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In Brief

This volume of the LLE Review, covering the period of July—September 1996, includes a description of
an important experiment carried out on OMEGA by researchers from LANL, LLNL, and LLE to
demonstrate the feasibility of using OMEGA for indirect drive. Additional topics include tetrahedral
hohlraums, the speckle properties of phase-converted laser beams, design criteria for SSD phas
modulators, and the design of slab amplifiers.

Highlights of the research presented in this issue are

* Results from the proof-of-principle indirect-drive experiments in which up to 40 OMEGA beams
were used to irradiate cylindrical hohlraums. Nova results were reproduced, and new capabilities not
available on other lasers were demonstrated.

» A discussion of tetrahedral hohlraums (spherical hohlraums with four laser entrance holes) as a
means of achieving better capsule irradiation uniformity. Tetrahedral hohlraums also allow the use
of all 60 OMEGA beams and may provide an alternate route to ignition on the NIF.

e An analysis of the residual target irradiation nonuniformity due to the fine laser speckle remaining
on the beam after being phase converted by the DPP’s. A model shows how a uniformly ablating
plasma atmosphere reduces the speckle contribution to the effective time-averaged irradi-
ation nonuniformity.

» Adiscussion of the theory, design, manufacture, testing, and implementation of the microwave SSD
phase modulators used on OMEGA for two-dimensional SSD. The modulators are capable of
operating in the gigahertz frequency range.

» A discussion of the design and performance of a large-aperture, high-gain Nd:glass zig-zag slab

amplifier for materials testing. The design incorporates improvements from previous work in addi-
tion to improvements obtained from careful design choices guided by analytic calculations.

Mark D. Skeldon
Editor






Proof-of-Principle Hohlraum Experiments

During a two-week period in June 1996 researchers frommameras. Most of these experiments were carried out using
LANL, LLNL, and LLE performed experiments to demon- 1-ns square pulses, with 500 J per beam delivered to the tar-
strate the utility of OMEGA for indirect drive. The main ob- get. A small number of shots were taken for pointing tests
jectives of these experiments, which were all accomplishedising 160-ps Gaussian pulses, with a peak power of ~0.5 TW
were to verify the ability of the OMEGA system to perform per beam.
hohlraum experiments, to reproduce results obtained with the
Nova laser, and to demonstrate new capabilities not available The targets consisted of thin-wall Nova “scale-one” hohl-
on other lasers. raumg mounted at an angle to the stalk of 83as opposed

to 9¢° on Nova). The hohlraums were of 2100- to 2800+n-

A total of 42 shots were taken, and the target performancgde length and 1600m inside diameter. The walls were made
was dagnosed using sixx-ray pinhole cameras, two x-ray microef 100 um of epoxy with a gold lining. The gold thickness
scopes, three x-ray framing cameras, DANTE (time-resolvedyas 1um for the pointing shots on the first shot day, bub®
absolutely calibrated soft x-ray emission), neutron yield andor the rest of the shots. The laser entrance holes (LEH’s) were
neutron time-of-flight detectors, a single-hit neutron detectof200 um in diameter except for two shots that had p@0-
array, and a number of other laser and plasma diagnostics. Thiiem LEH’s.
represents one of the largest arrays of diagnostics ever fielded
on a hohlraum target campaign to date. The beams were arranged in three beam cones on each side

of the hohlraum, consisting of five, five, and ten beams, re-

These experiments took advantage of a number of capab#pectively, centered on a pentagonal diagnostic port. The half-
ities recently added to OMEGA including pulse shaping and angles of the beam cones were 21,42.02, and 58.85(see
new 10-in. manipulator (TIM 4). The experiments were alsd-ig. 68.1). (A fourth beam cone of half-angle 82.@&s not
the first on OMEGA to simultaneously use three framinguseful for these experiments since these beams cannot make it

Cone 3, 58.85

2.3 mm

r o

1.4 mm——
~— 156 MMm—
~—1.1 mm——

Cone 2, 42.02

Figure 68.1
Target design and typical beam pointing for
the first set of indirect-drive experiments
1.6 mm on OMEGA.

Cone 1, 21.42
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ProoroF-PRrINCIPLE HOHLRAUM EXPERIMENTS

through the LEH for cylindrical hohlraums.) Experiments Table68.I Beam cone angles and defocusing distances.

were performed with some or all of the beam cones. Cones P Cone Angle Defocus
and 3 were used for most experiments, with cone 1 used for g

. . Conel 21.42° +1100 um
few as well. For diagnostic reasons, the hohlraums were
aligned along two different axes (each passing through th¢ _ConeZ2 42.02° —300 um
centers of a ring of five beams) during the experiments. Cone 3 58.85° =750 um

The positions of the beams were specified by the distance

from the center of the hohlraum to the point where the bean{460-ps FWHM) Gaussian laser pulse was used to illuminate

cross the axis of the hohlraum. This is referred to as the beaa2300um-long hohlraum. The targets were imaged with pin-

pointing. The focusing of the beams is referenced to thdtole cameras from six locations allowing the beam positions to

crossing point. If the best focus position is moved back towarbe verified. The results (see Fig. 68.3) indicated that the beams

the lens, then the defocusing is negative; if it is moved awayere pointed to their desired locations in the hohlraum to an

from the lens, the defocusing is positive. The defocusingccuracy of 3um.

distances for these shots were set so that a beam containing

650 J would give about 3®w/cn? on the wall of the hohlraum The next series of experiments was a set of symmetryscans

(Table 68.1), i.e., comparable intensities to those on Nova. The verify the same dependence of hohlraum symmetry on beam

pointing was initially verified with two-sphere pointing tar- pointing as was obtained with previous experiments on Nova.

gets consisting of two 1588n-diam plastic spheres coated Hohlraums with lengths varying from 21@n to 2500um

with about Jum of gold (Fig. 68.2). For most of these shots, thewere used with standard plastic symmetry capsules ##0-

spacing between the centers of the spheres wag2200he  inside diameter, 554 wall thickness, 50-atmfill, 0.1-atm

centers of the spheres corresponded to the pointing of coneAB). Time-integrated hohlraum symmetry was determined

for the majority of the experiments. As a test of “dead reckonfrom the distortion of the imploded core as measured by gated

ing” pointing, one two-sphere target with 2806y spacing  x-ray images.

was also shot after moving the beam pointing@®@dor each

beam cone. In the first experiment, two of the beam cones were pointed
in such a way that they formed a single ring of beam spots on

The main purpose of the first series of experiments was tie interior wall of the hohlraum. The results from OMEGA
verify the ability of the system to point the beams. A shorivere consistent with results of similar Nova experiments.

(a) (b)
r N -~ e
. - Ve ~N
N\ s/
15884um diam Ay N , . 3
‘i o \ / . o
/ \ / .
L. | | L W
| /l | |
\ \ - /
\. / \ -

2200- or 280Q4m
separation
center to center

16004um-diam Au-coated spheres

TC4313

Figure 68.2
(a) Double-sphere pointing target used to verify beam pointing for indirect-drive experiments; (b) x-ray pinhole camerarnmaye $uch target.
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ProoroF-PRrINCIPLE HOHLRAUM EXPERIMENTS

e |

- [Ideal beam locatidn

Figure 68.3

X-ray pinhole camera image of a
thin-wall-hohlraum implosion
target. The implosion core at the
center of the hohlraum is clearly
seen, as are the cutin the hohlraum
midplane made when mounting
the capsule, the beam spots, and
the LEH on the left. The solid
lines indicate the calculated loca-
tions of the laser spots, the LEH's,
and the hohlraum midplane.

E8019 Measured beam-pointing accuracy 80 rms

A different pointing scan was performed in which the point-resulted, the yield dropped somewhat. A larger drop in the yield
ing of beam cone 3 was held constant, while that of cone 2 wags seen in experiments with a pole-high drive resulting in an
moved. A weighted spot position was then calculated, witloblate implosion, consistent with Nova experiments.
the weight given by the number of beams in each ring and an
inverse-square dependence on the distance to the center of theA set of experiments were performed to measure the radia-
capsule. For one set of experiments, cone 1 was also added. Tioa drive produced in the hohlraum. For this purpose, a multi-
results (Fig. 68.4) indicate that, except for one experiment thahannel soft-x-ray spectrometer (DANTE) was moved from
utilized all three beam cones, the symmetry of the capsule ovato OMEGA. This spectrometer measured the flux exiting
consistent with Nova results when the weighted spot positioa diagnostic hole on the wall of the hohlraum and viewed an
is used in place of the single-ring spot position from Nova exanilluminated portion of the interior wall of the hohlraum.
periments. Comparisons were also made when a simple model
of spot motiod was included. Here, the wall was assumed to  Several steps are necessary to reduce these data beyond
move inward by 15Qm, leading to motion of the spots toward those that are required to reduce Nova data. First, the thickness
the LEH for Nova and OMEGA cones 2 and 3, and toward thef the hohlraum wall must be included when calculating the
midplane of the hohlraum for OMEGA cone 1 [Fig. 68.4(b)].apparent size of the diagnostic hole. The lf0thickness

results in a “tunnel effect” when calculating the open area,

Neutron yields were measured on all of the implosion exwhich decreases the apparent hole size faster than a simple
periments (Fig. 68.5) and found to be in agreement with yieldsosine dependence. In addition, since the diagnostic hole was
from similar Nova experiments. Further, the dependence afot monitored with a framing camera for these experiments,
yield on implosion symmetry was found todmmilarfor 15-kJ  the effects of hole closure must be calculated. The diagnostic
shots (a full scan was not carried out at 20 kJ). The highebkbles on these targets were not lined since the wall was already
yields were obtained for round (symmetric) implosions. Whemade of a lowZ material (epoxy). However, the low-energy
the drive was higher on the equator and a prolate implosiochannels may have been affected by blowoff from the walls of
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ProoroF-PRrINCIPLE HOHLRAUM EXPERIMENTS

the hole. The results for radiation temperature, including the One of the advantages OMEGA has over Nova is the in-

“tunnel effect” and effects of hole closure, are still lower tharcreased azimuthal symmetry due to the larger number of beams.
expected from Nova results and simple scalings. A number &y using beam cones 2 and 3 with the beams pointed to cross
other effects must be considered, and detailed analysis tise hohlraum axis and form a single ring of beam spots, one ob-

in progress. tains a nearly uniformly spaced set of 15 beam spots on each
(a) Without wall motion (b) With 150m wall motion
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ProoroF-PRrINCIPLE HOHLRAUM EXPERIMENTS

side of the hohlraum. Further, the rings on opposite sides afldhis method is particularly sensitive to early-time irradiation
out of phase with each other so that a beam spot on one sideasymmetry. However, an image was obtained (Fig. 68.7) that
the hohlraum corresponds to a gap in the beams on the othagain showed no clean=5 asymmetry.

A lack of comparable azimuthal symmetry on Nova, where An unanticipated feature of these experiments is the
there is a strongh= 5 beam pattern, may be responsible forappearance of distinct stagnation features on the axis of the
some observed disagreements between Nova data and twmhlraum. This stagnation is observable in the pinhole image
dimensional simulations. Then = 15 arrangement of the in Fig. 68.3 but can be seen with greater clarity in the framing-
OMEGA beams offers the capability to test this hypothesiscamera images taken during the drive shots (Fig. 68.8). These
Two sets of experiments were thus performed: one with thare not usually seen on Nova and are attributed to the greater
nominalm=15 geometry, and the other with the beams movedegree of symmetry available on OMEGA. Phenomena such
to create am = 5 geometry similar to that of Nova. A set of as this will allow useful comparisons to be made with two-
implosions were performed similar to the symmetry scandimensional hohlraum simulations.
done previously. X-ray framing-camera imaging was, how-
ever, performed along the hohlraum axis. Preliminary inspection In summary, a wide range of indirect-drive experiments
of the data shows that round implosion images were obtainedere successfully carried out on the OMEGA laser system.
in both cases. In thm=5 case (Fig. 68.6) it is not possible to Results were generally consistent with the existing Nova data-
identify a clearm =5 component in the radiation drive. base. Some of the experiments demonstrated unique features

of the OMEGA system not available on Nova. Indirect-drive

Them = 5 radiation pattern was also monitored with a re-experiments will continue on an ongoing basis in collabora-
emission balft In these shots, a glass capsule coated with bigion with LLNL and LANL; those planned for the near future
muth was substituted for the implosion capsule. As the bismutinclude beam phasing in cylindrical hohlraums and proof-of-
heats up due to the impinging radiation from the hohlraum, iprinciple experiments using tetrahedral hohlraums (see the
emits hard x rays in an amount dependent on its temperatufellowing article).

TC4316 ) TC4317
Figure 68.6 Figure 68.7
Implosion image for an imposed =5 drive asymmetry, obtained from a Reemission image for an imposex: 5 drive asymmetry, obtained from a
framing camera viewing along the hohlraum axis. framing camera viewing along the hohlraum axis.
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Figure 68.8
X-ray framing-camera images showing the formation of stagnation features on the axis of the hohlraum late in time.
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Tetrahedral Hohlraums—An Alternative Approach
to Indirect Drive on OMEGA and the NIF

The preceding article reported on the firstindirect-drive exper- The cylindrical and tetrahedral geometries considered in
iments carried out on OMEGA, using cylindrical hohlraums this article arshown in Fig68.9. Each type of hohlraum can be
This article advocates the use of tetrahedral hohlraums, bgradiated on each laser system. Elagis is taken to lie along
which are understood spherical hohlraums with four laser erthe hohlraum axis for conventional cylindrical hohlraums.
trance holes (LEH's) placed at or near the vertices of a tetrd-his corresponds to the true vertical direction for the NIF, and
hedron. This alternative approach appears to be well suited to a pent-pent axis for the experiments on OMEGA described
the OMEGA geometry and could offer an alternate route tin the preceding article. The cylindrical hohlraum for OMEGA
ignition on the National Ignition Facility (NIF). is a scale-1 Nova hohlraum. The tetrahedral hohlraums are
viewed from different angles—from the vertical for the NIF
The primary advantage provided by the tetrahedral hohland along a hex-hex axis for OMEGA. For tetrahedral hohlraums
raum is better radiation uniformity on the capsule. Historicallypon OMEGA, each LEH faces a hexagon on the target chamber
the cylindrical hohlraurhhas been the preferred approach.located at a vertex of a regular tetrahedron. The target chamber
Among the reasons for this may be that the cylindrical geongeometry permits ten distinct orientations of the hohlraum.
etry is two-dimensional (2-D) and therefore permits detailed
hydrodynamic modeling and optimization, while the tetrahe-
dral hohlraum is intrinsically 3-D and thus not amenable to
modeling with currently available hydrodynamic codes. How-
ever, a comparison between the two approaches is now pos-
sible using a new, 3-D view-factor code narB&{r TERCUP
While this code does not include any hydrodynamics, it does
enable reasonable predictions to be made for cylindrical and
tetrahedral hohlraums on both OMEGA and the NIF.

