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LASFRS AMD POWER SYSTEMS FOR INERTIAL
CONF INEMENT FUSION REACT(RS

E. E. Stark, Jr.

LOS ALAMOS SCIENTIFIC LABORARTORY®
LOS ALAMOS, NEW MEXICO 87544

After discussing the rule of lasers in ICF ard the
candidate lasers, several important areas of
technologv requirements are discussec. Thase include
the beam transport system, the pulsed power system and
the gas flow system. The system requirements, state
of the art, as well as nceds and prospects for new
technology developments are given. Other technology
issues and promising developments are described
briefly.

INTRNDUCTION

The role of lasers in ICF (Inertial Confinement Fusion) is to produce
short, pulses of energy and deliver them simultaneously onto small fuel
pellets. A schematic diagram of an ICF laser system is shown in_Fig. 1.
The performance requirements are listed in Table 1. The purposes of
laser systems studies are to identify generic technology needs so that

they may be addressed on an appropriate time scale, and to provide
comparisons of various driver system options so that a prime driver
choice can be made when the ICF program reaches its engineering

feasibility devalopment phase.

*Work performed under the auspices of the United States Department of
Energy.



TABLE 1. Laser System Requirements

Pulse Energy 1-6 MJ
Pulse Length 1-10 ns
Efficiency 7 5%

Six or More Beams
Each beam focusahle to.o 1 nm

Repetition Rate 1-10Hz

Prepulse Limits 50 kW/heam
1 md/beam
10 mJ total

Interface to Target Chamber at < 0.1 torr.



Gas lasers are the most attractive ICF laser option: because gases
can be flowed and cooled for high repetition-rate operation and are not
sthject to irreversible damage. The CO2 laser is a leading candidatn,
with 2% efficiency demonstrated and .~ 10% predicted, and with
repetitive operation at 750 Hz(1) and scalability to large sizes
already demonstrated. The major classes of advanced laser candidates are
Ticted in Table 2. Most of the discussion in this paper is applicable to
hoth CO2 and advanced lasers, although the emphasis is on C02.

BEAM TRANSPORT SYSTEM
The heam transport system will be a critical part of ICF laser

systems because of the large number of optical elements ard beam quality
requirements. It is normally the highest cost portion of the laser
system. The major system elements are mirrors, windows and their
mounting structures.

Quality of individual optical elements can be judged by two sets of
criteria, one involving loss, damage and related issues, the other
related only to the optical quality. 1lhe first set must be considered in
reference to specific materials while the latter reduces to a single
criterion--the error in the optical surface divided by the laser
wavelength, Total system quality is defined as the root-sum-square of
all element errors from the front-end to the perllet.

The nat effect of wavelength in the beam transport system is
relatively small, because of two opposite factors. For a given set of
elements, the nominal quality will be better for longer wavelengths; but
the focal spot size is proportional to A , and so Targer wavelengths
require a hetter beam transport svstem quality in arder tn satisfy the
focal spot size requiremant,

Mirrors

Because of their relatively high damage thresholds, 1ife, and ease of
fabrication, mirrors are generally used instead of lenses in high power
laser systems.

The development of micromachined (diamond-point turnpd\(3’4’5)
mirrors in the carly 1970s was a significant breakthrough in optical



TABLE 2. Advanced Laser Cancepts’?)

Type Pump  _)_  Efficiency
Group VI Atomic Optical .48 um 1-4%
Metal Vapor Discharge .33-

