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ABERRATIONS AND FQCYUSABILITY IN LARGE SOLID-STATE-LASER SYSTEMS*
W. W, Simons
University of California, Lawrence Livermore National Laboratory
P. 0. Box 5508, Livermore, California 94550

Abstract

Solid state lasers for fusion experiments must reliably deliver
maximum power to small (approximately .5 mm) targets from stand-off focal
distances of 1 m or more. This requirement places stringent Timits upon
the optical quality of the several major components -~ amplifiers,
Faraday isolators, spatial filters -- in each amplifier train. Residual
static aberrations in optical components are transferred to the beam as
it traverses the optical amplifier chain. Although individual components
are typically less than A/20 for components Tess than 10 cm clear
aperture; ¢nd less than A/10 for components less than 20 om clear
aperture; the large number of such components in gptical series results
in a wavefront error that may exceed one wave for modern solid state
lasers, For pulse operation, the focal spot is additionally broadened by
intensity dependent nonlinearities, Specific examples of the performance
of large aperture ~omponents wiil be pre- sented within the context of
the Argus and Shiva 13ser systems, which are presently operational at
Lawrence Livermore National Laboratory. Design requirements upon the
larger aperture Nova laser components, up to 74 an in clear aperture,

will also be discussed; these pose a significant challenge to the opticel

industry.

*Research performed under the auspices of the U. S. Department of Enzrgy
by the Lawrence Livermore National |aboratory under contract number

W-7405-ENG-48,
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Introductfon

The focusability of high energy puises from large laser systems is
determined in part by the quality of the optical components through which
the beam passes, and in part by nontinear, intensity dependent phase
retarcation, which is in turn proportional to the material refractive
properties of these components. In this article, we shall discuss these
sources of focal spot broadening, with particular emphasis on high power
solid state Tasers, Representative data were taken with the Shiva
Yaser! at Lawrence Livermore Natigna) Laboratory. This system will be
used in this article as an example of modern solid state laser design and
performance. Component specifications for the much larger Nova laser
system.z presently under construction at LLNL, wil} be presented for
comparison.

Solid state Tasers arc designed in 4 master-oscillator pulsed
anplifier (MOPA) configuration. A weak pulse (about 1 mJ in i ns) is
generated by an optical oscillator and electrooptic switch. This pulse
is subsequently shaped (both spatially and temporaily), amplified, and
split into several) beams (20 for Shiva and Nova). Each of the sever:’
beams ihen propagates through components of successively farger clear
aperture, culminating in a refractive i2ns system that focuses each beam

onto a smali { <1 mm} target.



The components comprising each laser ampiifier chain perform three

major functions:

{1) Rod and disk amplifiers increase the power and energy of the
pulse,

(2) Spatial filters maintain the smoothness of the beam profile while
expanding its diameter.

{3) Pockels and Faraday isalators prevent the entire laser from
breaking spontaneously into oscillations th-t could drain its
stored energy and damage the target prematurely.

Cunceptually, amplification, spatial filtering and isolation are repeated
sequentially, at ever-increasing apertures, as the puise proceeds down
the chain, Ultimately, each pulse is focused with a lens.

in this article, we shall examine severql causes of spreading of the

final facal spot, These may be categorized as follows:
Static aberrat’ons transferred to an otherwise diffraction
limitec bean by the optical components through which it passes.

2; Small-angle scattering by small damage sites, inclusions,
inhomogeneity, etc.

37 Wonlinear enhancement of spatial modulation on ti2 transverse
beam wavefront.

“tatic Aberrations
Residual aberrations in all optical components are transferred to the
bean as it traverses the npt:al amplifier chain, Although individia
components are neld tu very tight tolerancas in manufacturing, the lzrge
number of such components in (optical) series can result in a significant

davefront errar at the output of the chain,



There are six tasic optical materials in the laser amplifier traim:

o  BK-7 {lenses, mirrars, polarizers)

o KD*P {Pockels' cell isolators)

o  Crystal Quartz (waveplates)

0  Nd-doped silicate (or phosphate) rod and disk amplifiers

o Tbidoped silicate gqlass {Faraday rotators)

¢ Fused Sitica 'some lenses)

Most of these components have fiat optical surfaces. However, there
are several f/11 lenses, which are in general aspherized to eliminate
spherical aberration T1t i noteworthy that spatial filter Tens designs
can comyine minima, coma with elimination of spherical aberration).

