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HIGH ENERGY GLASS LASERS*

James A. Glaze
Laser Fusion Division, Lawrence Livermore Laboratory
Livermore, California 94550

Introduction

A number of laboratories throughout the world are actively pursuing
the development of pulsed high power Nd:glass lasers for use in their laser
fusion and laser plasma interaction studies programs. Perhaps the most
ambitious programs in this field have been undertaken by the Lawrence
Livermore Laboratory where several irradiation facilities are in operation
and where the 4-arm ARGUS and 20~arm SHIVA lasers are currently under con-
struction. These systems are designed to provide the energy, power and
wavefront uniformity required to spherically implode nuclear fuel targets
such as the deuterium-tritium (DT) solid sphere, in an effort to
achieve thermonuclear fusion through inertial conﬁnement.(”

The requirements on the optical performance of fusion lasers are
staggering. Targets as small as 100 microns in diameter must be unifo_nnly
irradiated with muitiple beams each delivering between 100 and 1000 joules
of energy. This energy must be delivered in a single, time~tailored pulse
whose peak power exceeds one terawatt. To achieve the required uniformity
and brightness of illumination at this power level, numerous linear and non-
linear propagation phenomena must be thoroughly understood and addressed in
a pragmatic manner.

To investigate intense pulse propagation phenomena, as well as problems
in laser and system decign, we have built and have operated a prototype singie
chain laser called CYCLOPS.(Z) This laser employs a 20-cm clear aperture
disk ampiifier in its final stage and produces a terawatt pulse whose bright-
ness exceeds 1018 watts/cmz-ster. In this paper we summarize the CYCLOPS
system and discuss aspects of non-Tinear propagation phenomena that are

currently being addressed.

*This work was performed under the auspices of the U.S. Energy Research and
Development Administration.
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Jhe CYCLOPS Laser
The CYCLOPS laser chain .s shown schematically in Figure 1. The

Nd:YAG dye mode-locked oscillator with its optically triggered spark gap
‘ switch-out produces a single bandwidth-1imited pulse whose duration and
energy are nominally 100 ps and 1.5 mJ respectively. This pulse is ampli-
fied by two stages of rod preamplifiers and three stages of disk amplifiers.
The basic staging after initial preamplification includes an iteration of
multilayer dielectric coated polerizers and pulsed Faraday rotators. These
provide both isolation from target reflections and pre-lasing. Approximately
25 dB of backward attenuation is provided for each 10 dB of gain in the
forward direction.

The five rod preamplifiers range in clear aperture from 9.5 mm to 25 mm
and deliver a nominal 0.2-joule pulse to the first stage of disk amplifiers.
A laser prepulse-isolating dye cell having a smail signal transmission of 1.5%
and a large signal transmission of 50% is positioned after the 9.5-mm pre-
amplifier. This is followed by a spatial filter and an apodizing aperture. )
The disk amplifier stages labeled "A", "B" and "C* have clear circular

apertures of 3 mm, 85 mm and 200 mm respectively. Efach stage consists of
12 elliptical dfsks mounted at Brewsters' angle. Each "A" and "8" module
houses 6 disks and each "C" module 3 disks. The disks are pumped radially
by closely coupled linear flashlamps which range in number from 12 to 32 per
module for a total of 184 lamps. The combined capacitive energy storage to
* fire these lamps is 1.6 megajoules. Figure 2 shows the interior portions of E

a 20-cm aperiyre C-module. The elliptical disks in this module are nominally

21 ¢m X 40 cm X 3 cm in size with a surface flatness of about 1/8 A at 6328R and

a doping concentrate of 0.02 wt, Nd:03. These, like the other disks in the ;,i
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chain have an absorptive glass edge cladding to suppress parasitic
oscillations and reduce fluorescence depumping.

A high energy spatial filter is placed between the B and C amplifier
stages. This filter, which is shown in Figure 3, is comprised of an f/10
lens - pinhole combination housed in an evacuated chamber. Chamber pressure
is kept below 10’5 torr to reduce the possibility of air or material break-
down at the 300 micron diameter diamond pinhole.

A pair of rotatable cylindrical lenses used to correct linear astigmatism
are placed after the spatial filter. This pair has a range of about three
waves and are adjusted by monitoring the far-field pattern of a cw beam that
traverses the same path as that of the pulsed beam.