(b) OMEGA

On OMEGA, the target chamber geometry provides an ex-n
act tetrahedral symmetry, permitting the irradiation of tetra- © T| y | I y I
hedral hohlraums with all 60 beams. In comparison, only 40R Y < >Z
beams can be used for cylindrical hohlraums. For the NIF, h
assuming that 72 ports are provided to accommodate direct
drive (as is the current baseline), it will be possible to irradiate ’ L ’

a tetrahedral hohlraum with 44 out of the 48 beams withoutin'
any way compromising the geometrical arrangement of beams
required for cylindrical hohlraums or direct drive. On both
laser system8UTTERCURpredicts that good irradiation uni- F'9ure 68.9 o _
. . . . Tetrahedral and cylindrical hohlraums for (a) the NIF and (b) OMEGA with
formlty (EQ% rmS) will be obtained on the CapSUIe atall tlme%he capsule shown shaded. For each laser system the two hohlraums are drawn

during the implosion. This uniformity is relatively insensitive (o the same scale. Tetrahedral hohlraums for the NIF are viewed from the
to albedo and other changing conditions inside the hohlraumertical ¢ direction and have laser entrance holes (LEH'S) a65° and

“Beam phasing” (the use of different tempora| pu|se shapes itR25. Those for OMEGA are viewed from one LEH, taken to define #ixés,
different beams), which is required for cylindrical hohlraums,a”d the other LEH's are arranged in tetrahedral symmetry@vith09.5;

each LEH is aligned with a hexagonal face of the target chamber.
may not be necessary for tetrahedral hohlraums.

| > Rcap |
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TETRAHEDRALHOHLRAUMS

This article will review the issue of indirect-drive unifor- (hohlraums filled with low-density, lo- gas intended to
mity, describe the cod@UTTERCUR and present results for prevent highZ plasma from the walls from filling
OMEGA and the NIF. Given the demonstratsullity of the  the hohlraunh¥—has also been identified as significént.
OMEGA laser to perform precision indirect-drive experi-
ments, as described in the preceding article, it is clear that In the base-line desidrior a cylindrical hohlraum on the
OMEGA is uniquely capable of investigating the feasibility of NIF, the 48 beams (each a two-by-two array of sub-beams) are

tetrahedral hohlraums. arranged on the target chamber in eight rings, each correspond-
ing to a different anglé with respect to the verticat)(direc-
Indirect-Drive Uniformity tion in the target area. When focused onto the hohlraum wall,

Many issues are crucial for the success of indirect-drivéhe rings overlap in pairs, so that the inner surface of the hohl-
ICF. These include ensuring a high conversion efficiency ofaum is effectively irradiated with two rings in each of the north
laser energy to x rays, ensuring that the laser energy can enderd south hemispheres. By varying the relative powers of the
the hohlraum unimpeded by plasma ablating from around thdifferent rings (“beam phasingbjt is possible to eliminate
laser entrance holes (LEH’s), avoiding absorption of the lasehe P, spherical-harmonic component of irradiation nonuni-
energy into low-density plasma whether from the capsule dormity on the capsule at all times and ®ycomponent in
the wall, avoiding laser-plasmainstabilities, tailoring the radiathe time-averaged sense. The desired beam power histories
tion drive on the capsule by designing a suitably shaped laseray be obtained through “integrated calculations,” which in-
pulse, and maximizing the energy coupling into the capsule bglude the two-dimensional hydrodynamic evolution of the
making the capsule as large as possible and the LEH’s as smadlhlraum (assumed azimuthally symmetric) and detailed radi-
as possible relative to the dimensions of the case. However, thBon transport.
most critical issue may be that of ensuring an acceptable level
of radiation drive uniformity on the capsule. TheP, component of nonuniformity is avoided entirely in

tetrahedral hohlraums. Using a geometric treatment, Phillion

In the standard cylindrical hohlraum, the uniformity issue isand Pollainé found that with strict tetrahedral symmetry, all
indeed critical. On the Nova laser at the Lawrence Livermoré=1, 2, and 5 spherical-harmonic components are identically
National Laboratory, for example, there are ten laser beamsero, regardless of spot motion, beam steering, or other real
five through each LEH, whose irradiation pattern on the insidphysical effects; in addition, with a combination of judiciously
of the case may be represented as two rings in a cylindricalgelected beam locations and beam phasingl, th8 and 4
symmetric geometry. In reality, of course, there are ten more @omponents can be made to vanish at all times. Tetrahedral
less distinct laser spots with some azimuthal asymmetry. THeohlraums thus offer improved uniformity compared with cy-
uniformity experienced by the capsule varies in three stagebndrical hohlraums. Possible drawbacks include the following:
(a) initially, the x-ray flux arises predominantly from the laser-(a) beam placements designed with true tetrahedral sym-
irradiated spots; (b) later, the hohlraum wall “warms up,” conmetry as in Ref. 7 would be incompatible with cylindrical hohl-
tributing a component with deficits at the poles of the capsuleaums and thus with the NIF; (b) the hydrodynamics are harder
(the points that face the LEH’s); and (c) still later, as plasmé& model as the configuration is 3-D rather than 2-D; (c) with
expands from the curved portion of the case, the laser enerfpur holes rather than two, there may be more radiation losses;
is absorbed closer to the LEH’s, an effect known as spot mand (d) there may be more LEH clearance problems. The trade-
tion, and the component due to the laser-heated spots develaisbetween these issues remains to be resolved. However, on
a surplus at the poles. These three stages of time-depend#rd basis of uniformity considerations, this article suggests that
uniformity have been well document&® While these time-  the tetrahedral hohlraum may be a viable approach worth pur-
dependent nonuniformities may average out to a certain eguing on the NIF, complementary to the cylindrical hohlraum.
tentlitis desirable to maintain good uniformity throughout the
implosion. According to Refs. 1 and 4, the tolerable level of Aside from Ref. 7, the tetrahedral geometry has been
time-dependent nonuniformity may be of the order of 4%-studied previously only to a limited extent. To the best of our
10%, depending on the details of the target design, as long sowledge, AzecKiwas the first to describe it in the ICF liter-
the time-averaged uniformity #s1%. (In Ref. 5, however, itis ature. In this reference, the target was conceived as a “cannon-
asserted, based on a simplified, thin-shell hydrodynamic modddall” target, in which the capsule would be imploded not by
that time-dependent asymmetries should not exe28d.)  xrays but by the plasma ablated off the inside of the hohlraum
Another effect—laser-beam steering in gas-filled hohlraumsvall. Spherical cannonball targets with 2, 4, and 12 holes are
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TETRAHEDRALHOHLRAUMS

described in Ref. 9, which also presents some tomographéze shown in Fig. 68.10. Each beam is calculated indepen-
x-ray images of the compressed core. dently, allowing for independent energies, pointings, etc. No
symmetries are assumed. The NIF beams are assumed to de-
The cannonball approach was dropped in favor of theive from phase plates and to comprise parallel rays in the far
radiation-drive approach, where, for reasons of uniform cagfield with a 500x 1000um elliptical cross sectiofhpriented
sule drive, itis necessary to avoid the wall plasma contributingo that their intersections with the planes of the LEH'’s are
to the drive on the capsule. For many years radiation drive wagproximately circular. The size of the cross section is deter-
conceived in the literature as occurring with a spherical radianined from plasma physics considerations: i.e., smaller spots,
tion case. (In 1990, though, Kafbpublished experimental while preferable for fitting through the LEH'’s, result in laser
work on cylindrical hohlraums that clearly demonstrated théntensities (especially near the LEH’s) that may be too high
importance of thé = 2 nonuniformity.) Mochizuki! consid-  from the point of view of plasma instabilities. For OMEGA,
ered two concentric spherical surfaces and calculated the ggghase plates are not assumed, but the beams are assumed to be
metrical smoothing associated with radiation emission fronfocused through vacuum just outside the hohlraums, as is cur-
the outer to the inner surface. Murakafréxtended this ap- rently done on Nova. (The standard direct-drive phase plates
proach to use a spherical-harmonic decomposition of the radi OMEGA have best-focus spot size§f8 mm— too large
ation source on the case—each spherical-harmonic modefi® indirect drive.)
damped by some appropriate factor to give the smoothed
radiation drive on the capsule. Murakami gave examples for The code is written to follow each ray through multiple re-
two-hole spherical hohlraums but did not include the contriflections within the hohlraum, depositing somefracmi(ﬂi)

butions from portions of the case not irradiated directly by the () (b)
laser beams; thus he did not consider nonuniformities on the

capsule resulting from the finite size of the LEH’s. The spher- Z

ical-harmonic approach was also used in Ref. 7. Wifson A Ormin

considered three- and four-hole spherical hohlraums from the Omax

point of view of distributing the laser-irradiated spots as uni-
formly as possible on the interior of the hohlraum wall.
Murakamt4used a view-factor code, close in spirit to the pres-
ent work, to calculate the on-capsule uniformity in ellipsoidal
and spherical cavities for ion-beam and laser drivers, respec-
tively. Other work on radiation symmetrization is found in

Ref. 15, which includes a model of the radiative heat wave
moving into the wall; Ref. 16, which also considers a cylin-
drical hohlraum; and Ref. 17, which includes a treatment of
the unirradiated hohlraum wall using a multiple-reemission
smoothing factor.

The CodeBUTTERCUP
The primary tool used in this article is the 3-D view-factor | ¢ 9.1 mm > |«—5.52 mm—>]
code BUTTERCUP This code has been used to generate, .,
designs for cylindrical and tetrahedral hohlraums on both thé®*?*
NIF and the OMEGA laser systems. It considers the geonwigure 68.10
etries shown in Fig. 68.9, which also serves to define sonfRepresentative beam paths into (a) tetrahedral and (b) cylindrical hohlraums,
notation (the case radil&, the hole radiusRh, the capsule with dimensions appropriate to the NIF. In tetrahedral hohlraums the laser

. . . spots are spread fairly uniformly on the hohlraum wall, while in cylindrical
radIUSRcaD and the conventional spherical angieand). hohlraums they lie on a small number of discrete rings. To accountin a simple

way for wall motion, the solid and dashed lines indicate the initial and final
The code starts by tracing rays in 3-D from each laser beamall locations. For the tetrahedral hohlraums, the beams inciden8iith

through the LEH’s, and into the hohlraum. The rays are repr@ndémnaxare drawn toiillustrate clearance issues. One of these beams is drawn
sented using a 2-D grid that covers the beam cross sectigith @ clearance angk; from an opposing LEH. For an LEH andiger =
Typical beam paths into tetrahedral and cylindrical hohlraum®> * &min = 23.0' fnax=54.8, and the smalles = 23.7.
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each time wher8 is the angle of incidence. The code can alsdluxes comprise radiation from the cavitg ;%) and the
impose a random scattering on the reflected rays, e.g., withadsorbed laser enerdly Subtracting the respective fractions
deflection cone having a specified shape and angular widtl,, andg, that are not re-radiated, one finds
The code can be used to investigate glint—the early-time
reflection of laser light from the hohlraum wall to the capsule. le=(1-Bu) o T4+ (1-B)1;. 2)
However, for the work presented here, the simple assumption
is made thaf\(6) = 1. This should be a very good approxima-One can then define an effective radiation temperaiiytey
tion for the large hohlraums of current interest, and especiallgquatingl, to o T* and, more important from the point of
for NIF hohlraums. For hohlraums on Nova, the absorptiowiew of the code, the brightness (power per unit area per unit
has been measured to be in excess of Y9Phe main physi- solid angle)B = |/ at all points on the hohlraum wall.
cal process not modeled here is distributed absorption along
the ray path. This is especially important for hohlraums that are At present, the code assumes that the albedos are spatially
initially empty (i.e., not gas filled), in which the light can be independent. This is not an intrinsic limitation siB&ETTER-
absorbed at low densities in the ablating gold plasma whoge@UP could easily be linked to some model giving the spatially
expansion is unimpeded. dependent albedos through Egs. (1) and (2). Another assump-
tion implicit in the code is that the x-ray conversion efficiency
After all of the rays have been tracB TTERCURcalcu-  is independent of the angle of incidence of the laser beams.
lates a background radiation temperatlir¢hat is spatially ~Greater accuracy here would require a self-consistent hydro-
independent. The radiation field within the hohlraum is therdynamic calculation.
treated as a Planckian distribution at this temperature. Experi-
mentally, this is arather good approximatiSithe temperature Given the brightness distributidon the wall BUTTER-
T, at a given time is calculated using a simple, global energ@UP then scans over a number of points on the capsule and,
balance between the power entering the radiation field from thfer each point, ¢), determines the incoming irradiation in-
laser source and the power lost from the radiation field, therensity [(6, ¢) by integrating the brightness over all angles
being insignificant energy stored in the radiation field: (see Fig. 68.11BUTTERCUPmakes use of the fundamental
result that, for radiation transport in vacuum, the spectral
(1) brightness is constant along a it thus suffices to follow
each ray from the capsule, with spherical coordinaes()
relative to the capsule normal, to its intersection point on the
whereP44is the total laser power absorbed by the cAsis, wall and look up the brightness there. The incoming intensity
the fraction of this power that is not converted to x rayis, is then given by
Planck’s constant, and the terfjA. + NA, + 3,A,) may be
thought of as the effective area of the hohlraum. The quantities I (6, (p) =f B(B’, qf) cosf'sing' do' dy¢' . (3)
Ao, A, andA,, are the areas of the capsule, an LEH, and the
wall, respectively, in a hohlraum with holes. The quantity The co®' factor accounts for the angle between a surface
B is defined as-a,,, wherea,, is the wall albedo defined as element of the capsule and the incoming ray, and th#& sin
the fraction of the x-ray energy incident on the hohlraum walfactor for the solid angle. The code does not split each of
thatis reradiated into the hohlraufa{= 1-a., wherea.isthe  the outer and inner surfaces into segments for which cross-
capsule albedo) is similarly defined. The wall albegpin-  coupling coefficients are calculated, as is generally done in
creases with time and, at the peak of the laser pulse, is typicalljiew-factor coded? Thus, while BUTTERCUPis known
0.8 for Nova or OMEGA and 0.9 for the NIF. The capsuleloosely as a view-factor code, “direct integration” would be a
albedoa is taken here to be small (0.1); reemission from théetter description of its algorithm. The difference between the
capsule is in any case a minor factor in Eq. (1). The x-ray contwo approaches is minor; both approaches should give the
version efficiency, 1, depends on the irradiation condi- same answers within the limits of numerical resolution.
tions! and is taken to be 0.7 here.

Ras(1-B) =0 T*(BcAc + NAL + By Ay,

Examples ofBUTTERCUP predictions are given in
Given the background temperat(ig the emission inten- Fig. 68.12 for tetrahedral hohlraums on OMEGA and the NIF.
sity | (power per unit area) at any point on the interior of theOne-dimensional lineouts of the intensity on the capsule are
case can be calculated from local energy balance. Incomirgiiown as functions of azimuthal anglér various values of
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6, as are lineouts alor@gfor various values of. The symme-
tries shown in Fig. 68.9 are easily seen in the azimuthal scar{6.=90°) shows a four-fold symmetry. For the OMEGA geom-
In Fig. 68.12(a) the scans @t45° and 138 reflect the two-

@)

(b)

TC3864

X (%

Figure 68.11

Schematic of the algorithm used by the view-factor @déTERCUPR The
radiation flux incident at each point on the capsule is determined by integravith angles of incidence 21°.4nd 42.0, and a ring of ten
ting the brightnes® = o T#/m of the wall over a hemispherical solid angle. peams at 58°% Figure 68.13 shows a possible design with

The algorithm is essentially independent of whether the hohlraum iﬁeams pointed onto three rings onthe cylinder wall. This com-
(a) cylindrical or (b) tetrahedral.

TETRAHEDRALHOHLRAUMS
fold symmetry of the NIF, while the scan around the equator

etry, the expected three-fold symmetry is seen. In all cases the
intensity minima correspond to points on the capsule facing
an LEH.

Tetrahedral Hohlraums on OMEGA

A comparison has been made between cylindrical and tetra-
hedral hohlraums on OMEGA, using the parameters listed in
Table 68.1l. The cylindrical hohlraums are standard Nova
hohlraums, except that slightly smaller LEH’s are used.

As in the preceding article, the cylindrical hohlraums are
conveniently irradiated with the axis of the cylinder oriented to
pass through the centers of opposing pentagons on the target
chamber. This provides, for each LEH, two rings of five beams

bination of beams can deliver 20 kJ of energy in a 1.0-ns pulse.

110 I I I I T T T
(@) NIF tetrahedral (b) NIF tetrahedral
1.051 a=0.9 | B a=0.9 |
I/T 1.00
0.95
0.90
1.10 T T T T T T T
(c) OMEGA tetrahedral (d) OMEGA tetrahedral
1.05L a=0.8 1 a=0.8 i
/T 1.00p
0.95f - = .
—0=45 ----- 6=90C —6=13% —p=0C ----- @=45 —@=9C
0.90 l | I | ! ! !
0 90 180 270 360 -1.0 -0.5 0.0 0.5 1.0
Tea08 @ around capsule€) coso (= z/Rca[)
Figure 68.12

Representative results froBUTTERCUPcalculations. The radiation intensity on the capsule is plotted agzamst co® for NIF and OMEGA tetrahedral
hohlraums. The different patterns correspond to the different orientations shown in Fig. 68.9. In all cases the minimaoatsufiaaing the LEH’s.
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Table68.11: Dimensions of cylindrical and tetrahedral hohlraums for the NIF and for OMEGA as used in
thisarticle. (In calculations where wall motion isincluded, these are the initial dimensions.)