Zompanents that L-angmit the beam are Jesiyned to be as thin as
poasi -3 to redure tne effects of the nonlinear index of refraction of
P s fdtygcied Cater . For most flatwork, Shiva vendors made very
2w s of modern continugus-polishing equipment, usually
ncporating arec e Lhermal control,  For aspheric lens surfaces,
ndovs Jevelopey effrcient techniques for figuring and process testing,
Lactae wers qenera’ y geound ang polished sphericat defore figquring,

“he tolerance tevels of the larger Shiva components are illustrateg :n
tnogpanifizat-ane i~ Tab'e 1. These specifications are as tight as
‘35700, constderieg sudgetary and schedule constraints and the
<tate-of-the-art, Performance characteristics and final specifications
s Of ten the resylt of extensive technical interaction between LLNL and
participating vendors. They ‘nvolved prototype development and exiensive

qualification tests.
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A final test was performed on all Shiva optical compoments, Each
subassembly (e.g., laser head, spatial filter, mounted mirror) was tested
for wavefront distortion (and, where appropriate, stress birefringence)
before instailation in the laser, For this purpose, two 30 om aperture
interferometers were made available in one of the LLNL laser-assembly
areas: a ~0.633 um Fizeau with a special long bead; and a 1,06 um, LLNL
built Twyman-Green (residing on a 25 ton granite slab). To indicate the
as-assembled quality of such components, Figure 1 shows typical wavefront
interferograms for a six-disk, 9 cm apertyre disk amplifier, a 21 am
aperture final focusing lens, and a 22 an aperture polarizer substrate,
A1l of these interferograms were taken double-pass at .633 um with the
i i7au interferometer.

The disk amplifier wavefront distortion averages 0.10 A at 1,06 um,
ang is typical of 60 si-n amplifier assemblies used in Shiva, The lens

s 3 single-elemart, £/ refractor, fabricated from BK-7 glass, shaped
for minimum coma ana corrested for spherical aberration by aspherizing
the front imore curved, surface. Both surfaces are
nard-dieiectric-onated for mininun ~eflection 10ss. The polarizer
Sabiteaie, parl ot Une 77 cm raraday isolator assembly, i on'y 19 mm in
thickness. [t s mounted at drewster's angle (56.4 degrees) with respect
3 the beam ting, The inner qurface 1ascribed on this interferogram
represents the cent-al zone, uver which the slope error tolerance is
specifieq more rigorousty,

Spatial filtars for Shiva were assembled and pumped down, then aligned

a5 2 unit using toe Twyman-Green interfergmeter mentioned above, before

L



being mounted on the spaceframe. Axial separation between lenses was set
during this alignment for collimated input and output beams, and was not
adjusted thereafter,

The chart shown in Table 2 presents the optical components traversed
by each Shiva beam. The pulse leaving the oscillator/switchout has a
uniphase, slightly elliptical, Gaussian spatial profile. (Elliptical
because of the characteristic tilting of the YAG laser rod at Brewster's
angle within the optical cavity.) Small aperture components traversed by
the Gauss.an beam, prior to its entering the major components of each
laser chain, include 3 rod amplifiers, 1 Faraday rotator, 13 lenses, 2
auertz wivepletes, and “about] P7 mirrors/splitters/polarizers. Typical
pedr-ta-zalley wavefront errors are !isted at the top of Table 2. The
curulatsve wavefrent error of the beam at this point, assuming that
component errors are uncorrelated, and that the bam from the
ascithatar/switchout 1o diffraction limited, is .38 waves, as shawn in
Tahle 7,