Figure 4 is a simplified schematic of the laser chain showing typical
vajues of power at each stage. Figure 5 is a photograph of the chain
lonking backward from a position at the final output stage.

Small Scale Self-Focusing

Beam instability resulting from intensity-induced small-scale self-
focusing is, today, the single most 1imiting factor in achieving increased
bright-ess from the td:glass laser. This phenomenon is manifest in the near
field by the presence of structured beam filaments whose intensity can
exceed the average by several orders of mgnitude.‘a) and in the far-field by
a broadening of the central focused spot. The one-dimensional linearized
instability theory of Bespalov and Talanov predicts that small intensity
perturbations Al superimposed on a uniform plane wave of intensity I o

exhibit approximately exponential growth.(‘” This is written as

NER S eprgK a2 (1)
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where the small signal gain, g ¢ is expressed as

1.{(z) /2
P ) (2)

K 4K

In these expressions K is the spatial wavenumber of the perturbation, k
the 1ight wave number, n the linear index of refraction and vlo the nonlinear
contribution to the index. In a test of this theory, Bliss et.al. have
investigated the growth of interference fringes superimposed on a uniform
gaussian beam propagating through an unpumped ED-2 rod for several values
of Kfs)Figure € shows the growth of such fringes, here spaced 2 mm apart on a
pulse with a peak intensity of § GH/cmz. In this work qualitative agreement
was obtained between experiment and the predictions of Egs. (1) and {2) when
the data was averaged over the temporal profile of the pulse. Excellent
agreement was obtained, however, when the linearized theory was modified to
include the relationship between the phase and amplitude of the initial inter-
ference fringe modulation.

The consequences of beam breakup on the focusing properties of the

(6)

beam have also been investigated by Bliss. Figure 7 shows the evolution
of the far~-field energy distribution as the level of beam breakup is
increased. This data was cbtained by propagating a 1-cm diameter qaussian
temporal and spatial beam through an unpumped ED-2 laser rod and focusing
through a 500-pradian aperture. The ordinate gives the ratic of the energy
density as a function of radius passing through the aperture to that in the
initial beam. Two effects are observed; 1) the time averaged focal spot is in-

creased in size and 2) the net energy passing through the aperture is decreased.
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A third consequence of breakup is shown in Figure 8 where the time
resolved transmission of the aperture shows dramatic temporal distortion at
peak power of the initially gaussian pulse. This distortior arises because
the filamentation is the laradest and hence transmission through the aperture
the smallest at the pulse peak.(ﬁ)

The consequences of uncontrolled small scale beam breakup are revealed
in Figure 9 where a near-field photograph of the CYCLOPS beam taken at the
i output of the final C amplifier is shown. On this shot the beam energy was
about 270 joules and power about 1 terawatt (no spatial filter between
the B and C amplifier stages). The structure of this beam has been revealed
by the placement of four neutral density filters in front of the camera and
near beam center. Filament structure is clearly in evidence; intensity
variations of 10:1 can be identified although greater variations are expected
to be present within the glass medium.

Spatial Filtering

Low-pass spatial filtering is suggested as a means of reducing the

rapid growth of beam filaments. Equation 2 predicts that the spatial

vavenumber ﬁ“. corresponding to the fastest growing frequency is

o [ 8
()
For a lens-pinhole filter with a pinhole of radius a, and a focal length

, f, the cut-off wavenumber, ch. is given as

. Keo =

-ﬁ,;—

(4)
If we chocse a/f such that
Ky > Koo 3 NU/D (5)

H;?
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where =/D is the fundamental wavenumber of the diffraction limited beam,
tken high frequency components can be removed without <ignificant he-monic
distortion of the whole-beam. In Equation 5 we nave somewhat arbitrarily
choosen N such that the intensity of an Airy pattern at the pinhole edge
is less than 30 dB down from tie central maxima.