Excimars A7 pm 10-15%
HF Channel E-Beam 2.7 pm 5-10%
Rare-Gas Halide Discharge ,25-

and Conversion .31 pm 5-10%
Resonantly Excited Discharge .28-

Solid State .45 pm  2-6%
Ontically Pumped Optical 27~

Storage .34 ym 1-7%



technology. For long wavelenaths, e.g., 10.6 ,m, micromachined mirrors
have excellent optical quality, ~~ .001 A in small sizes. They require
no hand poalishing and are much less expensive, with higher production
rates, than conventional mirrors. Typically, the mirror surface is
machined onto a copper-plated aluminum hlank, to reduce weight and
weight-induced mirror distortions. These mirrors have a reflectivity in
excess of 99% at 10.6m and a damage threshold of ~10 J/cm2, both
quite acceptahle. They can be fabricated now up to 2 m diameters, and
in-situ error measurement and correction systems have been developed.
Flat, spherical and off-axis parabolic mirrors have heen micromachined.
Addition21 development is under way to increase the quality to acceptable
values for even near-infrared and visible wavelengths. The Los Alamos
Eight-Beam CO, Laser System uses micromachined mirrors where large
mirrors are required.
Windows

Windows provide a pressure and gas-species interface between the
laser gas and ambient air, and ultimately to the reactor chamber which
must be at a pressure <,0.1 torr. As a pressure interface, they must
have a mechanical strength sufficient to withstanu both static and
dynamic pressure loadings. Because they are also optical elements, they
should have: low bulk absorption; a high threshold for laser-induced
damage; low dispersion so that different laser frequencies may be used;
and they should he transparent to visible light for ease of alignment, be
available in appropriate sizes, and have a good ontical quality.

Solid Windows For CO2 jasers, there are two attractive
candidates--polycrystalline NaCl, and ZnSe fabricated by chemical vapor

deposition. Their physical characteristics are given in Table 3. The

C02 laser experimental systems at Los Alamos all employ polycrystalline
NaC1.

Further improvements in both candidatas are possible. Doping NaCl
with large atoms (e.g., rare earths) to prevent propagation of defects in
the microcrystalline structure may significantly increase its yield
strength. The bulk ahsorption guoted for ZnSe is much lower than it was

»



TABLE 3. Material Window Options for 10pm

Polycrystalline ZnSe (CVD)
. NaCl
Bulk Absorptinn 0. 1% 0.1%
Index
of refraction 1.5 7.4
Damage Thresho1d{6}
(1 ns pulse) 6 J/cm? 1 J/em’
Hygroscopic? yes no
Yield Strength ~~ 2000 psi -~ 7500 psi
Sizes 60 cm 84 cm
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several years agn when damage threshold measuremants were made,(G)
which mav indicate that its damage threshold should be remeasured. The
brittleness and variation of refractive inder with temperature of ZnSe
may still prove to be serious disadvantages.

The increase in laser pulse length for ICF would result in greater
design flexibility with NaCl (which now 1imits pulse energy density due
to damage considerations) and an increased feasibility of using ZnSe.
This is because the damage mechanisms in NaCl and ZnSe are thought to be
electric-field dependent, and hence the damage threshold would increase
as the square root of the laser pulse length.

For visible and near-UV wavelengths, the laser pulse length will be
crucial to window acceptability. Two-photon damage at shorter
wavelengths can be avoided if, for example, 10 ns pulses are employed
with intensities below 1 GW/cmZ.(3\

The pulse length arguments above for both short and long wavelengths
will also depend on the desired laser pulse shape, which cannot now be
predicted in detail.

Aerodynamic Windows Numerous concepts have been developed for
(7,8,9,10,11

replacing material windows with flowing regions of gas.
These rely on either the centrifugal force of a curved region of gas flow
or on a constant shock produced by supersonic gas flow. These have been
damonstrated in laser systems that do not have the same beam quality or
system efficiency requirements as ICF lasers. Supersonic shock-interface
aerowindows appear to consume far too much pumping power, many times
greater than the time-averaged laser output power. One potentially
attractive option is to employ several stages of subsonic gas flow. The
primary uncertainties include aperture size scaling (10 cm is
state-of-the-art, » 30 cm would be highly desirahle), beam quality, power
consumpticn, arJ the ability to provide a pressure interface

down to the ~ 0.1 torr of the reactn~ chamber.