NIF OMEGA
Cylindrical | Tetrahedral Cylindrical | Tetrahedral

Caseradius R (mm) 2.76 455 0.8 14

Hole radius Ry, (mm) 1.38 114 0.5 04

Length L (mm) 104 — 3.0 —

Capsule radius Rcap (mm) 1.13 1.13 0.2 0.2

Rcap/Rc 0.41 0.25 0.25 0.14

Case area Az (Mm?) 216.2 243.8 17.53 22.62

Total hole area A, (mm?2) 11.96 16.33 1.57 201

An/Ac 0.055 0.067 0.09 0.09

Energy (kJ) 1800 1650 20 30

1
2
3
. Figure 68.13
Brightness A possible irradiation geometry for cylin-
1500 . | . | . | . | — drical hohlraums on OMEGA (right) and
@ corresponding contours of brightneBs
% (left). A 40-beam subset of the 60 beams is
< 750 = used, comprising three different rings from
8 each hemisphere of the target chamber. The
g 0 ‘llllll, irmer and middle rings (1 and 2) possess
= five beams each, while the outer rings (3)
8 have ten beams spaced in five pairs around
% —750 the azimuth. The resulting pattern on the
\7 - hohlraum wall comprises three bands, two
al _1500 ) | ) | ) | ) | (UL with 15 beams each (as used in most of the
0 90 180 270 360 experiments described in the preceding

article) and one with ten beams.

1C4004 @around case’)

With a tetrahedral hohlraum, however, all 60 beams can be The dependence of the rms nonunifornaty,s on albedo
used for a total of 30 kJ of laser energy. The four groups of 18 shown in Fig. 68.15 for both cylindrical and tetrahedral
beams entering the four LEH’s are equivalent to each othdrohlraums on OMEGA. Low albedo corresponds to early
with respect to rotations within the tetrahedral group. Througkimes, while the maximum albedo corresponds to the peak of
each LEH there are two sets of six beams, @iti23.2 and  the pulse or later times. For each type of hohlraum, one curve
47.8, respectively, and one set of three beams @it/58.8. applies to “full power,” i.e., equal beam energies, and the other

to a “tuned” case, i.e., with the energy in some beams being

A sinusoidal map (Fig. 68.14) of the locations of all 60reduced. The tuning carried out here is time independent; thus,
OMEGA beams on the wall of a tetrahedral hohlraum showthe beams have different energies but the same pulse shape.
generally uniform coverage of the wall. The beams clear théBy appropriate detuning of the frequency-conversioys-
LEH’s with minimum clearances of 5@n upon entering the tals, this can probably be accomplished quite accurately on
case and 150m on the inside of the case. OMEGA.) For both cylindrical and tetrahedral hohlraums the
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V4 LEH 10 T T T T T T T
// " = \ < - —— Cylindrical -
S Ja | N S < gl — — Tetrahedrall
(%]
= o Ve @ N> g |
’ . @ ) 8 Full power (20 kJ)
é i
S 4 :
§ - Full powsr~Juned (18.3 kJ) .
TC4095 g 2 @B0k))— — — >>~_ _ _
S P T Tuned @Ak :
1 I 1 I 1 I 1
Figure 68.14 0
Sinusoidal map of the locations of all 60 OMEGA beam spots on the interior 0.0 0.2 0.4 0.6 0
wall of a tetrahedral hohlraum. One LEH is centered orztheis [as in TC4096 Albedo (GW)

Fig. 68.9(b)] and the others are shown as dashed circles. The exact tetrahedral

symmetry of the OMEGA beam locations and the even distribution of beam

spots on the hohlraum wall effectively eliminate all spherical harmonicrigure 68.15

modes other than those present in true tetrahedral geometry. Nonuniformity oyms as a function of albedo for cylindrical and tetrahedral
hohlraums on OMEGA, for equal beam energies (“full power”) and for
optimized relative beam energies (“tuned”). Each hohlraum is designed for
optimum symmetry (at full power) at an albedo of 0.8. The cylindrical

tuning was carried out to optimize the uniformity at or near th@ohiraum is sensitive to large swings in #eandP4 Legendre modes and

end of the laser pulse, where the albedo is approximately 0.®us requires tuning, while the tetrahedral hohlraum is dramatically less

Tuning the tetrahedral hohlraum was accomplished by notin@ensitive to albedo. This is due to the uniform coverage of the hohlraum wall

S in Fig. 68.14 (Note that time-dependent tuning, not idered here, i
that the symmetry of the system results in five groups of beam§ " " ™9 (Note that time-dependent tuning, not considered here, is

LT . . . needed for cylindrical hohlraums for optimum performance.)
and adjusting the five available independent parameters.

Figure 68.15 shows a strong dependenag,pfon albedo
(and thus time) in the case of the cylindrical hohlraum. Whilgetrahedral hohlraum in comparison with that of the NIF (see
the tuned case performs significantly better, the time-depetelow) is due in part to the absence on OMEGA of¥he
dent nonuniformity (dominated by tRgmode) is still evident.  spherical-harmonic component.
In contrast, the insensitivity to albedo for the tetrahedral
hohlraum is striking. The reason is clear from Fig. 68.14—thd&etrahedral Hohlraums on the NIF
laser spots are distributed so uniformly around the case that the Similar calculations have been performed for tetrahedral
contribution to the capsule uniformity due to the direct lasehohlraums on the NIF. The hohlraum dimensions are listed in
source shares the same intrinsic spatial distribution as thl@ble 68.1I. (The dimensions for cylindrical hohlraums are
background radiation source. Thus, as the increasing albedosen for comparison, although results for cylindrical hohlraums
changes the proportions of these two sources, the net effete not given in this article.)
seen by the capsule is essentially zero. Using the same argu-
ment, it is probable that this picture will be unaffected by other Figure 68.16(a) shows a sinusoidal plot of the NIF port
effects such as wall motion, beam steering, and laser-bedocations for the most recent design. The ring of 12 beams at
refraction. It is hard to conceive of any processes that can sy8s = 77.45 is provided to accommodate direct drive. The
tematically upset the uniform distribution of laser spots on thazimuthal angles between each of rings 1 through 4 and their
hohlraum wall. reflections in the lower hemisphere are chosen so that beam

dumps are located a quarter of a port spacing from the portsin

The tuned tetrahedral curve exhibits some further improvethe opposing rings. The relative azimuthal angle between rings
ment. This is achieved by increasing the relative weighting of and 3 is chosen over other possibilities to give the configu-
beams near the LEH’s, which results in a greater effect at eantgtion best suited to tetrahedral hohlraums. Specificallyishe
times. The tuned tetrahedral hohlraum achieves a total rnug the first beam port in each of the ten rings, from top to
nonuniformity of 1.5% or less throughout the whole range obottom, are 78.7533.75, 16.875, 39.375, 24.3758, 5.625,
albedos. The slightly better performance of the OMEGA5.625, 28.1253, 56.25, and 11.25
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Figure 68.16

(a) Sinusoidal map of the proposed port loca-
tions on the NIF target chamber. Cylindrical

hohlraums are irradiated with rings 1 through 4,
and direct-drive targets with rings 1, 3, and 5.
The small solid circles indicate LEH placements
with 6 gy =55°. The subset used for tetrahedral

hohlraums is shown in (b), which also divides
the surface of the sphere into the four regions
closest to each LEH.

Run JRP68T3
TC4182

Figure 68.16(b) illustrates the surface of the sphere divideas in Fig. 68.15 for OMEGA). This resulted in an energy into
into the four sectors corresponding to tetrahedral symmetryhe hohlraum of 1.3 MJ [out of the available untuned energy of
The LEH’s are placed at the vertices of a true tetrahedron (i.€1,65 MJ (11/12x 1.8 MJ)]. However, with time-dependent
6 gq = 55°). It is possible to use 11 out of the 12 availabletuning, significantly more than 1.3 MJ can be used because the
beams. It may be noted that one beam from the lower hentidning is only needed at early time (low albedo). Thus, if the
sphere is pointed into the LEH shown in the upper hemispherkohlraum were tuned in a time-dependent way, i.e., during the
Each beam is directed into the closest LEH. rising part of the laser pulse but not during the final, maximum-

power portion, close to 1.65 MJ would be delivered to the

BUTTERCURealculations for a representative design werenhohlraum and,,swould stay within 2% throughout the pulse.
carried out for three separate hohlraum radii: 4.55to 4.15 mm,
allowing for 0.4 mm of wall motion during the laser pulse (see The incidence angles of the 11 beams through the LEH are
Fig. 68.17). This is consistent with a 1HASNEXcalcula- 23.C°, 23.7, 31.5, 32.2, 39.2, 43.6, 47.2, 47.8, 53.8,
tion.21 From theLASNEXcalculation it was also possible to 53.%, and 54.9. Beam paths with the minimum and maximum
estimate the time and incident laser power corresponding tingles are shown in Fig. 68.10. Some design flexibility is
each value of albedo. These are indicated in Fig. 68.17, wheagailable by making minor adjustments to tiflep( coordi-
the appropriate portions of the three curves are shown solichates of the LEH and by not pointing some beams through the

center of the LEH. However, experiments aimed at exploring

The rms nonuniformity,,sis close to 2% for all values of clearance and symmetry issues in tetrahedral hohlraums are
albedo. In this calculation time-independent tuning was usedeeded before such detailed design issues are addressed.
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Ons 10 ns tainty appears to relate to issues of clearance through the
0TW 3 ns 13TW  15ns

130 TW LEH's; this is a greater problem than for cylindrical hohlraums
7 TWB @ because some laser beams intersect the hohlraum wall close to

g 4 : : . the LEH’s. Clearance of the capsule plasma is not significantly
2 different in the two cases. While tuning may not be necessary
§ for a tetrahedral hohlraum, appropriate tuning (which could be
E 415 time independent on OMEGA and time dependent on the NIF)
o can enhance the uniformity with a minimal energy penalty.
c
>
§ Tetrahedral hohlraums have an intrinsically better unifor-
m . . . mity than cylindrical hohlraums, but suffer the disadvantages
£ %_1 0.3 05 0.7 0.9 of being fully 3-D, harder to model, and harder to diagnose
Albedo @) experimentally. However, with advances in modeling and
iﬁ'ézigfﬁ’%’% diagnostic capabilities, these disadvantages may become
minor. At the very least, tetrahedral hohlraums merit consid-
Figure 68.17 eration as an alternative route to indirect-drive ignition and

Nonuniformity orms as a function of albedo for a NIF tetrahedral hohlraum. gain on the NIF. The OMEGA laser is ideally suited to carry
Wall motion is treated by assuming that the hohlraum radius reduces frogyyt proof-of-principle experiments on tetrahedral hohlraums.
4.55 mm to 4.15 mm during the 15-ns laser pulse. The mapping showfine first such experiments are being planned in collaboration

between time (and power) in the laser pulse and albedo is obtained from a
LASNEXcalculation. The solid portions of the curves indicate the approprlate with the Los Alamos National Laboratory and the Lawrence

radius to use fooymsat a given time, based on the sdPA&NEXcalculation. Livermore National Laboratory

More details on the work reported in this article can be
Summary found in Ref. 22.
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Properties of the Speckle of Focused, Phase-Converted Laser
Beams and the Reduction of Time-Averaged Irradiation
Nonuniformity in Laser-Driven Plasmas due to Target Ablation

Highly uniform irradiation and energy absorption at the sur- This article shows that the effects of the speckle in the
face of fuel-filled capsules are among the most importanintensity distribution within a plasma average out in time due
requirements for successful inertial confinement fusion (ICFjo a number of optical and hydrodynamic effects of uniform
implosionst:2In most laser-plasma experiments of interest tablation that cause the irradiation-intensity distribution to
ICF, laser beams are phase converted by being passed througbve relative to the plasma. Any local effect of the irradiation
distributed phase plates (DPP%DPP’s greatly improve the speckle on the plasma that is cumulative, such as the conver-
uniformity of focused beams by reducing large-scale bearsion of laser intensity peaks into thermal energy peaks by
structure, leaving intensity profiles with well-controlled, absorption, will be reduced in proportion to this time averag-
reproducible envelopes modulated by fine spedfiélow-  ing. The most direct measure of irradiation uniformity is that
ever, the nonuniformity remaining in the speckle is still moreof the intensity distribution at a given surface, such as a sur-
than the maximum allowable nonuniformity for ICF. This face fixed in space or a surface of constant electron density
article presents an analytical model of this speckle and uses thisar where laser energy is absorbed. All effects that cause the
model to show how a uniformly ablating plasma atmosphergradiation-intensity distribution to move relative to this sur-
acts to reduce the contribution of the speckle to the effectivéace will contribute to a reduction in the effective irradiation
time-averaged irradiation nonuniformity. nonuniformity by time averaging.

DPP’s are transparent plates divided into a large number of A number of laser-system modifications have been devel-
flat area elements that are all identical, except that each oped that cause the speckle to change rapidly in time so that
them adds a random phase delay to the transmitted light. Thiseir effects on the plasma will average out in time. These
random distribution of phase delays effectively divides thenclude induced spatial incoherence (I9here the temporal
beam into mutually spatially incoherent beamlets. When theoherence of the laser beam is disrupted, and smoothing by
beam is focused onto a surface, the irradiation pattern isspectral dispersion (SSB)where the laser is modulated elec-
superposition of all the beamlets, where the envelope of theo-optically to expand the bandwidth of the laser. With both
total intensity distribution is the same as the envelope of eadBI6-8 and SS¥19significant reduction in the effects of irra-
individual beamlet. The shape and size of this envelope adkation nonuniformity has been obtained, certainly more than
determined by the shape and size of the individual phase-platge reduction that can be attributed to ablation-induced effects
area element. The speckle in the intensity profile is the resudtione. Progress in developing these techniques has been driven
of the mutual interference of the beamlets. The random spatia large part by the need to shorten their averaging times so that
correlation among all beamlet phases results in a speckiee cumulative effects of the irradiation nonuniformity can be
modulation spectrum that is much flatter than would beaveraged away very early in the pulse, before they can be
obtained from a beam without DPP’s, where the strong shorimprinted irreversibly on the targé®:11 Consequently, the
range spatial correlations in the beam phase profile result possibility of additional speckle averaging at early times by all
correspondingly strong long-scale structure in the focusepgossible means remains an important question.
intensity pattern. DPP’s with continuous phase distributions
have been developed recently. They function with the same One source of averaging due to ablation is the continuous
effect as discrete DPP’s, except that their focused intensigccumulation of ablated plasma in the beam path between the
profiles do not have the side lobes characteristic of the didaser and the surface where the uniformity is measured. The
crete area elements of discrete DPP’s, and appreciably moredi§persive effect of the ablated plasma reduces the total phase
the laser energy can be focused onto a spherical farget.  of light propagating through it between any two fixed points,
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and the resulting refraction foreshortens the speckled interfeis that it does not require that an atmosphere be present
ence pattern along the axial direction so that it appears to hairgtially, only that one has begun to form.
receded from the target, back toward the laser. The continuous
feeding of the atmosphere by ablation from the target results in This article first develops an analytical model for the
a continuously increasing phase reduction and refractiomntensity distribution and the spatial spectrum of the speckle
resulting in a steady recession of the intensity distribution pagiattern in the focal region for the case of random DPP’s with
any surface fixed in the plasma at a point of constant electratiscrete phase elements. The paraxial approximation is
density. The hydrodynamic motion of the plasma makes a comnapplied to the beam propagation in a uniform plane-parallel
parably important contribution to the total motion of the inten-atmosphere. In this model, the reduction in the speckle spec-
sity distribution relative to this surface. Both effects have beetrum due to averaging over an interval of time at a given
identified by Dewandret all2 as sources of the frequency absorption surface is equivalent to a spatial average over the
shift of light reflected from the atmosphere of an ablating tareorresponding interval of the propagation axis that repre-
get. These ablation-induced time-averaging effects are intesents the thickness of the portion of the intensity profile that
esting not only because they are potentially beneficial, but alssould have passed through the absorption surface during the
because they are unavoidable consequences of ablation tigaten time interval.
must be considered in interpreting any ICF experiment, past
and future, where the quantitative effects of irradiation non- A simple idealized atmosphere model is used to obtain
uniformity are a matter of concern. estimates of various contributions to this averaging interval.
The plasma contribution is considered separately, and it is seen
For the purposes of this article, irradiation uniformity will that the accumulation of typical ablation plasmas over typical
be considered to be the uniformity of the intensity distributiorhydrodynamic scale times can displace the speckle distribu-
at the absorption surface, which is defined simply as a surfat®n over distances that are significant on the scale of the
of constant electron density,g Where the absorption occurs. speckle structure. The total of the hydrodynamic and plasma
Absorption does occur over a finite distance, however, andffects is calculated in terms of a planar target accelerated by
some degree of additional smoothing of the effects of théhe expansion of an isothermal atmosphere. From this, it is
irradiation nonuniformity can be expected since an appropriseen that the plasma and hydrodynamic effects tend to cancel
ately weighted, instantaneous spatial average of the absorbeach other in a solid target during the beginning of the abla-
intensity distribution over this distance is a better measure dion, which is the crucial period when the atmosphere is most
the true effective nonuniformity. Identifying this weighting susceptible to a permanent imprint of the irradiation nonuni-
would take this article beyond its intended subject of irradiaformity. The rates at which these averaging effects occur are
tion uniformity to the problem of relating the uniformity of calculated using 1-D hydrocode simulations of the ablation
ablative drive to the irradiation uniformity. of a planar target for a range of irradiation intensities. These
numerical results are well fit by the analytical approxima-
Thermal conduction and radiative transport in the atmotions, which verifies that the analytical results are applicable.
sphere of an ablating target are other processes that smooth e averaging rates are the crucial final result because useful
nonuniformities in the thermal-energy distribution that arespeckle averaging requires that the intensity nonuniformities
driven by nonuniform energy depositié#3:14These smooth- must move through the plasma quickly enough to limit their
ing mechanisms can be effective only in the presence of amulative, irreversible effects.
plasma atmosphere where there is a separation between the
absorption region and the ablation region, where the pressure It is found that the averaging times in a solid CH target due
gradient driving the ablation is concentrated. Consequentlyp the plasma and hydrodynamic effects vary with the irradia-
neither of these effects can smooth nonuniformities at th&on intensity and can be as little as a few hundred picosec-
beginning of the laser pulse before an atmosphere has devehds for a beam df7 focal ratio, 0.353#m wavelength, and
oped. It has been suggested that a suitable atmosphere colil®#°W/cnéintensity. This smoothing time is short, compared
be formed by a flash of x rays applied before the laser Bulsewith the hydrodynamic time scales of ICF implosions, but not
or by coating the outside of the target with a thick outer layeshort enough to avoid a permanent imprint of the irradiation
of very light polymer foamt® A crucial advantage of ablation- nonuniformity on the plasma. While the plasma and hydrody-
induced time averaging of speckle over thermal smoothingamic effects counteract each other early in the pulse, the
and instantaneous axial averaging over an absorption interMaydrodynamic effect reverses at later times, as the target
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accelerates, and the two effects add constructively, giving 1(x) :|U(x)|2. (4)
a much larger effect. Even then, the total averaging effect
remains much slower than SSD and ISI smoothing times. The wave vector of the axial wakéz) obeys the dispersion
relation