In practice Equation 5 is easy to satisfy providing aberrations of the
whole-beam are small. 1f, for example, we sonsider the CYCLOPS £/1C Filter
at the B-stage where I ~ 8 GH/cmz, D~5.6cm f=100 cm and a = 150 microns,
we have that K~ 120 cm'], Kco a9 cm'] and 7/0 = 0.6 cm'l. For a detailed
treatment of an amplifier cinain such as CYCLOPS, however, the theory as
represented ty £quation 2 must be modified to account for the variable
intensity throughout the chain resulting from gain/loss and bgam expansion.
This has been done by Simmons et,al.(7) in their design of the CYCLOPS filter.
Their results show that the peak of the gain curve moves to lower values of
K (Km ~ 20 for above example); however, Equetion 5 is still easily satisfied.

Figure 10 shows the dramatic effect that the B-stage spatial filter has
on a beam that is badly degraded by small scale filamentation. Here are
shown photographs of the near-field before and after transmission through
the filter. Also shown are energy density orofiles which have been derived
from computer reduced microdensitemeter traces.(s)

Small scale structure grows ac the expense of the main beam. Although
the initial power spectrum of the noise is seldom known, the degree of beam
breakup and hence the transmicsion of the filter can be related phenomeno-
logically to the power density and propagation path length through the glass.
A convenient, but by no means unique, measure of breakup is afforded by the

integrated gain coefficient of Equation 2 evaluated at Kn and at peak intensity




along the axis.(g) This so-called "B" integral can, for a coilimated beam
propagating along a path length with constant small signal gain, g, be

written as

= !l T = 11_.0- -
B = “ofz ()2 = X0 (6(2)-1) (6)

where G(z) is the net unsaturated power gain. [f the transmitted power

through the filter, P,, is now written as a functional of B,

t
Pt = Pi F(Bj (7)
where Pi is power input to the filter, then maximum trangmission will be

obtained for (dPt/dz)zC = 0. Using Equations 6 and 7 the condition for

maximum transmission becomes

oF _
gF(B) + 710 Gc /=0 (8)

(10,M) The

where Gc H exp(gzc) and is called the criticai stage gain.
gain, Gc' can be related to the B-integral through Equation F to obtain
Bc’ the optimum value of B8 for the filtered stage. The transmitted power

can then be written as
D = ” gBC P ~
by = P8 F(B) = [Py + £ fr(u)da] F(8,) (s)

where Po is the input power to the stage, F(u) the spatia) profile of the
beam and the integrai is performed over the area of the aperture (the
integral relates the power and intensity). Given F(B), Equation 8 can be
solved to obtain Gc and hence Bc‘

Figure 11 chows time averaged power transmission curves for the B-
stage filter for several pinhole diameters. Of note is the precipitous

drop in transmission for valuves of B > 4. Sinmon5(7)has obtained a three
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parameter fit to this data to obtain F(8) and has shown by solving
Equation B that, for an ideal spatial filter the power transmission is
optimized for a value of BC = 3.9.

Whole Beam Distortion

Intensity-induced aberrations arfsing from whole beam self-focusing
can give ri.c to complicated temporal and spatial variations of the phase
and intensity in the focal region.“z's) Geometrfcal analysis(”) shows that the
near-field non-linear phase retardation MHL’ and concomittant angular
deviation of the rays, in the near-field 6eNL' can be simply related to

the near-field intensity profile F{u), through the following eguations;

sy, = B¢ (102062 o)
66NL = nlo- ! L Flu) ,[I(Z)dl. (1)

In these expressions the integral is evaluated along the axial ray, and u
is the radia) coordinate of 2 ray {normalized to the aperture radius a) in
a planc perpendicular to z. Equations 10 and 11 ..ave been derived for a
beam that retains its initial intensity profile throughout the propagation
path of the amplifier chain. Two condftions must be met for this so-called

“constant shape approxim:.,on” to be upheld. These conditions ave expressed

as follows:
292
A"B 2
-8;-2-6—2;—2- | VuF(u) 1€ << 1 {12)
0

and

z 7—-—-—*’2 (13)

< [

€= BVF (1) i
where

PP

B : 2—;"—1]!(2)dz (18}

B k¥
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The left side of cquation 12 is simpiy the lowest order correction to the
phase aberration if the cons2ant shape approximation is relaxed. In Equation
13, Zc is the free space propagation distance for which adjacent rays, whose
angular trajectories are given by Equation 11 will intersect. At points
of intersection the intensity and phase prafile will distort and geometrical
optics no Jonger become applicable. Equations 12 and 13 can both be satisfied
for a laser chain d=~sign such as CYCLOPS.
Apodization