PULSED POVER SYSTEM

The pulsed powar system must provide an efficient, reliable, compact,
long-lived system for the generation, starage, switching, pulse farming,




and transfer of enerqy in a short flat voltage pulce. The specific
requirements are given in Tahle 4. A flat voltage pulse is desirahle in
order to maintain the optimum value of E/P, the ratio of electric field
to pressure, for most efficient laser gas excitation. The greatest
technology difficulty involves system life and capahility for repetitive
operation. Reliability is also an important requirement, because the
pulsed power system will contain at least several thousand discrete
components, each of which must perform properly on a successful shot.
Eneragy Storaqge

Tne energy storage system should represent a constant drain on ihe
plant's power output, while providing short eriergetic high-voltage pulses

for the laser system. It should have a high energy density and high
efficiency, as well as low inductance tn permit short pulse rise and fall
times.

At present, the only feasible choice is a hank of storage
capacitors. These are typically rated at 60 kV, with 5 kJ energy storage
per capacitor. The lifetime is typically 10° shots if there is no
voltage reversal. Repetition rates up to ~ 1 Hz are possible. Operation
at a higher repetition rate will require a new means for heat removal,
possibly involving a circulating dielectric liquid or the use of larger
size capacitors. Pulse lifetime increase will require improvements in
capacitor dielectrics.

Other energy storage options are: kinetic storage, which has been
developed for magnetic fusion applications; inductive storage; and
charged-line storage and pulse forming. ICF lasers require excitation
nulses with a duration too short for kinetic storage, but too long to
parmit use of charged transmission lines of reascnable length. Inductive
storage would he attractive from the viewpoint of efficiency and life if
good opening switches become available.

We expect that capacitor development will provide the most likely
solution to the enerqgy storage requirement, although the other options
will be kept open.



TABLE 4. Pulsed Powar Requirements for ICF

Lasers, Per Discharge Region

Open-Circuit Voltage 1-15 My
Maximum Current 1-5 MA

Pulse Length* 2-5 15
Lifetime to 109 pulses
Repetition Rate 1-50 Hz
Reliability 7 99%
Efficiency 7 90%

*This is for C02. With the exception of
shorter pulse length in some cases, the
pulsed-power requirements for otner gas lasers
are similar,



Switching

High current, high voltage standoff, low impedance operation with low
timing jiitter and lang life are the primary requirements. The present
options include conventional spark gaps, solid-state switches,
superconducting switches and ignitron:..

Snark gaps are the oniy feasible choice today. They can operate
above 50 kA and 50 ¥V, hut their life is clearly insufficient, ~ 100
shnts at < 0.3 Nz, with degraded reliahility and iitter toward the end of
their lives. The ultimate potential for spark gaps is not predictahle
hecause they hive nnt been completely studied. The uncertainties include
failure modes, the dependence of life and performance on operating
parameters, and the prospects for improvement in life, reliabhility and
jitter.

Solid-state and superconducting switches are at too early a
developmental stage to permit predictions of their utility for ICF lasers.
Advances in pulse transformer technology would solve the switching

prohlem by permitting the use of ignitrons. Ignitrons use a liquad
mercury cathode with a low-voltage semiconductor pin trigger. Their
decign yields high reliability with a virtually unlimited life, but they
operate at only ~10-20 kV. If pulse transformers can be further
developed to reduce leakage inductance and stray capacitance, then
ignitrons could be used for switching on the low-voltage side of the
pulse transformer.

General

The difficulty levels in laser pulsed-power requiremants are outlined
in Ighlg_?, The underlined values refer to existing CO, short-pulse
Taser systems. Some advanced lasers require pulse duration and dl/dt
values approaching those in "most difficult" column. It is possible that
optimized design of CO, power amplifiers will permit operation at an
impedance ~ 1C T or q;eater easing the problem of impedance matching the
powar supply system to the gas discharge.