Many ICF experiments have already shown th&t$aind
sSSP0 significantly reduce the effects of irradiation non- c?k?(2) = w? - w3(2) (5)
uniformity. The results of these experiments imply that any
ablative smoothing effects that might have occurred in theder a plane wave in an unmagnetized plasma. Note thabthe
experiments were dominated by SSD or ISI, but they do natependence af; and thez dependence af, andk will not
rule out that ablative effects were important enough to havalways be written, but they are always understood to apply.
affected the quantitative comparisons between the results of
measurements made with and without ISI or SSD. In the For the present purpose, the paraxial approximation is the
absence of SSD and ISI, it is likely that the ablative effects ar@ssumption that nearly all tt,edependence dE(x) is con-
an important smoothing mechanism, and they should be cotained in the axial phase factor of Eq. (3), rather thas(i),
sidered in interpreting experiments intended to determine thso that
beneficial effects of these laser-system smoothing techniques.
The main conclusion to be drawn from this work is that the for-
mation of an ablated plasma atmosphere does act to reduce the
effects of radiation nonuniformity and that understanding
these effects is essential to a complete quantitative understandising Egs. (3), (5), and (6), the paraxial-wave equation,
ing of the effects of irradiation nonuniformity on these plasmas.

92U

pe <<k

oJ
E‘ - (6)

_ _ . D%U+2ikﬂ+i%U:0, (7a)

Beam Speckle Modulation Spectrum in the Focal Region oz 0z

1. Derivation of the Beam Speckle Modulation Spectrum  where
The first task is to solve the electromagnetic wave equation
92 9
2 —

2 D=5+, (7b)

35_2 - 202 + Wl (2) (E(x,1) = 0 (1) o

O

is obtained from the full-wave equation, Eq. (1).
for a monochromatic beam of frequenefocused onto plane-
parallel plasma target whose electron densitfx) = ng(2) The desired solution to Egs. (7) is that of a beam of total
varies in the axial direction, tlzelirection, normal to the target power P, emerging through a planar aperture of akeari-
surface. In what follows, the electron plasma frequengy) ented normal to theaxis. The beam is focused at the aperture

will be expressed as with a device of focal length, so that it converges all the way
from the aperture plane, which intersectszthgis at the point

w(2) = wzne_(z) @ X~ (O, 0,—20), to the focal point at the origin of the coordi-

p nc(w)' nates,x = 0. This solution can be written in the form of an

integral sum of converging waves,
in terms of the critical electron density(w). Using the par-
axial approximation, a solution to Eq. (1) can be obtained in

terms of the reduced field quantltifx), which represents the U(x) = ko k_VEJ' W(q)
electrical fieldE(x) with the axial-wave phase removed, 27y V k A

gz g i
_ () 3 X expriGLq- X +
E(x,t) = U(x)exp%_gk(z )dz' -t 3) 1B

ST (B N
0 2%

+¢(q) [
EE

The reduced field can be used to calculate the intensity df is assumed that the field at the aperture is uniformly polar-
the irradiation, ized. As a result, the field at the pokit identically polarized
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everywhere, and polarization can be removed from the expresenter point of thégth DPP element. It is assumed that both
sion for the focused field, leaving Eq. (8) as a scalar expre®¥(q) and¢g(q) vary slowly enough within each DPP element
sion. The vector variablg represents a point on the aperture.to be approximated as the constaiysandg, respectively.
The vacuum wave number of a plane wave of frequemisy Thus far no restriction has been placed on the distribution
k, = w/c. The function{(2) is given by W(q), other than that it must vanish figlarge enough to cause
Eqg. (11) to violate the paraxial condition stated by Eq. (6). Itis
ky a7 ) now assumed that/(q’) describes a distribution centered at
k(z') g’ =0sothat Eq. (11), written as shownin termW@ - qo),
represents a beam that originates from an illumination distri-
and is the only-dependent quantity in the phase of the solu-bution on the aperture plane, centered off-axis at a pgint
tion. It is a measure of distance along the beam axis from thend converges to a focal point on #reis. This displacement
focal point that reduces #(z) = z in a vacuum. In all expres- qg corresponds to an angle of incidenge= tan‘l(qo/zo),
sions below, where the distance meagifgeis written as{,  where ¢y = |q0|, or  0Jqgp/zy for small angles within the
its z dependence is understood. The boundary conditions pfraxial approximationgg << zg.
this solution are the functioi(q), the amplitude distribution
in the aperture plane, which is real, positive, and normalized Equation (11) can be simplified by discarding negligible
so that terms. What remains is

Jprasen 00y B

andg(q), which contains all the phase information in the beam N
at the aperture, including the intrinsic phase distribution of the xS W, exp@ i [k, (q- + QO) . X
beam plus the segmented phase profile added by the DPP. i=1 . a— EZ; )

(@)=
0

The integral in Eq. (8) can be written as a sum of integrals + Ky (qu *+24;-do *'q(%)Z ‘o (12)
over theN individual, identical, and identically oriented area 225 !
elements that completely fill the aperture. Mathematically,
this is a useful simplification because the ph@sp varies
randomly and abruptly from element to element. PhysicallyThe transformq - g+ qg has been made from coordinates
this represents the beam as an array of beamlets of mutuatlgntered at the axis to coordinates centered at the center of
spatially incoherent phase. The solution, written in this way, ithe beam on the aperture plane, so that the set of &l

centered about the origin= 0 and so thad, represents the

displacement of the entire beam from normal incidence.
kp, |

-k kP
Uix) = 2mz \ k A

> W(CIj ‘CIo) The restriction of the paraxial approximation on Egs. (8),
! (11), and (12), as stated by Eq. (6), requires that the focal
H. B& ky quZ % convergence of the beam be slow and that the angle of inci-
X exphri =gy - X+ 222 +‘/’(qj) dence be small. This implies that the beam must not be fol-
B Eo e lowed into the plasma too close to what would be the turning

B . k, point of any ray in a geometrical-optics ray-tracing treatment
X J]. eng_' EZ;‘;" X of the same problem. A clearer statement of a condition that is
a; sufficient to satisfy Eq. (6) can be obtained using Egs. (9) and

(12). This is

27
+kV26qj.§+kVEZZD[d25, (11)
i % O 2 2
kv(qj +2q; - do +qo) k,
where each element is of arep=a = A/N. The substitution 22(2) K
q=d; +¢& has been made, where the constpaenotes the

<<k (23)
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for allj. The meaning of this condition is made adequately cleavherely(x) is the intensity profile of a single beamlet,
by considering the case of a circular aperture of raRjus EF
which gives lo(X) = (P7A) Tk [Tk a

“an? OkHz, 0

2 2
(R+ao)” O neO
A ccq--E (14a) 1 0.k &-xU o
272 nd —ﬂ'eXPEH—Ddf , (18)
i g o a 0 % O
a

or, writing this in terms of the angle of incidengellqy /7,
and the focal ratio drnumber of the bearh=7;/2R, and where3(x) is the speckle modulation factor

o1 D2 g nO N N N
+yQ <<2d--2 14b -1 1
b7 t¥H <<?F B (14b) G(x) = N,-le N2, 2 exr)Ern mcp,k
Equations (14) are essentially the same as the condition that Ky ar M A 19
no ray in the laser beam should approach its turning point. This " 7 Adjc- X+ zg (q1k+qo) Aq]k% (19)

turning point can be identified for each component of the
plane-wave decomposition expressed in Eq. (12) as the point
where the wave vector has become purely transverse. Thée factors in Eq. (18), the beam envelope expression, have
transverse componetki;of the wave vectok of each com-  been grouped so that they are all dimensionless, except for the
ponent of the plane-wave decomposition of the reduced fielahtensity P/A.
can be identified in Eq. (12) as
The first term of the modulation factor given by Eq. (19)
K :k—V(q +q ) (15)  represents all the identical noninterfering pairs and is simpli-
D Zy 0/ fied by using the discrete-sum equivalent of Eq. (10),
As the beam propagates deeper into the plagitgincreases
andk? decreases to the point wheke k i, which defines the
turning-point electron density,,,, Combining Egs. (2), (5),
and (15), the turning-point density for the most obliquely
incident ray is The second term in Eq. (19) is the sum of interference terms
that represent the speckle modulation. For each element pair
M _ 1- glzi N wmz (16) (j,l(), there is a phase differenpmik =0~ % amgan position
Ne f E 20 =d; +qy, and a separation = q; —qj.Slnce the set
of the positions of the DPP element cent } forms a
regular lattice, a particular separation vecay, occurs
for the case of a circular aperture. Even though the more naepeatedly. LeN,, then, be the number of distinct separation
mally incident rays penetrate further than this, itis clear that theectors, letAq,, be a particular one among them, and let
paraxial approximation for the treatment of the whole bearrN(Aq m), abbreviated b, when convenient, be the number
has become invalid at, = ny, For the present purposes, of element pairs that have the separation, Any one of the
either the conditiomg < ny,,, Or Egs. (14) can be taken as a N, different pairs of points that share a particdlgy, can be
validity condition. A more thorough validity study will not be distinguished because they all have distpgt each of which
undertaken here. can be denoted af,. The element pairs can now be identified
by the indicesrf,1), as well asj(k), so eachAg;, can also be
Equation (12) can be used in Eq. (4) to obtain the intensitglenoted as\@y,, and similarlyW,W is a particular element

vvj2 =1. (20)

||MZ

1
N

which can be written as the product (m,n of the matrix formed by the outer prodW¢t]W. From
this point on, the analysis will assume uniform illumination of
1(x) = N 1o(x)G(x), (17)  the beam aperture so th&¢= 1. The modulation function can
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now be written as

I 0k 0 (21a)
G(x)=1+ 3 C(Aqm.¢)exprri—Y Ady- X[
m=2 O % O
where
C(Agm.¢)

1 Nm 0 k,
== S expri Dy, +—
anl E D(Pmn Zg

_ NS
On +dg)- Aqmy 0 (21b)
(@n+90) s

From the set of all possiblkq,,,, m=1 is chosen foAq = 0,
which is excluded from the sum in Eq. (21a), sincAglE 0

pairs have already been summed to obtain the first term.

2. Evaluation of the Speckle Modulation Spectrum

This is obtained from Egs. (22) by recognizing that the ampli-
tude of a sum of terms of random phase accumulates as the
guadrature sum of the amplitudes of the terms, just as the total
distance in a random walk accumulates as the square root of
the number of step¥. It should not be forgotten that Eq. (24)
pertains to random-phase DPP’s. The speckle modulation can
be appreciably less than that suggested by Eq. (24) if the DPP
is constructed with a nonrandom pattern whose spatial corre-
lation function is less than random. If the phase imperfec-
tions of the laser beam are small enough, then irradiation
uniformity can be improved simply by choosing the DPP
pattern appropriate}8

According to the estimate stated in Eq. (24), the spectral
density of the modulation pattern at a spatial frequégys
determined byN,, the number of DPP element pairs within
the apertureA that are separated by the vectoy,, One
method of counting all such pairs is illustrated by Fig. 68.18.

Equation (21a) expresses the speckle modulation as Fagure 68.18(a) shows an apertAngith center poin® where
Fourier series whose coefficients, given by Eq. (21b), can alsaine pair of area elements is represented by pdiatsd K.

be expressed as a correlation sum
c(Adm.<)

1 Nm 1 O * 1 O
== = -= 22
N nglf %n + ZAqm’ZDf %n 2AQm’ZD ( a)
of the function

2
f(a.) = expgri E‘V'q;%” + ﬂq)%- (22b)

As was stated earlieg(q) is uniformly random over the inter-

Figure 68.18(b) shows this same aperture along with an exact

duplicateA’, which is obtained by moving every pointArby

the displacemeniq,,, For every poinP in A, there is a point

P’ in A’. Note in particular that this displacement brings point

K toK’, which is congruent td, and that this point is within

An A, the intersection ok andA’. Similarly, any other pair

of points withinA with the same separatidy,,, corresponds,

one-to-one, with a single pointidn A’ . Therefore, the num-

ber of element pairs iA separated by the displaceme,,

is the area ofAn A’ divided bya = A/N, the area of a single

element, or

d?g
pat

(25)

N(Agp) = I

An A

val [0,2r1, from element to element on the DPP, or from termEquation (25) is an exact result. Writing the quanﬂ(ﬁqm)

to term in the sum in Eq. (22a). In this section, the specklas a function ofAq,, facilitates the transition from a function
modulation is being calculated at a single instant or at a fixedhose domain consists of a discrete set of vec{tAqs,n} to
value of¢, so the entire exponentin Eq. (22b) has the statistich(Aq), a function of a continuous vector variallg.
properties of a uniformly random phase. Therefore, at any one

target plane and at one particular spatial frequ&npgywhere

k
KmZ%AQm’ (23)

the contribution to the speckle modulation is given by a

correlation sum of random phases, which gives
2
N2<|C(Aqm)| >= No. (24)

178

The result obtained from Egs. (24) and (25) for a circular
aperture of radiuR is

0 | 0
2\_ 2 o__,0Aq0 OAqD | OAgEf
(leal’) = o e ez @9

whereAq =|Aqg| and
A< 2R. (26b)
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Figure 68.18

The spectral intensity of the speckle pattern at a spatial frequéendg
determined by the number of DPP element pairs within an apéyiarthe
DPP plane that are separated by the ve&my Counting these pairs is
simplified by noting that each pair within an apertArgointsJ andK as
shown here, for example, corresponds, one-to-one, with alpwiithin the
intersection ofA and an identical apertufé obtained fromA by a displace-
mentAgm. This displacement brings any poihto P’. In particular, poind
is congruent to poinK’, both of which are equivalent to the pointThe
measure of the spectral intensity of the speckle at spatial freqgnisythe
area of the intersection éfandA’.
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The argumentAg/2R can be replaced by the equivalent

expression
Ag _ K (29)

2R K,
where the quantities not yet introduced &g =k,/f, the
maximum spatial frequency presentin the speckle modulation,
and f = zy/2R, the focal ratio of number of the incident cir-
cular beam. The modulation spectrum from Eq. (28),

1/2

(lc(aay?) .

is shown plotted in Fig. 68.19(a) as th&{/zg = 0” case. In

this plot, the spectrum is normalized to give a peak value of
unity, and the frequency variable is expressed in unit&,of

so thatAg/2R=1 at full scale. This figure shows other re-
sults modified by axial averaginfA #0), which will be
explained in the following section. The speckle modulation
results shown in Fig. 68.19 and in all subsequent figures are
calculated for the case of the circular aperture.

