The other would use a pulsed acceleratnr,
e.g., ¢ Betotron or induction linac, to provide a 600ns long electron bean.
This beam would he split into sixty 10-ns pulses, each of which would pass
through its own wiggler aimed directly at the pellet. The econamics and
technical feasibility of these possibilities remain uncertain.
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V. CONCLUSION

Uncertainties in both laser-pellet interaction physics and ultimte laser
technology and performance will prevent a near-term choice of the test laser
driver candidate for TCF. At the same time, significant light-ion-driven
experiments are planned and the heavy-ion-driver program will require pellet
physics tests. Thus, although the greatest uncertainties in ICF are in the
pallet physics area, we cannot assume that the "right" driver will axist
without continuing the investigation of the major driver candidates.
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