The lwam fording apertyreé truncates the Gaussian beam at a radius much
ma'ter than ats transverse full-width haif maximum dimensions. Thus the
main amglifier <ha‘n omponent, amplify anc expand a reasonat Iy
flat-profiled, round heam wh'ch approximately fills available amplif fer
apurtares.  Speci‘ved aberrations for the components comyrising each
Shiva chain are shown in Table 2. It iy seen that each main beam-line
contributes bout one-half wave to the total accumulated wavefront error,;

which, for Shive, 15 abeut N.6 waves. i
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In operational practice, additional effects also contribute to focal
spot broadening, First, slight misaligments from stage to stage will
offset the beam slightly on spatial filter lenses, thus contributing
small amounts of both astigmatism and coma to the output beam wavefront,
Second, errors in collimation of the beam contribute to astigmatism (a
diverging or converging beam traversing tilted elements causes
astigmatism). Finally, the output beam from the oscillator/swi-chout
departs from diffraction-limited performance by a fraction of a wave,
{Thermal lensing is, of course, compensated by imaging lenses, but
residual aberrativns are not,)

We have observed the effects of turbulence in the atmosphere through
whnich the beam passes. However, we have found that enclosing the beam
lin- a sealed tubes, maintained at constant temperature {variations of +
100, by the excellent ar flow system of the building, effectively
climinates turbulent focal spot blurring for Shiva. This approach will
also be used on Nova.

Considering estimates of all of these static effects together, one
areivas at the quaiitative conclusion that a typical iow-power Shiva beam
shoul ! be focusab™» t- about one wave. Figure 2 illustrates photographed
bean characteristics for 3 tow puwer (200 GW) pulse near the focus of the
f/o target lens, (These photographs were taken in planes eguiva.ent to
those shown in the sketch using an array camerad with lateral
magnification of 12X.. Jne can distinguish both astignatism and
Spherica’ aberration as the predominate Seidel aberrations, though the

wavefront is obvigus'y distorted n a more complex way, These beam
y



photas correspond well with CW alignment beam observations at equivalent
locations. Ninety percent of the beam energy is delivered within a
circle of 75 um radius ir. the pie of best focus; and eighty percent
appears within a circle of radius 50 gm.

The lime-integraled, or energy density, analysis is shown more clearly
in Figyre 2, which illustrates the central photograph in Figure 2,
watyzed and rencrmalized to plet beam brightness versus half-anglular

heam dqivergence. it v observed that Shiva, like Argusa and other

Gr" t et qtac Cuoeen o crerites At typitally 10}8 H/cmz-ster. The
turve s ibatwe iy mivredensitometer analysis of the photograph, and
piete 710 abiy averaner cntensity a5 4 function of half-angle from the
Sareget
at e wstinato Une wavetrunt error an this “typical)} Shiva low
“oonoipon wiel alerrglions to the Jotherwise perfect)
tuoptr . Fagure 4 shues 1 reasonable approximation to the
Yooyt oap ot reration, “Tloser “ats can obviously be obtaineg
wot o re detaniet anglysis. Nevertheless, the orders-of-magnitude
v e tame L e w0 Tie enaular radius of the second Airy ring
W e Lonf tne farofield energy of A fiat-profile bear)
Chcet o4 ey tuan-omated Seam, in o contrast, the experirenial
RIFLA ¢ TR oLt el gras 3.5 times diffraction-limited,

Theooempatation fooLstrater that this representative Shiva beam carries

Comewhat more than e wave of npservations.
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In Table 3, we show the Nova optical component specifications. These
larger laser components might be compared with Shiva (see Table 1). Note
that the total mmber of components is only increased by about 30% (134
vs 109). Alsp, again assuming that there is no correlation of wavefront
error between individual components, the total accumulated error for the
Nova beamline is expected to be only stightly larger than that for Shiva
(.76A vs .6\), even though the final component apertures érz almost four

times as large. To achieve these component figuring accuracies is a
demanding task for the United States optical industry. To illustrate the

magnitude of the Nova system, rigure 5 shows mirror blanks tn accommodate
the 74 cm output beams from Nova, Approximately ninety such mirrors will

be used in the fuli 20 beam Nova system.