The quantity<|C(Aq)|2> can be interpreted as the speckle
power within an are#,? a/z,? of the spatial frequency plane.
This also represents the strength of the speckle modulation due
to the interference between all DPP element pairs whose sepa-
rations are given by all displacements within an arean-
tered abouAq on theq plane. The quantitﬂC(Aq)|2> , Which
has beenintegrated azimuthally, isto be interpreted as the spec-
kle power within an intervak, al’2/z, of spatial frequency
ky Ad/z,. This is also the strength of the speckle modulation
due to the interference between all DPP element pairs sepa-
rated by all distances within a rang? of Aq.

Axial Averaging of the Speckle Spectrum
The time-averaged spatial distribution of the irradiation

The symmetry of the circular aperture allows one to obtain thimtensity at a surface within a plasma can be expressed as an
rms contribution of all speckle of the scalar spatial frequencygxial average of the intensity distribution, as stated above. The
corresponding toAq = |Aq| with a simple integral over the results of the previous sections are now applied to the smooth-

direction,
(ctaa) =" (claa)f) Frdo. @)

which gives

(ic(ea)?)

O O
__ 8 _0AqD _1DAqD_DAqD/mD
()7 E2rS™ Rt Herd 0%

LLE Review, Volume 68

ing of speckle by axial averaging. The axial dependence of
speckle modulation described by Eq. (21b) and ignored in the
previous section is now considered. It will suffice for the
present to consider simple uniform averaging over a raAgge

of {,

_ 1 B2
C(Aqm.Af) = A_Z_AI;Z(A%'Z) dZ. (30)

This is appropriate if both the intensity and the plasma den-
sity are constant over this axial interval, such as when the time
average is performed at a surface of constant electron density.
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1.0

Figure 68.19

The spectral density of the speckle modulation
factor, integrated over all directions Kf is
plotted for various values of the smoothing
distance, given in units of the Rayleigh range
Zr. The spectral and frequency quantities are
scaled to be plotted in units of their respective
maximum values. Figure 68.19(a) shows re-
sults for normal incidenceqy/R= 0. The
unsmoothed spectrum is slightly asymmetric,
and smoothing is only slightly more effective
at higher frequencies. For the cases of non-
normal incidence,gy/R= 0.5, 1.0, and 2.0,
plotted in (b), (c), and (d), respectively, the
smoothing effect is much stronger overall, par-
ticularly at higher frequencies.

0.5

Spectral density (normalized)
RO
[e]e]

0.5

0.0
0.0

TC4371 k/iKq k/Kq

In the case of an observer remaining at a fixed position so thaistead of Eq. (24). Just as Eq. (25) gives
Az =0 and where the local electron density remains constant,
an evolving plasma atmosphere causes the valgeabthat

. . S o i 2\ 1 d<q

fixed point to change in time, resulting in a time average that <|C(Aq)| > =Nz [ — (33)
is equivalent to an average over an interva].dFhis simple Ain @

average can also serve as a first-order estimate of results for

cases where the weighting is not severely skewed due to ads the largeN limit of Eq. (24), one obtains

sorption, intensity variability, or plasma inhomogeneity.

— 2
| . ([claa.a0))
Applying Eqg. (21b) to Eg. (30), the average obtained is
Jiv4 O
= i ZD(VBi g+qp)-A
C(Aqm,AZ) a1 sn DZZ% (q QO) quzd
A 0 —WAHA 0 a0 7 5 (4
N S'”Elié (Gn+do)- AdmO : G > (a+do)- AaQ
:iz 0 z Co=iAGm (31) 0 Zo 0
Nz 8 (G, +q0)- Adp
225 as the largeN limit of Eq. (32) forA{# 0. The same expres-
sion can be written
The expectation value of this sum is
— 2 — 2
([c(aama0)) ([claa.a0)?)
O d q+ O
nZEkv Z( +q0)-Aqu gnZ@M(q QO)_ﬂ
_ 1 0 _1 0% R 2Rpdyq
N2 Z ) (32) N2 If — 7 a (34b)
n=1 Eka 2 (6n + o)+ AdmD A 8¢ (+a0) g
DZZ(Z) n 0 m|:| 0 4=} R ZRD
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for the case of the circular aperture, where the variaplesd Since higher transverse speckle frequencies correspond to
Aqg have been scaled in terms of the aperture radiaed  stronger axial dependence, it would be expected that the
whereAZ has been scaled in terms of the Rayleigh raflge, smoothing for a giveAZ would be strongest at higher speckle
frequencies, but they/R=0 case plotted in Fig. 68.19(a)
_8f2 shows an averaging effect that is surprisingly symmetric about
R W ' (352) the middle speckle frequencies where it is strongest, in con-
trast to the highest and lowest frequencies where it is weakest.
The least smoothing is expected at the lowest frequencies since
This is the axial scale length of the intensity structure of @his modulation is due to the interference of ray pairs that are
focused circular beam of focal rati@and is the appropriate closest in angle and thus produce interference structure with
scale for measuring axial averaging distances. The magrihe weakest axial and transverse dependence. The high-
tude of the oblique offset of the beam from normal incidencerequency components, on the other hand, are dominated by
Jo :|q0|, is related to an angle of incidengewhere interfering wave pairs that cross at the largest angles. This
should lead to strong axial dependence, but the ray pairs with

Y _ 2 f tanuy . (36a) the largest crossing angles all originate from nearly opposite
R positions near the rim of the aperture at nearly opposite angles
from the beam axis. In this limit, the interference patterns lack
For small anglesggy << 2 f R, this gives spatial dependence along the axis of the beam. Consequently,
axial averaging has a vanishing effect at the highest speckle
) (QO/R) frequencies. Away from normal incidence, the symmetry axes
¥ =409 (f/7) ' (36b) of the beam and the plasma profile no longer coincide, and spa-

tial averaging along theaxis does reduce the speckle modu-
lation at the highest frequencies.
which shows that the sizable effects of oblique incidence ex-
pected withgy DR are obtained with small angles of incidence.  The spectral information plotted in Fig. 68.19 is recast in
Fig. 68.20 as sets of curves, each representing the spatial
Figure 68.19 shows several normalized speckle spectra,frequency indicated by its label and each plotted as a function
of the axial averaging distance. As in previous figures, the spa-
_ 012 tial frequency is written in units of the maximum frequency
<|C Aq AZ)| > ' Ko =k, /f, and the averaging distance is expressed in units of
the Rayleigh ranges. The case of normal incidence is shown
plotted as functions of spatial frequenCywritten in units of  in Fig. 68.20(a), and the cases of nonnormal incidence,
Ko =k, /f, the maximum spatial frequency present in theqy/R=0.5,1.0,and 2.0, are shownm Figs. 68.20(b), 68.20(c),
speckle modulation. The quantitigssandAq are related by and 68.20(d), respectively. T(uAZ) scalmg ofthe smooth-
Eqg. (23). These results have been obtalned by evaluatinigg effect is seen clearly for lard& /zg. Figure 68.20(e)
Eq. (34b) numerically to obtalﬂC(Aq AZ)| > whichisthen summarizes these results with a set of curves, each represent-
averaged numerically over all directionsafFigure 68.19(a) ing the rms spectral average of the speckle modulation spec-
shows results for normal incidencgg/R=0. Each curve trum obtained for a given angle of incidence, plotted as func-
represents a different degree of axial averaging and is labelédns of the averaging intervél{/zg. Each curve is labeled
by the smoothing interval\{/zg, expressed in units of the by the assumed value of/R.
Rayleigh rangeg. It is seen that values A of the order of
severalzg are needed for significant smoothing. The cases of The spectral information plotted in Fig. 68.19 is also recast
nonnormal incidencegy/R=0.5, 1.0, and 2.0, are plotted in in Fig. 68.21, where Figs. 68.21(a), 68.21(b), and 68.21(c)
Figs. 68.19(b), 68.19(c), and 68.19(d), respectively. Thesghow sets of curves obtained for axial smoothing distances
results show that the smoothing effect is enhanced signifiA{/zg = 2.0, 4.0, and 8.0, respectively, now plotted as func-
cantly by only a slight tilt of the beam, particularly at highertions of the incidence parameter @f/R. Each curve repre-
spatial frequencies. According to Egs. (36), g R=2.0 sents the spatial frequency indicated by its label, and each
case, for example, represents an angle of incidence of ofily 8.@Qurve is plotted as a function of the angle of incidence,
for a focal ratio of/7. represented in the plot by the oblique offsgi/R. As in
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Figure 68.20

The smoothed spectra plotted in Fig. 68.19 are represented here as
a family of curves, each representing a different spatial frequency,
indicated in units of the maxmum frequené, = k, / f , plotted as
functions of the axial smoothing distance, expressed in units of the
Rayleigh ranger. The case of normal incidence is shown in (a),
and the cases of nonnormal incidengg/R = 0.5, 1.0, and 2.0, are
shown in (b), (c), and (d), respectively. TGel/2 scaling of the
smoothing effect is seen clearly for largg¢zy . Figure 68.20(e) is

a set of curves representing the rms spectral average of the speckle
modulation spectrum plotted as a function of the averaging interval
A /zg forvarious values of the oblique offset, indicated on the plot
as values ofgy/R.
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The smoothing of the spectra plotted in Fig. 68.19 is represented here as a family of curves, each representing a tdfdreqtispay indicated in units
of the maximum frequencyK, =k, /f , plotted as functions of the oblique offset, represented in unitg R, for values of the axial smoothing distance
A{/zg = 2.0, 4.0, and 8.0, in (a), (b), and (c), respectively. The curves are carried out to large valjdsioforder to show more clearly tt((ek)/R)_ll2
scaling of the smoothing effect, even though the paraxial approximation is violated for valygRothat are not small compared to the focal ratio. Fig-
ure 68.21(d) is a set of curves representing the rms spectral average of the speckle modulation spectrum plotted asfaHligetgooffset for various

smoothing distances indicated on the plot as values{yfzy .

previous figures, the spatial frequency is written in units of théor a given reduction in the rms speckle modulation. For the
maximum frequenc¥q =k, /. The curves are carried out to purposes of this discussion, a factor of 2 will be taken as the
large values ofyy /R for the sole purpose of highlighting the nominal desired smoothing factor. At normal incidence, an
(qO/R)_l/2 scaling of the axial-averaging effect. It must beaxial-averaging interval of about 20z is needed for this
remembered that the paraxial approximation is valid only foamount of smoothing. This is about one order of magnitude
values ofqy/R that are small compared to the focal rdtio greater than expected, given that the Rayleigh raggethe
Figure 68.21(d) summarizes these results with a set of curvedjaracteristic length of the axial dependence of the speckle
each representing the rms spectral average of the specklistribution. This surprising result is due to a surprising degree
modulation spectrum obtained for a given axial-averagingf axial independence in the speckle distribution along the
interval, plotted as a function of the oblique offggfR. Each  beam axis. At only a modest angle of incidence, however, the
curve is labeled by the assumed valu\gf/ zg. same amount of smoothing is obtained with a much shorter
axial-averaging interval. Oblique displacementggfR =0.5,
Figures 68.20(e) and 68.21(d) show what size axial1.0, 2.0, and 4.0 reduce the axial-averaging interval to ap-
averaging intervalA{ /zg and oblique offset)y /R are needed proximately A{/zg =10.0, 7.0, 4.0, and 2.0, respectively. An
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approximate scaling relationship for the oblique displace- 0O A, OOofo

ments and averaging intervals needed to obtain a smoothing MED7D

reduction factor can be inferred from the asymptotic behavior ré=p5—"" % — (37b)
seen in Figs. 68.20 and 68.21 and from the aldef/fzr and Oy 00 A7 O

0o/R values found to produce a speckle reduction factor [g.1°L22 pm

of 0.5:

as an estimate of the speckle-reduction facéxpected from
1 -1 an angle of incidencgy and an axial-averaging intervAt.
r2 = 2_5Bﬁ+0_5D tAZ ) (37a) This expression has been simplified by assuming that
OR . Ba% Jo/R>1.0 is amply satisfied as if the speckle smoothing were
in the (go/R)™/2 scaling regime, as seen in Fig. 68.21. An
Since this expression has been fit to results that are not well imaportant conclusion to be drawn from Eq. (37b) is that the
to the scaling regimes @{/zg and, in particulargy /R, this  axial-averaging length{ required to produce a given smooth-
expression must be applied with caution as no more thaniag is proportional to the focal ratibwhen the angle of
guide for the parameter ranges under consideration. incidence is within its scaling regime. This is a more-favorable
focal-ratio scaling than is obtained near normal incidence
For the purposes of the discussion to follow, the range aivhen the smoothing is a function Af /zg alone. In that case,
Al /zg from 2 to 4 will be taken as a guide to what amount ofEgs. (35b) and (37a) show that the requitédscales as the
axial averaging suffices for a significant amount of smoothingsquare of the focal ratiofor a specified value of
This gives a factor-of-0.5 reduction in the rms speckle modu-
lation for oblique displacementgy/R in the approximate The smoothing of speckle by axial averaging and by SSD or
range from 4 to 2. As was mentioned above, this range corrésl ought to have similar asymptotic time dependence since
sponds to very modest angles of incidence, abduatléost both work by the uniform averaging in time of the same
for f/7 irradiance. For multiple-beam experiments, angles ofandom quantity. As long ds{ increases uniformly in time,
incidence of this order cannot be avoided. The absolute minihe A "1/2 scaling of the axial smoothing factor corresponds
mum oblique offset ofy /R = 1 is obtained for the case of two to (Av t)_llz, which is the reduction factor due to SSD and
beams whose focus lenses are touching. For a closely packi&l at late times, wher&v is the bandwidth of the laser out-
cluster of six beams in a hexagonal arrgy/R=2 is the put20 These identical time dependences allow the axial-
absolute minimum. Allowing the beam edges to come naveraging reduction factor to be written in terms of an effec-
closer than one beam diameter doubles thigyitR = 4. tive bandwidth as well. The effectiveness of smoothing by
axial averaging can thus be readily compared with that of SSD
Thus far, all calculations and results have been expressedand ISI by comparing bandwidths.
terms of the oblique offsaty/R and the Rayleigh rangg
because these are the parameters most characteristic of thelhe next two sections consider circumstances under which
speckle structure and the smoothing requirements. In descrilaser ablation of a target can produce an adequate axial-
ing an experimental configuration, the angle of incidence igswveraging interval and how fast this averaging can occur.
more meaningful thargy/R. The Rayleigh range given by

Eq. (35a) written in terms of fundamental units is The Plasma Effect
In this section the plasma effect alone is considered. The
time average of the speckle is calculated at an absorption plane
R = 22umD Ay D]imz. (35b)  thatis keptfixedins lative to the | hile the pl
MBJYD p pace, relative to the laser, while the plasma

profile in the beam path changes in time. The magnitude of this
effect is evaluated below for the case of an expanding plane-
The potential of an atmosphere for smoothing speckle is iparallelatmosphere. The case of a spherically diverging plasma
large part a function of its scale length in unitz@fOne is  is also considered briefly because even in an experiment using
reminded by Eq. (35b) that this figure of merit is a function ofa planar target, the plasma atmosphere does approach a spheri-
the laser wavelength, and the focal rati Equations (35b) cally diverging profile beyond a distance comparable to the
and (36b) inserted into Eq. (37a) give diameter of the illumination spot. This comparison of the
plasma shift of the speckle for both a spherical and a plane-
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parallel case clarifies this limitation of the plane-parallelthe maximum effect obtainable, although the restriction
assumption applied to the irradiation of a planar target. A morenposed omg,s/N. by Egs. (14) must be applied case-by-case
complete analysis of speckle averaging due to both the plasit@ensure consistency with the paraxial approximation. Using
and hydrodynamic effects is done in the following sectiorparameter values typical of ICF, this limit is

entirely in terms of the plane-parallel, isothermally expanding

atmosphere model. Al pmax _ 633 (AL/100 pm)

2R (A, /0.351um)(f/7)*

(42a)
An example of an expanding plane-parallel plasma profile
is the exponential density profile that is obtained for the case
of isothermal rarefactiof2! which is considered in more for the axial-averaging parameter applicable to the time inter-
detail in theDiscussionsection. For the simplest case of full, val during which the atmosphere expandg\hy In this ide-
constant ionization, where the electron and mass densities akzed plasma model, a given increask is equivalent to an

in a fixed ratio, the electron density can be written as increase in the mass per unit area of the atmosphere exterior to
the absorption surface. This mass per unit area is equivalent to
Ne(2) _ e—(z—zabs)/L (38) a certain thickness of target material at its original density. For
Nabs ' a solid CH polymer with a solid density of 1 g&nthe

averaging interval resulting from turning a thicknAsgy of
wherengysis the electron density at the absorption surface, target material into fully ionized atmospheric plasma is
constant-density surface fixed for nowzat z,,s The laser

enters the plasma from the direction, and the scale length A7 A

ey /2 Um
L grows in time as ablation fills the atmosphere with plasma. P — 4, (A /2 m) > (42b)
The on-target intensity uniformity is to be determined at the R (Av/0.3511m)(f/7)

absorption surface. An expression{grthe plasma contribu-
tion to the axial distance parameter obtained from Eq. (9), i§his shows that an ICF plasma can shift the speckle intensity
distribution by a significant amount, but that a substantial

Ve ( ) ® [] 0 thickness of material, roughly the equivalent of a few microns

p Zabs) _ kv 1 , .