The simple form of Equations 10 and !) suggest that aberrations arising
from whole beam self-focusing can be reduced by a judicious choice of the
fenction F(ul. This chofce must be made however so that near-field
diffraction ripples which can be amplified by self-focusing are minimized
and amplifier apertures are effectively filled by the beam for optimum power
extraction. Two >perture functions that we have considered are the so-called

super-gaussian 24d the modified-quadratic profiies.(m) These are written as
Flu) = exp(-6.91 uS) (Super-gaussian) (15)

Fw =1- 1348 (0 <u<0.79)
(Mogified-quadratic)(16)

0.3 exp(%—j%g—'-)z {0.79 < u < 1.0)

"

For comparison we also consider the ARiry disk profile which has been used in
early laser designs. This is writter as

J9,(3.81 4) 2 -
Flu) = & (=) (Aivy Disk) ()

In these forms the functions are nirmalized to unity along the axis and to

10'3 at the hard aperture a. Fiqure 1Z shows a plot of these functions;

T S T et

N
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it is clear from this figure that the Airy disk does a poor job of filling

the aperture. It can be shown that the fill factors, defined as
1
?Uf F(ujudy (18)

are 0.23, 0.41 and 0.41 for the Airy disk, super-gaussian and modified-
quadratic respectively.

Figure 13 shows the relative angular variations of the rays with
respect to the z-axis at the exit aperture (Ecuation 11). It is observed
that both the Airy disk and the super-gaussian give risa to angular distri-
butions that would be expected to yield rather complex intensity and phase
distributicns in focal regions where high brightness and spatial uniformity
are required for peliet illumination. The modified-quadratic, on the other
hand, yields a simple linear variation over a substantial portion of the
aperture. In terms of geometrical optics, the rays associated with the
quadratiz distribution can be brought to a common fucus, whereas other
shapes yield a complex distribution of foci along the z~axis.

Facusing of the Aberrat~d Beam

We consider the foral propartizs of a beam with whole-beam distortion
given t v Equation 10. In the paraxial approximation the phase, ¢, ca. be

written as
o2
0= 17 - % - BF() (o)

where Z is the axial distance from the lens, r is the radial coordinate
and f is the focal length. Some of the near-field focﬂsing preperties of
Equation 19 can be invastigated with geometrical optics.(73) Two aspects
of interest when evaluating the focusing properties of an aperture function

F(u) are: 1) the -istance from the focal point of the lens that a ray

g e
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crosses the optical axis of the system (this is a measure of the dynamic
motion of the focus;)and 2) the distortion of the intensity distribution
resulting from the crossing of adjacent ra; pairs (first caustic surface).
The focal point shift, AZ, is given as
¥4 [

z;;;g = %5 eXP(-t/T)2 (20)

vthere £ is the F-number of the focus’ng lens and a temporal gaussian pulse
shape is assumed. For the CYCLOPS system operating at a terawatz, B is about
1.5 waves. 1f, for example, an f#/2.5 focusing lens is used, che peak focal shift
for the quadratic aperture is 93 waves; many times the depth of focus: Equa-
tion 19 is a valuable aid in determining the best focusing geometry for a target
of & given design.

The beam intensity at the position Z measured from the focusing lens

is given by

()2 Ez) | ALY

aka)®

(21)
K gl F ]2
[y - "2

where yu = r/a it the normaiized coordinate of a ray tube i the exit aperture

at pos*“3ion zexit‘ In the plane at position Z, the radial coordinate, r”»

of the ray tube v is given by

A

Figure 14 shows near-field intensity profiles of the focused super-gaussian
in the plane kZ/(f#)2 = constant for 2.2 waves of whole beam distortion.

Since spherical targets are often ‘placed mary Ravleigh rangas from the focal
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plane in order to obtain normality between the target surface and light vector,

L it

the super-gaussian profile would cleariy be unaccentable when the uniformity
of illumination is important.