The Air Force Studies Board Summer Study on Pulsed Power, 1977,
identified dielectrics and switching as the two major needs in pulsed

6



TABLE 5. Pulsed-Pawar Difficulty Lavnls

Least Mos*
Difficult Difficult
Voltage < 20 kV 100 kV 500 kv
Current < 40 kA 200 kA  500kA
Coulombs <1 10 100
Pulse Duration s S 10 ns
d1/dt <1010 sx0'" 10"3
Impedance > 410 L 242 1.2



pawer technoloqy. Dielectrics are Lypically used at only 107 of their
dirlectric strength becaise of impurities, vaoids, foil nonuniformities
and strrsses induced in manufacturing, and their working environment
(e.g., heat and radiation). Liquid dirlectrics may be attractive for

heat removal, hut toxicity plagues the most promising known dielectric
materials.

LASER GAS FLOY_SYSTEM

In ICF lasers, a sizeahle fraction of the electrical enerqy input
appears as heat. Because higher temperatures reduce laser efficiency and
cause optical heam-deqrading gas density gradients, it is necessary to
flow and cool the lasar qas.

The maior concerns are power consumption, effect on optical bheam
quality and constraints on power amplifier geometrv. It appears that
power consumption will be acceptable, based on Avco's experiance.(l?)

The effect of qas flow on system efy ,ciency is to multiply it by:

.9
T+ AF ° (m
E

whare f is the flush factor [number of qas exchandos hetween shots); E is
the specific electric enerqy input (J/&-atom) and A is determined by the
gas characteristics and the system prossure drop. [Based on an 8 psi
pressure drop,(]?) a multiplier for CO, lasers would he.~ 0.7. There
is a clear advantage to minimizing thntf1ush factor to-~1 by careful
system desian employing acnustic absorbers, and F should he maximized.
The issue of optical hean deqradation by flowing qas requires furthor
stidy.  Two approaches to minimizing degradation are to prepare the gas
with weak, small-scale homoqgeneons turbulence to equalize optical path
lenqths; and to emplay pulsed qas flow, allowing complirte damping of

density fluctiations hetween faser shnts,



POWER AMPLITFTER MODUL ¢ GEOMITIRY

The systems and technolnay issnes explored above have Titt e
flexihility in the confiquration of power amplifier maodules.  The pnlsed
powor systems regnire roctangular geometrv for a unmiform E/P discharge.
The gas flow direction, the discharqge, and the optical hean propagation
must he mitually perpendicular, leading to the geometry shown in Fig. 2.

Stacking of power anplifiers, whather hovizontally or vertically, is
desirable in order to rediuce fabrication costs and to pevmit several
heams to he handled together. In this case, horizantal stacking will be
censtrained by the high-voltage cables, and vertical stacking by the qas
flow system. Use of pulsed qas flow conld remove the vertical stacking
conistraint because perforated tnbes rather than larqge ducts could he
used. Optically punped systems wonld have the «wame horizontal
constraint, posed instead by the reqinn in which the optical punp is

generated.

ADVANCED_AMPLIFICATION CONCEPT

In the past, there has boen a larqge qgap between long-pulse (0. 1-1g¢4)
and short-pulse (1-10 ns) laser system efficiency hecause the molecnlar
kinetics of some Taser systems can only make enerqy availahle over the
lonaer time scale. For example. long-pulse efficiencies qreater than 30%
have heen demonstrated in CO? Iagnrg,(]) hut only . 2% has heen
achieved in short-pulse systems,