7 ~5f2 | T-nn —1Hd2 . (39)  of polymer, must be ablated. Even though an ICF plasma in-
R Zabs e/ Ne troduces enough phase dispersion and refraction to shift the

speckle pattern by amounts needed for significant reduction
Using Eq. (38), this gives by averaging, whether or not this provides a useful averaging
rate depends on how fast the atmosphere grows and on whether
Zp(zabs) kL 0 2 0 pr ngt a L.Jseful degree of averaging occyrs bgfore an irreyers-
. =412 InC3 - 7774 (40)  ible imprint of the instantaneous nonuniformity has had time
R @+(1 nabS/nC) H to develop. The likelihood of this being achieved in planar
ablation experiments is the subject of the following section.

which givesA{y, the change i}, due to the growth of the

atmosphere by an incremehit, The most important consequence of spherical divergence is

that the plasma effect is limited by the flow geometry. The

plasma effect due to a planar atmosphere, on the other hand, is

limited only by the supply of ablated plasma, or from the point

of view of Eq. (40){, grows as long dscontinues to grow. In

the case of a finite illumination spot on a planar target, the

atmosphere approaches spherical divergence with increasing

The quantityA(,, is the averaging interval to be used to calcudistance from the target, and the upper limifgdepends on

late the time averaging that occurs over the interval of time thaany things, including how quickly the transition from planar

the atmosphere grows by an incremgéint to spherical expansion occurs with increasing distance from

the illumination spot, but a finite limit does exist. To show that

The averaging effect described by Eq. (41) grows wittspherical divergence results in a finite limit, even for an infinite

increasingng,s/N. . The limit ny,s — N gives anindication of atmosphere, it suffices to consider the density profile given by

A g g
G _ kAL, 5 2 )1,25 (41)

R 4f2 B+ (1-ngps/n
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Eq. (38), modified for late times by taking the lirhit- 0 and  motion of the absorption surface and the accumulation of
modified for spherical divergence at all radii with appropriateplasma in the propagation path. The essential behavior of these
radial scaling. The result is effects and their relative importance can be described and
understood by applying Eq. (9) to a planar 1-D isothermal rare-
faction model for steady-state ablation of a planar target. At the
beginning of the irradiation, when the target is vulnerable to
being irreversibly imprinted with the laser nonuniformity, the
where the absorption surface is located at the radiusg,,g solid target surface is at rest, and the absorption surface is being
The maximum plasma contribution to the axial distance paranconvected away from the solid target surface by the expanding
eter for this case(, may is obtained by evaluating Eg. (9), atmosphere. At this time, the plasma effect is moving the in-
which gives tensity distribution toward the laser, in the same direction as
the motion of the absorption surface, so the hydrodynamic and
plasma effects tend to cancel each other. The hydrodynamic
’1—(1— nabs/nc)llzl. (44)  effect starts out roughly a factor of 2 faster than the plasma
effect. As the target accelerates away from the laser, the hydro-
dynamic effect begins to reverse, and the plasma and hydro-
This expression resembles Eq. (40) closely, except that tlilynamic effects eventually reinforce each other.
radius of the absorption surfacg,s has replaced the scale
lengthL as the characteristic length of the problem. The depen- In the planar 1-D isothermal rarefaction model, the mass-
dences omg,/n. are qualitatively similar. Equation (44) can density profile is of the form of Eq. (38}.The growth rate of
be written in practical units as scale length is the fluid velocity at the ablation source point
at the target’s surface, which will be identified below as the

Erabs DZ

ne = nabs DTD , (43)

meax(rabs) _ Ky Taps
A=} 8f2

meax(rabs) isothermal sound speeg. Assuming a constant, fixed ioni-
T zation state, this gives
R
0 labs O
F500 um Ne(2) B Cz-z(t)H
00 um e\4) _
=228 pmt 1- (1= o). 5) n  CPHO o (46)
0 Ay DDLDZ
H0.351mH070
where the substitution
The maximum axial-averaging interval that can occur, L=crt (47)

given these nominal parameter values and absorption at the
critical surface(nabS = nc), is 22.8zr. As before, Egs. (14) has been made, wharmgis the electron density of the ablated
restrict ng,s to values consistent with the paraxial approxi-plasma atthe source point, and whef® is the position of the
mation, and smaller intervals are obtained for absorption at lessurce point at the solid surface. It is assumed that the target
than critical density. Equation (44) describes a case where theotion remains much slower thepso that Eq. (46) remains
ablative flow is completely spherical from the absorption suran adequate description of the plasma atmosphere between the
face outward. It does not apply directly to the case where tharget surface and the absorption region, independent of the
ablative flow makes a transition from planar flow near thearget’s motion.
absorption surface to spherical flow at large distances from the
target, but it does show that spherical divergence does preventGiven a mass-density profile of the form of Eq. (46),
the axial-averaging interval from growing without limit. This conservation of mass
means that a planar model must be applied with caution to
. L . dp 0
cases where a significant contributior{f) is due to plasma r + E(pv) =0 (48)
that is diverging from plane-parallel flow.
dictates
The Combined Plasma and Hydrodynamic Effects
The motion of the absorption surface relative to the irradia- _ z-1z(t)
o S e e _ v(zt)=cr + , (49)
tion-intensity distribution is due to both the hydrodynamic
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and the momentum equation This contribution to the motion of the absorption surface is a
constant velocity with respect to the target surface and is the
N +v& +1@ -0 (50) main contribution to the averaging rate at early times. The total
& 0z poz motion of the absorption surface, written as the hydrodynamic
contribution to the rate of increase of the smoothing distance,
is satisfied by the isothermal equation of state A, is
P=cZp, (51) 1dAgy __ O _psertd | Ops O

o & - H Mg B o
where the identification afr with the isothermal sound speed
is now clear. The total effect is obtained by adding to this the plasma
contribution toA{,, given by Eq. (41), which gives
The motion of the solid target is obtained by treating it as a
planar rocket accelerated by the ablating plasma. Its mass per

unit area,M, decreases at a rate determined by the plasmal dA{ _ —InD _ pscrtd
density ps and plasma velocitw(zs,t) = ¢y at the ablation c¢; dt H’ Mo
source point,
i (52) InoPs B o InB 2 El (57)
M = Mg — psCrt. -
0~ PsCr Hpabsg q+(1- ”abs/”c)llZH
The force accelerating the remaining solid target is equal to the
rate at which momentum is imparted to the ablation exhaust,
which gives This expression can be written entirely in terms of the
av absorption density as a fraction of the critical density by
M s =—Ps C% ) (53)  relating the critical electron density to the solid density of the
targetpsoli,
and the solution
O O
V=crind - pSCTt (54) Ps
Pabs
for velocityV of the remaining solid target. This solution gives =38, 8 Psolid Ay DZD 20 Ps i‘ (58)
Hig- cm‘3%0351um5 B.500gyig Nabs

a velocity that accelerates smoothly from rest, so the motion
of the solid target does not contribute to the motion of the
absorption surface at the very beginning of the ablation,
t << Mgp/psCt , when the most significant imprinting of the The quantities in parentheses are chosen to be unity, which
laser nonuniformity occurs. represents fully ionized CH polymer. Equation (57) can now
be written as

In estimating the effects of ablation on uniformity, it is
assumed here that the absorption of laser energy occurs overia dA _ 366
sufficiently short range that one can speak of an absorption SUE: dt '
face at a point of fixed density where the irradiation nonuni-
formity has its effect on the plasma. The absorption surface is Psolid LT Ay D2D Z
identified by the local mass densiiy,s According to Eq. (46), g-cm™3 Ho. 351umE
this absorption surface is positioned ahead of the ablation

source by a distanagsgiven by _|nE1_ pSI\/ICTtD
0
Op J Z(nabs/nc)l/2 O
s =C tln 55 -In—2 +2InD 0 (59)
! El_’ H 59) Hosia A+ (L g /)2 B
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The first two terms contain only parameters that are fixed by The isothermal-expansion rocket model described above
the choice of target and laser, including the density of the coland given by Eq. (59) is fit to the results of the hydrodynamic
target materialps)ig, the laser wavelengthy, and a fixed ioni-  simulations, including those in Fig. 68.22. The fitted model
zation stat&Z. The third term represents the acceleration pantesults are shownin Fig. 68.22 as dashed curves, which accom-
of the hydrodynamic effect, which depends on the initial aregblishes two things: First, itis seen that the fitis reasonably good
mass of the targeé¥ly and vanishes in the early-time=0  over the entire range of intensities, which validates the isother-
limit. The remaining terms depend only pnas a fraction of mal expansion model as a basis for describing and deriving
the solid density and,sas a fraction of the critical density. preliminary general statements about the effects that lead to
axial averaging of speckle over time. Second, the isothermal
Hydrodynamic simulations of the ablation and acceleratiomocket model serves as a template that can be fit to the simu-
of a CH polymer slab by a constant irradiance have been pédation results to obtain appropriate values of model parameters
formed using the 1-D hydrocodél AC. The hydrodynamic and average smoothing rates from the simulations. The sepa-
and plasma contributions tA{/zg and the total effect are rate plasmaand hydrodynamic contributions to the total smooth-
evaluated from these results and plotted as functions of time ing rate at the very beginning of the irradiation pulse, and the
Fig. 68.22. The absorption surface is taken to be the centroidtal smoothing rate at that time, were obtained from these fits
of the energy-absorption rate distribution. The hydrodynamiand plotted as functions of intensity in Fig. 68.23.
and plasma effects are obtained from the geometric and plasma
contributions to the integral in Eq. (9), respectively, which is The results shown in Figs. 68.22 and 68.23 clearly show that
evaluated from the position of the absorption surface and froite initial smoothing effect is greatly diminished by the fact
the electron-density profile given by the simulation. The solidhat the hydrodynamic and plasma effects counteract each
curves in Figs. 68.22(a), 68.22(b), and 68.22(c) are resultther. These results show that the total initial smoothing rate
obtained from simulations of the ablation of a planar targetaries between about 1.5 and 3 Rayleigh lengths per nano-
irradiated by 188, 1014, and 185W/cnm? UV (A,=0.351um),  second over the range of intensities from-31&/cm? to
respectively. The target is a CH polymer foil /@ thick and ~ 10'® W/cn?, where the Rayleigh length is the p& value

1.0 g/cn? in density. obtained for the nominal parameter values from Eq. (35b).
(a) (b) (©)
1013 w/cne 10 wWicne 1015 w/cn?
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Figure 68.22

The hydrodynamic and plasma contributions¥$/zgz and the total effect are plotted as functions of time. Solid curves are results obtained from numerical
simulations of the ablation of a planar target irradiated By, 1014, and 185 W/cm?2 UV (A, = 0.351um) in (a), (b), and (c), respectively. The dashed curves
are fits of a simple rocket model of planar ablation based on the isothermal expansion of the atmosphere. Thg laieéso?22im, which is obtained from

Eq. (35b) for the nominal parameter values.
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the initial smoothing rate/zg dA{/dt and the total initial
effect are plotted as functions of intensity in Fig. 68.24(b). The
isothermal rocket model applied to the homogeneous slab
targets is not applicable to this more complicated target, so
these rates are estimates obtained by eye. The total smoothing
rate is now between about 2.0 and 20.0 Rayleigh lengths per
nanosecond over the range of intensities frof® WYcn? to

105 W/en?, which corresponds to smoothing times of from

Figure 68.23
The plasmaR) and hydrodynamicH) contributions to the smoothing rate
1/zg dA/dt and total effectT) are plotted versus intensity.

Given that the range of requirdsl /zg values varies from 2

to 4, as was stated earlier, the range of smoothing times varies
from 0.67 nsto 2.67 ns. These smoothing times are comparable
to hydrodynamic time scales typical of ICF experiments, but
they are longer than other important scale times, such as the
time during which the initial nonuniformity of the laser beam

is irreversibly imprinted onto the target and the time scale of
self-focusing. Averaging as slow as this clearly would not
suffice as the sole smoothing mechanism in ICF, but this is not
a negligible effect, and it could have an important quantitative
significance on certain experimental results where DPP’s are
used without SSD, such as when measuring the effects of SSD
on the outcome of ICF experiments. Of course, variations in
focus, wavelength, laser configuration, target geometry, target
composition, etc., can give averaging times that vary signifi-
cantly from these estimates.

To create a situation where the hydrodynamic and plasma
effects reinforce each other, a set of numerical simulations was
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done with a target identical to the L@ foil used in the sim-

Figure 68.24

ulations in Figs. 68.22 and 68.23, except that the outermoshe hydrodynamicH) and plasmaR) contributions toA /zg and the total
2.5 um of solid CH polymer has been changed to an equaifect (T) obtained from a numerical simulation are plotted in Fig. 68.24(a)

areal mass of 5pum- -thick foam. The hydrodynamlc and plas- as functions of time for the case of the ablation of a planar target irradiated by

ma contributions taA{/zg and the total effect are plotted in
Fig. 68.24(a) as functions of time for the ablation of this tar-
get under an irradiation intensity of ow/cm? UV (A, =

1014 W/cm2 UV (A, =0.351um). The target is identical to the 10r foil used
in the simulations shown in Fig. 68.22, except that the outermogh®?
solid CH polymer has been changed to an equal mass of foam Hick.
Inthis case, the absorption surface moves away from the laser, and the plasma

0.351um), to compare with Fig. 68.22(b). With the foam layerand hydrodynamic effects reinforce each other. The plasma and hydrody-
in place, the absorption surface moves away from the laseamic contributions to the initial smoothing rafzr dAJ/dt and the total
initially, and the plasma and hydrodynamic effects reinforc&ffect are plotted versus intensity in Fig. 68.24(b). The valag isf22um,

which is obtained from Eq. (35b) for the nominal parameter values.

each other. The plasma and hydrodynamic contributions )
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100 ps to 2.0 ns, up to more than an order of magnitude fasterales of competing effects, such as the time needed to imprint
than is obtained with a solid target. the initial nonuniformity of the laser beam irreversibly into the
target and the time scale of self-focusing of laser light in the

As stated above,tk(ev t asymptotictime dependence atmosphere. The best generalization that can be made at this
of the smoothing effect of SSD and ISI corresponds identicallfime is that ablation-induced time averaging of speckle non-
to the A "2 asymptotic dependence of the speckle reducuniformity is unlikely to be decisive as a means of avoiding
tion on the averaging interval. When the axial-averaging ratthese effects, but it is potentially significant over the time inter-
dA{/dt is a constant, an effective bandwidth,y;, can be  vals during which they occur. Understanding ablation-induced
written for axial averaging and compared with the bandwidtispeckle smoothing is essential to a complete quantitative un-
Avggpspecified for an SSD system. Recalling Eqg. (37a) anderstanding of laser-irradiation nonuniformity and its effects
making the identificatiorr = = Av,,;4 t, one obtains in ICF experiments.