Dynamic Aberrations; Distortion from Nonlinearities

im addition tn the £ assical, stabic aberrations just discusseo, high

gower aser beams are aiso significantly affected by an

intensit-dependent phase gistortior. Tne source of this distoriron is

the aoninearity 1n tne index >f cefraction in al® of the transparent

opticai components tnrough wnicn the beam passes. The noniinear:ty

Jepends nn both the tarpordl and transverse spatia. propertics of the

beam ‘aiensity, Tne wagnitude of tne phese distortion lactually, @

7elarjetion; in racians 3 gi/en by the equation
L
Blry. - | alix.yide,
2
whera » 15 the wave number of tne 1a3ser radiatian, o 1% the nonl:near
ingex 0f refraction coefficient ‘in amz/watt), [t&,y, 15 the beam
intensity [in W/am¢, 4t trans/erse coordinates x and y, anc the

integration path ¢ 192 udes 3 - optrcal materigl elong Lhe central bean



ray. This nonlinearity has been the subject of many investigations,5
since it is responsible for instabilities leading to beam self-focusing
and 3 host of other performanze-limiting effects. For present purposes,
we are interested in low-spatial-frequency effects. The whole beam
distortion arising from this phase retardation has been analyzed in some
detail by Hunt, Renard ard Nelson6 for smooth intensity profiles. In
the following paragraphs, the effects of radial “ripple" caused by
low-pass spatial filtering will he discussed qualitatively.

For typical spatially filtered laser systems such as Shiva, the
confoca’ lens pairs that comprise each filter also serve to "project" the
spatral beam profiie downstream, This image relaying7 helps tn
m3ietooe 1 smonth heam profile and a high amplifier apertyre filling
*37ter, Inoaddition, the bending of 1ight rays due to the nonlinear
oyt aoindex b5 wery small. Consequently, the intensity profile of
*ne e dges ot change throughout the chain, while the phase gistortinn
tavs< on 3 spatial character identical to the intensity profile.

e effects of scattering from small damage sices, dust particles,
wtr., are mostly manifest as near-field beam modulation. Since thess
<ayrce< produce A wide danguidr Jistribution in the far-field, they may be
iow-pass filtered peri dirally throughout the laser chain. This
“yltering is accomplished with "pinholes” located at the common focus of
each spatial filtes lers patr. ow-pass filtering, 1n turm, superposes e
-inysnida) radial modulatizn upon the main beam (Gibbs phenomenon). The

firct spatial filter following the veam forming aperture essentially
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defines the intensity profile of the beam. The pinhole diameter is
chosen such that the radial “ripple" modulation depth (waich increases
with decreasing diameter) just balances the modulation depth from other
upstream sourc957 at the output of the first filter. Typically, the
acceptance angle of the rilter is about a factor of ten larger than the
diffraction limit, The resulting ripple modulation depth is then a few
percent sf the background beam.

As the heam procesis along the amplifier chain, phase retardation of
the intensity peaks (relative to valleys) accumulates. This accumulation
is nnt qenerally sigmificant in the near field, but can have dramatic
consequences near the final focus of the target lens. As an example,
Figure € srows caicu!ated radial intensity profiles 6 mm upstream (and
downstream: from the focus of an f/6 lens, for various laser beam
mterstties. At very low intensity (top), Lhe beam is an excellent
seometrical projectinn of the beam enteriny the lens. At intermediate
intensittes {=.5 TW, B =3 for Shiva), the outer edge of the beam has
mved inward 1o fors o "ring". At the highest intensity (1.5 TW, B =9
“or Shiva', the bear has noticeably collapsed inward, and several
high-contrdst rings are apparent. Beyond the focus, modulation depth
variatines are not gas pronounted, nevertheless, beam spreading that
increases with 8 is quite apparent.