An ardvanced amplification concept has been developed to clonse this
Gaap, with immadiate application to CO,, HI", and KrF lasers. The hasic
idea is to onerate the laser amplifier in a quasi-long-pnlse mode hy
amlifying a train of separata shact plsoqs, Then a moans is Famd to
separate physically thee individual shoct pnlses, after amplification, in
order tn satisfy the short-pulse requivements of the ICF pellets.  This
can be done in two ways: By shootina the pulses thronal the amplifioe at
different times and different angles, they will sepavate amd can then he
handled individnally, [f the Taser systom permits, as in 00?, tho
pulses can he anplified colinearly, hut each pulse is at o slightly

different Taser frequency.,  Aftov amplificat bong o Tarae, eofficient



Aiffraction geating will canse angalae <eparatinn of the pulaes (ser Fig.
3). Larae gratinas useful €ar thi< purpase are nre under
dnvolopment.(]3\

After amplification and soparatinn, the nulses may he nsed in tun
ways: Thnoy can bn delayrd indiyvidually, then focused similtaneously onto
an ICF pellet, Alternatively, the output pulse trains from several
amplifinrs may he split up sn that the first pulse in each train gnes tn
the sama reactor chamber, the second pulsas to annther, etr,

Using a molecular kinetics coder tn model CO?,(14) a prediction of
improved laser nfficiency wis made using this muyltiple-pulse
amplification scheme. The result is shoun in Fig. 4. The solid curves
show the history of the small-signal qain. A-s1ow rate of enerqy
LransFer from nitrogen vibration to CO? vihration is responsible for
the continued gain recovery. The circles indicate the cumulative
efficiency as successive pulses are amplified, with an interpulse
separation of 0.25pts. The total efficienty exceeds 20%. This
prediction is optimistic because it relates total laser enerrqy output to
the electrical energy deposited into the gas, with no consideration of
othor efficiencies. This scheme also helps solve problems of runaway
oscillation in laser amplifiers hy keepinq the peak gain low.

OTHER TECHNOLOGY ISSUES

The C02 laser, and all the advanced laser candidates, require an
electron qun in a vacuum region and a large, thin e-heam window to
provide a pressure interface that will transmit the electron beam. (For
lasers using optical pumping, the optical pump source requires e-bsam
discharge control.) The life and reliahility nf the electron emittar and

the window are important concerns. These may be addressed by advanced
materials and fabrication development, careful design of the elactron gun
chamher to prevent arcing, and prestressing of the window to prevent
fatigue induced by gas-discharqe-acnerated pressure pulses. As with all
lifetima issues discussed in this paper, inexpensive planned component
replacement may compensate for inadequate lifetimes.



Gain isnlation can ha an dmpo-tant dagge e TUD Tasore o gl e
oroblens and snlutinns are spotific tn each Tauer candidate,  The threen
primary issues arr: prevention of parasitic svstem narillation;
prevention of pellat damage by laser prepulee aparqy (Tahle 1Y, i, .,
undesired leakaqe cnorgy striting the pellnt hefare the main pulse; and
laser pulse reflections from the pellet which may travel back through the
system, amplifying and threateninqg damaqge tn optical compnnents. These
problems are addressed in the various laser systems hy usr of satyrahle
laser enerqv ahsorhers; inteqrated system design tn hnlp provent
parasitic osci]]atinng:; and design of the heam transnnrt system so that
an amplifyving pellet refle-tion will cause optical qas breakdawn,
stopping the reflection.

There are two advanced optics concepts which may case considerahly
the design problems in the beam transport system. The first is
deformable mirrors, which may he useful in correcting manufactured or
slowly-varying errors in beam transport system componpnts.(]S‘ The
other is the use of a nonlinear phase conjugate reflector to compensate
for virtually all errors, static and dynamic, in the beam transport

system including the gaseous amplifying medium. (16"

In this concept, a
laser pulse is passed through the entire system from the pellet end,
picking up the system's full optical degradation. The phase conjugate
reflector then inverts the phase information in the pulse, so that after
full power amplification the pulse's optical quality will be virtually

error-free as it is focused onto the target.