)—1/2

An incidental conclusion to be drawn from this work is the
Aviy =04GHz 0 4 oslE L dACH (60) interesting point of principle that an ablating plasma does act
axial OR EHZ_th : agp princip : ap . es
R in some ways to avoid the detrimental effects of irradiation
nonuniformity. Ablation-induced time averaging is, in fact, an
Recalling thel/zs dAZ/dt values ranginffom 2to 20 nst  unavoidable consequence of ablation. This is contrary to the
that were obtained for the foam-coated targets, this correnore familiar tendency of ICF plasmas to exacerbate irradia-
sponds to a range v,y from 0.4 to 4.0 GHz for near- tion nonuniformities through the self-focusing of irradiation
normalincidence to 3.2t0 32.0 GHz fy/R = 4.0 incidence.  at intensity peaks and to misdirect the laser energy through
The upper end of this range is about a factor of 10 below tHaser-driven parametric instabilities.
bandwidth of state-of-the-art SSD systems now being imple-
mented, which gives an asymptotic speckle-reduction effect A logical continuation of this work would be to repeat the
that is about one third of that obtained with these SSD systensalculations without the paraxial approximation. As was pointed
out earlier, the paraxial approximation becomes invalid as the
Discussion and Conclusions irradiation approaches its turning point because the refractive
The main conclusion of this article is that the optical ancffects become too large. The paraxial approximation also pre-
hydrodynamic effects of uniformly ablating plasma atmo-cludes calculating the irradiation of a spherical target because
spheres in ICF experiments are capable of moving the speckl#te curvature of the target surface creates large angles of inci-
intensity distributions of phase-converted laser beams ovelence near the limb of the irradiated hemisphere. It has been
distances that allow significant speckle reduction by timeshown here that the reduction of speckle by axial averaging
averaging. The rate at which this smoothing occurs variescales favorably with small incident angles in planar geometry,
widely, depending on the composition of the target and theuggesting that relatively strong averaging effects might be
focal convergence, incident angle, wavelength, and intensitgbtained as a result of the broad range of incident angles
of the irradiation. As has been shown above, smoothing timexcurring with a single beam in spherical geometry.
down to 100 ps and smoothing rates well within an order of
magnitude of what is currently attained with SSD and I1SI ardCKNOWLEDGMENT
possible under some circumstances. This is enough to warrant This work was supported by the U.S. Department of Energy Office of
consideration of ablation-induced speckle averaging in a"1ertia| Confinement Fusion under Cooperative Agreement No. DE-FC03-
experiments, past and future, whose interpretations requireQ§SF19460, the University of Rochester, and the New York State Energy

L . . L Research and Development Authority. The support of DOE does not consti-
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Microwave Phase Modulators for Smoothing
by Spectral Dispersion

A principal component of smoothing by spectral dispersiondentified as one-dimensional smoothing by spectral disper-
(SSD) is an electro-optic phase modulator that produces sion (1-D SSDY. In this scheme, a bandwidth is generated by
cyclic wavelength modulation on nanosecond laser pulses. single modulator, and dispersion is applied along a single
This article addresses the theory, design, manufacture, testirditection. Bandwidths of up to 2 A were achieved with these
and implementation of microwave phase modulators opewriginal modulators. A higher-frequency modulator operating
ating in the gigahertz-frequency range with particulararound 9 GHz was also operated in this configuration that
application to both one- and two-dimensional SSD on thachieved bandwidths in excess of 8.5 A.
OMEGA laser system.
Two-dimensional SSD (2-D SSD) is currently implemented

The first references in the literature to electro-optic moduen OMEGA. This configuration involves two separate stages
lators in the microwave-frequency range were in the earlpf gratings and modulators that apply dispersion in two orthog-
1960s in applications of both amplitude and phase modulatomhal directions. Incommensurate modulation frequencies (3.0
to the recently invented laser. Most of these devices were widand 3.3 GHz) are chosen for the two modulators to maximize
band devices operating over the band from dc to some uppttre spectral content of the phase-modulated laser beam.
cutoff frequency for analog modulatibar over some narrow
radio-frequency RF band for digital communicatiérigarly In the following sections, we present (1) the basic theory
work concentrated on frequency-shifting laser beams for spe@volved in microwave phase modulators; (2) computer simu-
troscopic applications, especially FM heterodyne spectroscophgtions that use8UPERFISHo design the SSD modulators;
but was usually confined to continuous-wave (cw) gas laser§3) a review of the technical design criteria leading to the
as well as some applications to temporal compression of shartirrent modulator designs; and finally, (4) the testing results
pulses generated by cw mode-locked gas laser oscilfators. for these devices.

No work appears to have been done on modulators of thEheory
type needed for SSD that must impress relatively large band- Phase modulation of laser pulses increases the bandwidth of
widths (several A) in a single pass through an electro-optitaser pulses without introducing intensity modulation to the
crystal of relatively large cross section. Commercially availdaser pulse that could be destructive to the glass laser system.
able, guided-wave phase modulators can achieve largéhe electric field of a phase-modulated pulse takes theé?form
modulation bandwidths; however, the small cross section of
these devices and the relatively low damage threshold of
electro-optic materials are incompatible with the relatively E(t) = Eo(t)ei“’ot eiq>(t),
high-power laser pulses typical in driver lines of large glass
lasers used for inertial confinement fusion (ICF) applications.
Furthermore, bulk electro-optic modulators enable the techwhereEq(t) represents the pulse shape before phase modula-
nique of “color cycling,” which is critical to the successful tion, w, is the fundamental angular frequency of the laser, and
implementation of SSB. @(t) is the time-varying phase. Since the laser intensity varies
as|E(t)|2 = |E0(t)|2, intensity modulation is avoided. The time-
SSD phase modulators have been employed onthe OMEGArying phase is achieved by passing the laser beam through an
laser in several configurations. Originally, resonant modulaelectro-optic crystal with an oscillating voltage applied across
tors in the 2- to 3-GHz regime were employed in a scheme noitv The resulting electric field of the laser beam is of the form
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E(t) = Eo(t)eionir)sin(wmt) microwave cavities used for SSD phase modulators, micro-
© wave standing waves are impressed across the electro-optic
= Eg(t)e'@ot v Jn(q)ei(‘*’om‘*’mt), (1)  crystal that can be decomposed into fields co-propagating
n=—co (kco) and counter-propagatir(gcounter) with the laser beam.

The phase-mismatch reduction factor is giveh by
where n is the phase-modulation amplitude amyg, is the
angular frequency of the modulation. The added bandwidth

_ afsin(u) , sin(u-)]

can be expressed as a Bessel-series expansion of the sinusoidal B 5 | U U | (3a)
phase term, or frequency sidebands separated by the modula- * N

tion frequency. The frequency bandwidth impressed by thand

phase modulation is conveniently characterizedty 2nf,, foL _

at which point the mode amplituddg(n) rapidly approach Uy = gﬂ (r:n B(J?SJF ”3)’ (3b)
zero. For light near 1sam wavelength, a bandwidth of 30 GHz

corresponds to approximate = 1 A. wheregs is the relative dielectric constant of the electro-optic

crystal for the polarization of the applied microwave field at
The modulation amplitude for a transverse-field, LiINbY  the modulation frequencly, andc is the speed of light in

phase modulator shown in Fig. 68.25 is giveh by vacuum. The firstterm of Eq. (3a) accounts for the contribution
of the interaction with the co-propagating microwave, while
_ B mg 33 (V/T)L the second term is associated with the counter-propagating
- A ' (2) microwave field.

wherelL is the length of the LiNb@crystal in the direction of Figure 68.26 shows a block diagram of the SSD modulator
laser propagationT is the thickness in the direction of the subsystem. Microwave pulses with peak powers in the kilowatt
oscillating voltage, anW is the width. The reduction factBr  range and pulse lengths of several microseconds are generated
accounts for phase mismatch between the propagating optiday a mechanically tuned, triode microwave power oscillator. A
and microwave fields in the crystal is the index of refraction  ferrite circulator isolates the power oscillator from microwave
for the optical field polarized parallel to theaxis of LINbO;, drive power reflected from the SSD modulator, while a direc-
razis the electro-optic coefficient/,,pjieqis the microwave tional coupler is used to sample the incident and reflected
voltage applied along the crystalline axis of the crystal,Jand power to the SSD modulator for system diagnostic purposes. A
is the wavelength of the laser light. variable attenuator is included in the microwave circuit to
control the drive-power level without changing the power
oscillator operating point that can affect its operating fre-
guency. A double-stub tuner is used to match the impedance of
the modulator cavity to the 5Q-coaxial cable that transmits
the microwave drive power to the modulator.

Large phase amplitudes £ 3r) are required to achieve the
infrared laser bandwidths (~1.5 A) from a single modulator
required for successful implementation of 2-D SSD in laser-
fusion experiments. To achieve these large phase amplitudes,
thousands of volts must be applied across the electro-optic
crystal at microwave frequencies. The microwave drive powers
required to achieve these voltages in traveling-wave phase-
Figure 68.25 modulator geometries are impractical, so resonant cavities are
Geometry of LiNb@ crystal used in phase modulator. used to reduce the microwave drive-power requirements.

3!

counte
L

%1/@7

E8329 e

The phase-mismatch reduction facfbis the usual term Two basic resonant cavity designs have been used for SSD
characteristic of nonlinear optical processes. In the resonaphase modulators: radial-mode and reentrant coaxial-mode
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power oscillator
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circulator

Variable
attenuator
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reflected power

cou|p|er diagnostics signals
Double-stub
_ tuner )

Cb)pftlcal prt]JIse Opﬁlcal rI?UIse Figure 68.26
rﬁoodrﬁlgtioa-:e a0 %O%ruﬁ)atia(‘)sﬁ Block diagram of SSD modulator

SSD subsystem.

> modulator -

E8330

resonators. Early work at LLE was modeled after Kaminow’doaded by the electro-optic crystal at the other end. The theory
work8 using radial-mode cavities with large crystals. In thesef reentrant coaxial resonators is discussed in many microwave
designs, the diameter of the cavity is much larger than iteference$§-13In this cavity geometry, predominantly trans-
overall height, and the electromagnetic wave inside the cavityerse electromagnetic (TEM) waves propagate in the
propagates in the radial direction. Figure 68.27(a) shows mansmission-line section of the cavity, as shown in
cutaway drawing of such a radial-mode cavity. Figure 68.27(bffig. 68.28(b), while the fields at the capacitively loaded end
illustrates a cross section of this modulator cavity along witltonform to the end geometry. The electrode structures are
the electric field distribution for a typical radial mode. Themade as large as possible, compared to the crystal size, to
electric fields of this mode align with the symmetry axis of themaximize the axial electric field uniformity in the electro-
cylindrical cavity, while the magnetic field lines are circular inoptic crystal. A magnetic loop antenna that couples microwave
horizontal planes. Microwave energy is coupled into the cavitgnergy into the cavity is located near the center conductor at
using a magnetic loop antenna located on the outer wall of thke short-circuited end of the transmission line.
cavity where the magnetic-flux density is a maximum.
The reentrant coaxial resonator design offers several advan-

As discussed later itComputer Simulations Using tagesovertheradial-mode designs. First, cavity-mode resonance
SUPERFISH, spurious resonant modes can arise with resdfrequencies are well separated, which simplifies excitation of
nance frequencies near the desired operating frequenaynly the desired cavity mode. Setting the resonance frequency
Additional difficulties with this design arise when the crystalis accomplished by machining the cavity length using analyti-
dimensions approach the modulator cavity dimensions. Speal models that have been developed for this cavity design.
cifically, separate crystal resonance modes can exist above
cutoff when the crystal thickness is nearly equal to the height The dimensions of a reentrant coaxial resonator are deter-
of the cavity. Difficulties in efficiently coupling cavity-mode mined by the properties of a coaxial transmission line. The
energy into the crystal mode prompted the use of highlympedance at a reference plane of a lossless, air-dielectric
reentrant coaxial cavities that proved to be significantly simeoaxial line of length., with a characteristic impedancezgf
pler to analyze and engineer. that is short circuited at its end, is givert®y

A typical reentrant coaxial resonator is depicted in
Fig. 68.28(a), which is essentially a section of coaxial trans-
mission line that is short circuited at one end and capacitively

Rrf, Lo

Z =jZytan DTD(Oth)’ 4)
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wheref,, is the microwave frequency amds the speed of 0.25
light. The characteristic impedanZg can be calculated by
the usual formulet 0.20+ -
1 b 0.15- -
Z =2—4//,l/£ In(b/a) J60In— (ohms), (5) £
T a S
- 0.10F -
whereb is the inner radius of the outer conductor arislthe
outer radius of the inner conductor. 0.051 |
. . ) ) i ) ) 000 heeledeclecbele IIIIII 1 IIIIIIII 1 IIIIIIII 11 L
By definition, resonance in a transmlss_lon-llne cavity oc- "0.001 0.01 0.1 1.0 10 100
curs when an external shunt reactance is connected to the A
transmission line that is equal to and opposite in sigi feor —n
: : : E8317 21c Gotal Zo
an open-circuited line, resonance occurs for value§,of
Whlcr.\.ma.ke the.nght-hand side of Eqg. (4) infinite. Th|sFigure 68.29
condition is satisfied whefl The “universal tuning curve” for reentrant coaxial resonators from Eq. (8)
determines the cavity length of th&t TEM mode of the modulator reso-
k-10 nator. The cavity length of higher-order longitudinal modes is found by
L= DT m: (6) adding integer half-wavelengths.

wherekis any positive integer antl,, = ¢/ f,,, is the free-space in Eq. (6) exists. Inspection of this curve shows that as the
wavelength of the microwave field. Equation (6) is the familiaterminating capacitance approaches zero, the length of the
odd-quarter-wave cavity length condition. Capacitively loadedesonator approaches one quarter of the free-space wavelength
lines can be treated with the same analysis to yield a “universebrresponding to the resonant frequency. As the capacitance
tuning curve.” Since the reactance of the capacitor terminatingecomes larger and larger, the length of the resonant cavity gets

the length of transmission line is given by shorter. The 3/4 resonator mode is depicted in Fig. 68.28(b).
It should be noted that the simplified analysis leading to
.= j ' @) Fig. 68.29 is not exact since stray capacitance due to fringing
2mf,C effects is difficult to quantify exactly.

resonance occurs when Egs. (4) and (7) are equal and opposite Near resonance, a microwave cavity may be modeled as the

leading to the analytic expressi@n parallel RLC resonant circuit shown in Fig. 68.30, where the
shunt resistancBg represents all of the losses in the cavity.
Unfortunately, the appropriate definitions iy, L, andC are
(L0 Am

A 0 276Com Zo” ©

O

The transmission line length normalized to the desired
microwave wavelength,, is plotted in Fig. 68.29 versus this
microwave wavelength normalized to the loaded transmission L ——c Rs
line characteristics. Equation (8) is a multivalued transcenden-
tal resonance condition with solutions fgrwhich are sepa-
rated byA,,/2.