In practice, of course, the radial symmetry of the "ripple" rings is
perturbed by diffraction from small scattering sites localized at
components within the laser chain, Beam photographs taken at high power
in planes equivalent to these show clearly bath the deep ring modulation

and the symmetry break-up caused by small-site diffractive interference.
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To summarize; phase retardation is proportional to I, and is manifest
as a broadening of the focal spot, as well as a complicated distortion of
the beam near the focal plane. In Figure 7, we show calculated, and
measured, radia)-average far field cumulative intensities versus angle
for a high-power {1 TW) Shiva shot. The curve labelled "no aberrations”
represents a diffraction limites beam, except that small scattering sites
have been introduced along the chain, at locations corresponding to
amplifier disk positions. The resulting "flare” (enerqy distributed from
about 20 prad outward) represents low-angle scattering from these small
obscuring sites. (By low-angle, we mean that energy which the spatial
filter pinholes will pass; typically, this js 200-300 urad.} The
obscuration density used in the calculation was equivalent to a

fractional obscured area of 5xTG'5 per surface, a number in agreement
with detailed statistical analysis of Shiva disks8 before and after
operational use, (This number is also used to specify maximum density
and size of small inclusions and bubbles within manufactured optical
components; see, for example, Table 1. Similar quality specificatians
are used for Nova components.)

When astigmatism anc spherical aberrations are also included, one
obtains the intermediate curve (in Figure 7). Finally, by taking account
of the radial "ripple" effects disrussed above, one obtains reasonable
agreement with the observed focal spot distribution (shown as the

broadest distribution curve in Figure 7).
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Sumary
We have discussed various aspects of the focusing characteristics of
high-power beams from solid-state laser systems. [t has been shown that
static component wavefront errors, small scattering sites, and low-pass
"ripple" all combine to broaden the focal spot from such lacers, The
refractive index nonlinearity broadens the focal plane distribution
aditiona11y when the laser chain is operated at high power.
Nevertheless, assuming that state-of-the-art component
ma-ufacturing/finishing methods are employed, such beams are readily
focusable onto submillimeter Taser fusion targets. These conclusions
apply as well to Nova.
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Figure 1.

Figure 2.

Figure 3.

Figure 4,

Figure 5.

Figure 6.

Figure 7.

Figure Captions
Interferograms of representative Shiva components. Left:
6-disk, 9 cm aperture disk amplifier, Center: f/6 focusing
lens, designed for minima} coma and aspherized. Right:
polarizer substrate.
Beam photographs taken in several planes near the plane of best
focus of the Shiva f/6 focusing lens, The bean power 15 200 GN
at 3 pulse duration of 800 ps, for 160 joules of on-target
energy.
Puotograph and radiaily averaged densitometer scan of the beam
i Figure Z. in the plane of best focus. Graph presents bean
fata in terms of brightness versus angular radius.
Calcuiated and measured cumulative radial-average far-field
intensity for the beam shown in Figures 2 and 3. Malaprop
canputer coae used far computation/simulation,
Mirrors made from these 1.2 m diameter glass blanks, made of
borosilicate glass by Schott Optical Company, will be used to
direct Nova heams to the target chamber,
Calculated bean profiles in planes + 6 mm from the plane of
best focus for an f/6 laser system. As intensity and B
increase, these profiles becaome progressively more distorted,
and also exhibit greater modulation depth.
{alculated and measured cumulative, radial average, far-field
intensity fcr a high power (3 TW) Shiva shot, corresponding to

a beam retardation B ~7-8, (with reference to Figure §).
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_rale d, Tolerance Chart for Lorger Components

hperture Size 10 o 0

Malfal Filter Satfal Filter

Uisks,  Lenses  Polarizers  Disks — lemses  Polarizers
T w0 0w 0na hw
0.1 mac 0,000 max 0,100 mex 0.2 mar 0.2 max 0,2 mix

Inc usigns/ 100 co? dimension  dinension  dimensior dimension  dimension  dimension
Stress birefringence anjen » 6.0 20 50 6.0 6.0
dovefront 2.V, - 0,633 ym

after coating when applicable A/l A0 M2 A M A8

davefront slopejen (0.6 um) NN WB N N NN to A2 N33 to LA o N0

it
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Table 2.