10



ACKNOWLEDGEMENTS
This paper summarizes recent work or rumerous colleaques inside and

outside Los Alamos. 1. 0. Bohachevsky performed the preliminary gas flow
analyses. Bruce Masson of RDA provided insights intn aerowindows. M.
Kristiansen of Texas Tech and J. Jansen are primarily responsible for the
perspectives on pulsed power technology. H. Volkin performed the
calculations on the advanced pulse amplification concept. W. Reichelt
and A, Saxman provided information on optics technology and systems
issues. The application of phase-coniugate optics to ICF lasers was

proposed by T. G. Stratton.

11



REFERENCFS

].

10.

1.

12.

13.

J. D. Daugherty, "High Powar CO, Laser Technolnay," Canferance on
Laser Engineering and Applications, Paper 17.1, Washington D. C.,
(May 31-June 3, 1977).

P. W. Hoff, private communication.

W. P. Barnes, Jr., Ed., "Design, Manufactire and Application of Metal
Optics," Proceedings of the Society of Photn-Optical Instrumentation
Engineers 65, (1975). pp. 10-20. (175 2

R. E. Sladky, "Machinability Studies nf Intrarcd Window Materials and
Metals," Optical Engineering, 16, 4, (1977).

R. E. Sladky, "Machining Nonconventionsl-Shaped Optics," Optical
Enginearing, 16, 4, (1977).

E. E. Stark, Jr. and W. H. Reichelt, "Damage Thresholds in the 7nSe,
A/R Coated NaCl and Micromachined Mirrors by 10.6 um Multiple
Nanosecond Pulses," NBS Special Publication 414, "Laser-Induced
Damage in Optical Materials, (1974).

E. M. Parmentier, "Supersonic Flow Aerodynamic Windows for High Powrr
Lasers," AIAA Pape- Mo. 72-710, (June 26-28, 1972).

R. N. Guile and W. E. Hilding, "Investigation of a Free-Vortex
Aerodynamic Window," AIAA Paper 75-122, (January ?0-22, 1975).

Avco Everett Research Laboratory, Inc., "Electric Discharge Laser
Aerodynamic Window Development Program," AFWL-TR-73-277, (1973).
Guile, R. N., "Analysis and Testing of Full-Scale Aerodynamic
Window," AFWL-TR-73-257, (1973).

T. G. Jones, "Development of an Electric Discharge Laser Aerodynamic
Window," AFWL-TR-73-105, (September 1973).

R. M. Feinberg, R. S. Lowder, 0. L. 7appa, "Low Pressure Lnss Cavity
for Repetitively-Pulsed Electric Discharge Lasers," AFWL-TR-75-99,
{October 1975).

C. H. Charlton, private communication.

12



14.

15.

14,

W. T. Leland, M. Kircher, “The Relation of €0, pigchargn Kinetics

to the Ffficiency of Short Pulse Amplifiers," l.os Alamns Scientific
Lahnratory report LA-UR-74-637, (1974),

J. W. Hardy, "Adaptive Optics, a Now Technology for the Control of
Light," to be published in the Proceedings of the IEEE,

R. W. Hellwarth, "Generation of Time-Reversed Wave Fronts by
Nanlinear Refraction," J. Opt Soc. Am. 67, 1, (January 1977); and V.
Wanq and . R, Giuiliano, "Correction of Phase Abrrratinns via
Stimulated Brillouin Scattering," Optics Letters 2, 1, (January 1978).

11



Fiqure Caption.

Figure 1. Schematic diagram of major 1CF
laser systems.

Figure 2. Power amplifier module geometry
dictated by pulsed-power gas flow system
reauiremonts.  In the case of pulsed laser gas
flow, perforated tuhes miaht he employed on
the gas inlet side.

Figure 3. Schemes for use of the
multiple-pulse amplification concent.

Figure 4, Theoretical prediction of
multiple-pulse amplification efficiency. The
solid lines show the qain history when
saturating laser pulses are amplified every
0.25us. The circles indicate the cumulative
electrical-to-laser efficiency.
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