The geometrical treatment described above can only provide an estimate
of the fecusing properties of a beam with intensity induced aberrations. To

examine these properties in detail, a diffraction program called ZAX has

been developed by Hunt et.a].(]5’16) that can be applied beams with quite
arbitrary intensity profiles. Figures 15 and 16 for example, compare

the focal volume intensity distributions exhibited by diffraction 1imited

plane vaves with super-gaussian and modified quadratic near-field intensity
profiles, to those same profiles with 1.5 waves of whoTe-beam distortion.
These figures display contours of constant intensity whose spacing is 1 dB
in the u, v- plane, where u = kr/(f#) and v = kz/(f#)z. They show that,
in the absence of aberrations, both intensity profiles propagate quite well
into the far-field region, but only the quadratic remains relatively distortion
free in the presence of the aberration. The super-gaussian shows distortions
of the type predicted by the geometricail model. %
Summary :
Terawatt performance in the 0.1 to 1 nanosecond regime from a single
aperture represents the state-of-the-art in high power Nd:glass laser
technology today. This has been achieved with the CYCLOPS system using
20-cm clear aperture disks in the final power amplifier stage and a spatial
filter for control of small scale self-focusing. Aberrations arising from
whole beam-self-focusing can serioucly degrade beam focusability by intro-

ducing intensity and phase nonuniformities in the intermediate field where

spherical targets are likely to be placed. This aberration can be reduced,

cLE
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hovever, by the use of quadratic apertures which reduce the distortion to
that of a simple- time dependent movement of the focal plane. Both ray-
tracing and full diffraction codes exist which allow rather complete modeling
of propagation phenomena that are of interest in the design of large laser

chains.
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FIGURE CAPTIONS

CYCLOPS chain schematic. This chain is being used for laser develop-
ment studies as well as target alignment and irradiation experiments.

CYCLOPS C-mpdule. This amplifier has a clear aperture of 20 cm.
When pumped with 280 kJ of bank energy it achieves a small signal
gain of 6.5%/cm, corresponding to a net gain of 1.8. If liquid
edge c1adgings are used for parasitic suppression the net gain
rises to 2.

Photograph of the f#llo spatial filter used between the B and C-
amplifier stages on CYCLOPS. This filter has a clear aperture of
10 cm and employs a 300-um diamond pinhole.

Simplified schematic of the CYCLOPS chain shawing representative
values for power and energy at each stage.

CYCLOPS laser chain ~ view from the C-amplifier output stage.

Beam photographs and densitometer scans showing the growth of shear-
plate interference fEi?gss spaced 2 mm apart on a pulse with peak
intensity of 5 GHW/cm<,

Effects of beam breakup on far-field energy distribution. Profile
distortion indicates whole beam self-f?cgsing; shrinking area
illustrates small scale self-focusing.(®

(6)

Temporal distortion due to small scale breakup.

Near-field of C-amplifier output when CYCLOPS was operated without
the B-stage spatial filter, at 270 J and 1 terawatt. The structure
of the beam is revealed by the placew+zt of four aeutral density
filters in front of the camera and nea. beam center.

Near field photographs of a structured beam before and after trans-
mission through the B-stage spatial filter.

. Percentage pulse power transmission of the B-stage spatial f%;ter as

a functicn of incident power for several pinhole diameters

. Relative intensity/phase variation for the Airy disk, modified quadra-

tic and super-gaussian beam shapes. (The phase retardation is pro-
portional to the intensity through Equation 10.)

Relative angular variation of the rays in the neer field. The angles
have been nosma]ized to the peak variation for that of the super-
gaussian. (12
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Calculated intensity distribution of an atarrated beam at various
receiving planes following the focusing lens.

Focal volume intensity distributions; a) diffraction limited plane
wave with a super-gaussian intensity distribution and b) the same
profile with 1.5 waves of whole beam dist?{gi?g The constant
intensity contours are spaced 1 dB apart. »16}

Focal volume inteasity distributicns; a) diffraction limited plane
wave with a modivied-quadratic intensity 4istribution and b) the
same profile with 1.5 waves of whole-beam distortion. The constant
intensity contours are spaced 1 dB apart.(15,16
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MODULATION GROWTH IN A NONLINEAR MEDIUM
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QUALITATIVE; EXPERIMENTAL EFFECTS OF BEAM BREAKUP
ON FAR-FIELD ENERGY DISTRIBUTION
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TEMPORAL DISTORTION DUE TO SMALL-SCALE BEAM BREAKUP
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CYCLOPS SPATIAL FILTER PERFORMANCE
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SPATIAL FILTER TRANSMISSION
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