Typical Shiva Beam Line Qptiral Componert:

Component

f# of Optical
Elements/Arm  Diameter (mm)

Nominal Beam

Typical Peak-to
Valley Wavefront

Error per Assembly Wavefront Crror

Cumuiative”

Mircors/Splitters 20 Z1* M0
Rod Amps 3 21* A/10
Polarizers 7 21* A/ 20
Faraday Rotator 1 21+ A0
Lenses 3 21 A0
Waveplates ? 21* A/20 L 3BA
Beam Fcr=in Aperture 1 i0 -
Front-en | lay 2 21 N12
Rod Amplifier i 21 M0
Polarizer Z 21
Pockels Cell Pssembly 3 21 A8
Polarizer 2 7
Spatial Filter 2 44 M2
Rod Amplifier 1 44 A10
Polarizer 2 44
Pockels Cell A<sembly 3 4 AT
Polarizer 2 3
Spatial Filter 2 9 A2
Disk Amplifier b 9] M0
Disk Amplifier 6 9?[ A0
Polarizer Z 9]
Faraday Rotator ! 0 A/9
Polarizer 2 91
Spatial Filter 2 9) A2
Disk Amplifier b 91 A0
Spatial Filter Z 145 A2
Disk Amplifier 4 145 MI0
Spatial Filter 2 202 Ni2
Polarizer 1 202)
Faraday Rotator ] 202] A9
Polarizer 1 202
Disk Amplifier 3 202 A/8
First Turn Mirror ] 202 A/14
Second Turn Mirror ] 202 A/15
Focus Lens | 202
Vacuum Window 1 185 Al
Biast Shield 1 185 A8
109 elements traversed Total accumulated TBIA

*FihM of Gaussian beam profile
*square root of sum of squares of individual component errors

by one element

wavefront error

L



Table 3. Nova Beam Line Optical Component Specifications

Specified P-V CumuTative
# of Elements Nominal Beam kavefront Error  Wavefront

Component ~_per Arm Diameter (mm)  per Assembly Error

Front-end Optics 50 2% {.05-.7) Atyp.

Beam-forming Aperture 1 27 - AN

Spatial Filter 2 .5 L09A

Rod Amp 1 37.5 L10A

Polarizers 2 3.5

Packels Cell Assy, 3 37.5 L08A

Polarizers Z 3.5

Spatial Filter ? 91.7 .09A

Disk Amplifier 6 91.7 J12A

Polarizers ? 91.73

Faraday Ratator i 91.7 J13A

Polarizers ? 91.7

Disk Amplifier 6 91.7 2N

Spatial Filter ? 150 .09A

Faraday Rotator 1 150

Polarizer Pair ? 150 -10A

Disk Ampiifier “ 150 12N

Spatial filter 7 208 .09A

Polarizers ? 208

Faraday Rotztor | 208] .16A

Pnlarizers ! 208

Disk Amplifiere 9 208 L23A

Spatial Filter ? 315 .09A

T.rning Mirrors ? 315 .10A

Polarizer 1 315

Faraday Ratator ] 3]5] J13A

Pnlarizer ] 315

Drsk Amplyfjerc 8 315 .29A

Spatial Fiiter 2 460 .N9A

Disk Amplifrers 6 460 ey

Spatial Fajter 2 740 .09A

Mirrors 4 740 J14A

Fogusing .c.ses 2 740 .09A .65A
BZ Tota) Components Total AccumuTated .76

per Chain Wavefront Error

138 Total Components Traversed by Beam

*FWHM Gaussian Beam Profile
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