This “universal tuning curve” determines the cavity length, essa
given a known terminating capacitance, longitudinal mode
number, and desired resonant frequency. Since the left-hafiigure 68.30
side of Eq (8) repeats every half-wavelength a resonané\éear resonance, a resonant microwave cavity can be represented by an

. ..._equivalent RLC circuit with a characteristic shunt impeddRgce
condition analogous to the odd-quarter-wavelength condition’ pedde
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somewhat ambiguous and arbitrary for a cavity resofa&or. which shows that minimizing the modulator capacitance is
more convenient set of parameters that totally describes tlaglvantageous for generating the highest peak voltage across
resonance is the cavity resonance frequépdhie ‘Q factor,”  the crystal. In a general sense, a large-cavitiactor also

and the shunt resistan&g. For a given cavity moddég and  maximizes the voltage developed, although the effective shunt
the Q factor, or simplyQ, are well-defined and can be cal- resistance of the cavity described below also plays an impor-
culated based on the size and shape of the cavity, as well tast role.

the materials and fabrication techniques employed in con-

structing the cavity. The definition of shunt resistance depends Assuming the crystal capacitance dominates the total modu-
on the location where the voltage is defined, but it is converlator capacitanc&iq = Cerystal the expression for a parallel
tional to define the path along which the electric field will beplate capacitor@ = eWL/T) can be combined with Egs. (2)
integrated to give the maximum voltayj&or SSD modu- and (11) to yield

lators, this corresponds to the voltage across the electro- 2 820
optic crystal. > _ MQR, OB~ ingrg 12
T = Nt BMTH & B (12)

TheQ of a resonant circuit or cavity is defined®by
wheree =g, « &, & is the relative dielectric constaugg,is the

UEgoreq U dielectric constant of vacuum, awi L1l [T is the volume of
Q= 2o (9) N : )
E Eloss H the crystal, as depicted in Fig. 68.25. The first term is a constant

for a given cavity design, modulation frequency, laser wave-
whereEg;,oqiS the energy stored in the resonant cavity pefength, and operating power. The second term depends only on
cycle, andEy s is the energy lost per cycle to conduction inthe electro-optic crystal dimensions, although the phase-mis-
the cavity walls and lossy dielectric materials inside the cavmatch reduction factgs also depends on the material proper-
ity. At a resonance frequency, the stored energy oscillateses of the electro-optic crystal. It can easily be seen from
between the magnetic and electric fields. Since the electrdzq. (12) that small volume crystals are advantageous to
optic crystal in SSD modulators represents a capacitive load achieving large phase-modulation amplitudes. The lastterm is
definition of stored energy in terms of the total capacitance o conventional figure-of-merit for electro-optic materials.
the modulator cavity is appropriate, and the stored energy is

given by Assuming a sinusoidal voltage variation and steady-state
X conditions where the input power matches the average losses,
Estored = 1/2 Ciotal Vpeak » (10)  or
—v2
whereVye,¢is the peak voltage achieved across the electro- Fn _Vpeak/ZRS' (13)

optic crystal. The total cavity capacitance,
the peak voltage developed in the cavifye,, can be ex-
Ciotal = Corystal * Ceavity * Catray » pressed as

is the sum of the capacitance due to the crystal, the cavity Voeak = 2FnRs - (14)

geometry, and stray capacitance due to fringing effects. Calcu-

lating the capacitances of the crystal and the cavity geometBquation (14) reveals the same square-root dependence on

is relatively straightforward, but estimating the stray capaciinput power observedin Eq. (11); however, the coefficient now

tance can be quite difficult. depends on the effective shunt impedance that is a function of

cavity design. In some circumstances, maximizing the effec-

In the steady state, the energy lost per cycle is exactiyve shunt resistance is more important than maximizing the

balanced by the energy per cycle flowing into the cavity, s@ factor when trying to achieve the highest voltages across

Ejoss = Bn/f. Combining Egs. (9) and (10) yields the electro-optic material.
| An important quantity in evaluating andRg for a resonant
Vpeak = ‘e‘ﬂ (11) cavity is the skin deptld. At high frequencies, electromag-
\ Cota 7T netic waves cannot penetrate deeply into conducting material.
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The skin depthd is defined as the depth at which the currentguency. Figure 68.31 shows Eqs. (16) and (17) plotted using
density has fallen tod/of its value at the surface, and it can bedimensions for 3-GHz, gold-plated SSD modulators built for
calculated fron* OMEGA. It can be seen that the shunt resistance calculated
) using this simplified model actually peaks for larger values of
:\e“‘uw . (15)  p/a than theQ factor. More exact calculations show that a
m maximum for the shunt resistance occurs when (b-a),
wherewy, is the microwave angular frequencyjs the con-  which corresponds to a square toroidal cross setion.
ductivity of the material, andis the magnetic permeability of
the material. For gold, the skin depth at 3.0 GHz is approxi- The utility of increasing the outer radial dimension of a
mately 1.5um. cavity to maximize the shunt resistance is limited by the
emergence of cavity modes with higher-order azimuthal varia-
If dielectric losses in the electro-optic material can beions. Figure 68.32 reproduces tuning curves for several of the
neglected, then conduction losses in the metallic walls of th€EM and TE ; modes of a reentrant-coaxial-ca¢fyo illus-
resonator represent the only losses in Egs. (9) and (13), atrdte the difficulties created by degenerate cavity modes. The
bothQ andRg can be analytically evaluated by straightforwardcavity resonance wavelengtmormalized to the cutoff wave-
means for a capacitively loaded, reentrant coaxial cavity reséength A; for TE;; modes is plotted versus the normalized

nator to yield length of the coaxial section of the cavityA.. For wave-
lengths shorter than the TEcutoff wavelengtht., numerous
Q= 2z0 Ink (16) degenerate points exist between various TEM and,TE
U5 D2In K+ ZDED’ modes, as indicated by the intersections marked with dots. For
Oka O example, a common resonance wavelength is found for both
and the Ay/2 TE;; mode and the/84 TEM mode for one cavity

length value. Degenerate modes, or nearly degenerate modes,
degrade modulator performance since drive power may be
2In(k)+z|:ki1m’ coupled into another mode tha_t does not exhibit a voltage
Oka O maximum across the electro-optic crystal. Consequently, care
must be taken in the cavity and coupling designs to excite only
wherezis the inside height of the cavityjs the radius of the the desired cavity mode. A rule of thumb to identify the cavity
center postk = b/a is the ratio of the inner cavity radius to the dimensions at cutoff for these higher-order modes is that
center post radiusi, is the free-space wavelength, add the mean circumference of the caviby,g = n{a+b), should
is the skin depth of the cavity material at the resonant frebe smaller than the desired free-space wavelehgth

[In(K)]?

R, =24077% 1

P (17)

6000 —————————————q=— 1 200
C 1175
5000 ]
L 150 Figure 68.31
C ] The approximate expressions for the ca@tand shunt
4000 N ] 125 resistance for a reentrant coaxial-mode cavity exhibit
- C ] a peaks at different values for the ratio of the outer and inner
’% 3000 C 1 100 ~ radius b/a The solid lines represent the calculated values
d,’ o . é for the current, small-cavity 3.0-GHz modulator design
C ] 75 & (a=0.125 in.,b = 1.100 in.,z = 2.000 in.), while the
2000 - ] dashed lines are for thex26-mm aperture, large-cavity
C _ 50 modulator §=0.250 in.,b=2.250in.z=2.170in.). In
C Current 2 x 6-mm aperture b both cases, the shunt resistaRgés optimized.
1000~ 3-GHz design 3-GHz design 125
- (a=0.1251in.) (a=0.2501in.) ]
0 P R N RS RS 0
0 5 10 15 20
E8318 b/a
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Figure 68.32
The tuning curves for several TEM and {hE
modes of a reentrant-coaxial-cavity illustrate

< the difficulties created by degenerate cavity

=< modes (from Reickt al.10). The dots indicate
degenerate points where two cavity modes have
the same resonance wavelength for a given
cavity length.

0.0 : ' '
0.0 0.5 1.0 15 2.0
E8319 L/A¢
Computer Simulations UsingSUPERFISH mode are also shown, where the density of lines indicates the

Design and modeling of SSD modulators has been accorstrength of the electric field. The electric fields of the standing
plished using the personal computer version dSthBERFISH  wave in the transmission-line section of the cavity are essen-
collection of programs developed at the Los Alamos Nationdially transverse, and a strong, axial electric field is observed in
Laboratory!®> The SUPERFISHpackage solves Maxwell’s the electro-optic crystal between the electrodes, as expected
equations in two dimensions for both static magnetic anffom the analysis above.
electric fields, as well as radio-frequency electromagnetic
fields using finite element analysis. The codes analyze a user- Figure 68.33(b) shows the calculated radial dependence of
defined cavity geometry to generate a triangular mesh that ike axial electric field componert,, in the equivalent cylin-
subsequently used in the finite element analysis of the wawdrical crystal at the three different horizontal positions shown
equation. Radio-frequency solvers iterate on the frequency ama Fig. 68.33(a). Little variation is observed in the axial
field calculation until finding a resonant mode of the cavity. direction. Almost a 25% variation is calculated across the

full radius of the equivalent cylindrical LiNbQerystal, but

SUPERFISHnumerical simulations of SSD modulators smaller transverse variations are expected across the aperture
are limited to axially symmetric geometries. Given the rectanef the actual rectangular LiNkQOcrystal since the actual
gular geometry of the electro-optic crystal, SSD modulatorsransverse dimensions are smaller. Of course, the exact field
are not strictly axially symmetric, but reasonably accurataistribution is actually somewhat more complicated than cal-
results suitable for design purposes are achieved by modelieglated using this model since the LiNp@ystal is actually a
the crystal as a cylindrical crystal with an equivalent capacirectangular prism located in the center of an otherwise axially
tance. The anisotropy of the LiNg@rystals used in SSD symmetric cavity. The calculated radial component of the
modulators also cannot be modeled SWPERFISH but  electric field,E,, is approximately 1000 times smaller than
anisotropic effects should be minimal since the crystals arie axial electric field component, as expected from the sym-
centered on the symmetry axis of the cavity where transverseetry of the modulator.
fields should be very small.

Figure 68.34(a) illustrates the electric field distribution of a

Analyzing the field distributions of various cavity modes new SSD modulator design currently being developed for the
calculated bysSUPERFISHSs useful in identifying the optimal second stage of the two-dimensional SSD scheme imple-
cavity design and drive frequency. Figure 68.33(a) displays mented in OMEGA. A clear aperture with a larger dimension
half cross section of the current-design OMEGA SSD moduin the axial direction is required to accommodate a sweep of the
lator. Lines of constant electric field for the excited cavitylaser beam at the second SSD modulator caused by the band-
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Figure 68.33

The electric field distribution for the small-cavity SSD modulator design. (a) A nearly TEM field distribution is obsehesttoakial” section of the cavity.
In this representation, the plotted field lines are parallel to lines of constant electric field and the electric fieldistrelaged to the density of lines. (b) The
radial dependence of the calculated electric field distribution is plotted for the three horizontal positions noted 88kag. bi&tle variation is observed among
the three plots, but almost a 25% variation is predicted across the full radius of the equivalent cylindricgldryst#D Smaller transverse variations are
expected across the aperture of the actual rectangular kibityétal since the actual transverse dimensions are smaller.
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Figure 68.34

Electric field distribution for large-cavity SSD modulator. (a) The cavity mode is clearly not a TEM distribution in thal"cseotion of the cavity; however,

strong electric fields in the LiNb§Xxrystal are calculated, as represented by the high density of field lines. (b) The radial dependence of the calculated electri
field distribution are plotted for the three horizontal positions noted in Fig. 68.34(a). Little variation is observed arttorg fiots, but approximately a 20%
variation is predicted across the full radius of the equivalent cylindrical LiMibg3tal.

200 LLE Review, Volume 68



MicrRowAVEPHASE MODULATORSFOR SMOOTHING BY SPECTRALDISPERSION

width and dispersion introduced in the first stage of SSD. Theemarkably well, but they depart substantially from the analyti-
aspect ratido/a for this modulator is similar to the current cal form given by Eq. (8). This departure confirms that the
design depicted in Fig. 68.33(a), but the larger radial dimeractual modes of this modulator cavity are not consistent with
sions lead to somewhat higher valuesg@ndR,, as shownin the TEM mode analysis used to derive Eq. (8).
Fig. 68.31. This new design was pursued with the goal of
generating larger voltages across the electro-optic crystal re- The lowest-frequency cavity mode tracked as a function of
quired to achieve the same electric field strengths as in theavity length corresponds to a nearly radial mode, while the
current design. next higher frequency matches the calculated tuning curve for
the nearly axial mode shown in Fig. 68.34(a). Both of these
The electric field distribution of the cavity mode displayingmodes were reproduced by ti#JPERFISHsimulations,
the strongest fields in the LiNkOcrystal is shown in which predict the tuning variations with reasonable accuracy;
Fig. 68.34(a). It differs remarkably from the current SSDhowever, three additional, higher-frequency cavity modes are
modulator design in that the electric fields clearly are noexperimentally observed that cannot be reproduced by any
transverse in the “transmission line” section of the cavityaxially symmetricSUPERFISHsolutions. Two nearly degen-
Strong, relatively uniform axial components of the electricerate resonance modes appear that are most likely two similarly
field in the crystal are calculated, as shown in Fig. 68.34(bshaped modes that are slightly perturbed by the rectangular
indicating that this design should be suitable for SSD operaymmetry introduced by either the LiNB@rystal or the
tion. Compared to the small-cavity modulator design, thenagnetic coupling loop. The measured tuning curves for these
smaller transverse dimension of the LiNp@ystal aperture modes actually cross the tuning curve for the nearly axial mode
should produce even smaller radial variations. Again, th@ two places, effectively preventing efficient operation near
calculated radial compone, was found to be negligible the desired 3.3-GHz SSD modulator frequency since each of
compared to the axial component. these cavity modes would be excited by the drive power. The
desired mode can be excited at the 3.0-GHz SSD modulator
Experimental tuning curves for cavity modes of the largefrequency since the resonance frequencies for these nearly
cavity SSD modulator were measured by adjusting the cavityegenerate modes are well separated by about 100 MHz. The
length of the resonator with aluminum shim plates between theighest-frequency mode most likely represents a first-order
cover assembly and cavity body. These measured resonareamuthal mode of the cavity since it is relatively insensitive to
frequencies are compared in Fig. 68.35 with resonance freavity length until it approaches cutoff at the shortest cavity
guencies numerically calculated WUPERFISH The lengths investigated.
numerical and measured tuning curves for this design agree

2.6 T T T T T T T T
Nearly Nearly axial
25 le rad:jal N m Mmode |
RN
£ Azimuthal
= 24r ‘.‘ “l mode
E > Nearly *
T o5l degegerate S Figure 68.35
'; ' modes Measured and numerically simulat&@IUPERFISH tuning
§ g curves are plotted as a function of cavity length for large-
8 22~ L3 n aperture SSD #2 cavity.
@ ®
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Design Criteria 2. Optical Considerations

Numerous considerations impact the design and construc- Lithium niobate (LiNb@) and potassium titanyl phosphate
tion of SSD phase modulators, including laser-irradiation KTP) are two commercially available electro-optic materials
uniformity and OMEGA laser system damage considerationsuitable for SSD modulators. Values for the relevant optical
as well as optical, electrical, and mechanical considerationparameters of these materials are reported in Table 68.111. Both

Each of these items is discussed in more detail below. crystals possess large electro-optic coefficients suitable for
transverse modulator geometries. KTP boasts higjermal-
1. Uniformity and Laser System Considerations ues and laser damage thresholds than Lijblaut the

The required SSD bandwidth is dictated by fusion targeelectro-optic figure-of-merit in Eq. (12) is higher for LINRO
physics that have been addressed in previous SSD publicaH of the SSD modulators designed and built at LLE to date
tionsl® and will not be treated in detail here. In general, largare based on LiNb§
bandwidths are desirable, but laser system considerations,
such as efficient frequency conversion to the third harménic  Damage threshold values reported in the literature vary
and avoiding pinhole closure in the vacuum spatial filtersquite widely depending on the purity and cleanliness of the
currently limit the useful bandwidth requirements to approxi-material and antireflection coatings applied to the crystals.
mately 3 A, given the current SSD grating dispersion. Most of these damage thresholds are reported for long pulses

typically greater than 10 ns and must be scaled to the pulse

Modulator frequency is determined by several irradiatioriengths appropriate for laser-fusion experiments that are
uniformity issues. First, the microwave modulation periodbetween 800 ps and several nanoseconds using an
should be of the order of the effective smoothing time requiredgamage U ,JtpE scaling law. Independent damage testing of
to minimize imprinting of instantaneous laser speckle patkiNbO5 at LLE has demonstrated damage thresholds greater
terns on laser-fusion targét® For two-dimensional SSD, a than 1 GW/crA.
second constraint is that the modulator frequencies should be
incommensurate (3.0 and 3.3 GHz) to maximize the number LiNbO5 exhibits a photorefractive damage mechanism
of individual lines within the SSD spectrum. Lastly, achiev-when exposed to visible and ultraviolet light. The scattering
able phase-modulation amplitudes also impose a practicahd absorption associated with this mechanism reduce the
constraint on modulator frequency since the required SSBansmission of the crystal and may alter phase-modulation
bandwidth is related to the modulation frequency byefficiency. To avoid this problem, room lights and flash lamps
Av =2nf,. are blocked from the SSD modulators by windows made from

Table 68.111: Material parameters for LiINbO, and KTP.

LiNbO5 KTP
Electro-optic coefficient raz = 28.8-30.8
18 35.0
(pm/V) (at 633 nm)
Index of refraction ng = 2.1561 (extraordinary) 1.80
Relative dielectric constant £33 =23.7-27.918 15.4
62
nar
333 (pm/v)
& 3304 2705
(using average values)
Laser damage threshold
1.2 GW/cm?2 >1 GW/cm?2
(I-nspulse, A =1.06 um)
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long-pass optical filter glass (RG-850), although two-photon >\
absorption of intense infrared laser pulses may still pose a
problem18 MgO-doped LiNbQ has been shown to prevent p
accumulation of photorefractive dama8eand may be pur- .
sued for SSD modulators if this nonlinear mechanism proves ’
active in the current design. ,
*2-mm sweep ,~
Electro-optic crystal dimensions are critically related to ’ .
both the optical and microwave performance of SSD modula- _)Q<_~40511m-d|am
tors. The cross-sectional area, or clear aperture of the modu- , (FWHM) focal spot
lator, is principally determined by laser-damage consider- .’
ations. In OMEGA, SSD modulators are located in the driver /
line where 1- to 5-ns pulses with energies of approximately 10 ,
to 100 mJ per pulse are typical. Designing for the worst case p
(1 ns, 10Qud), a minimum beam diameter of approximately .
110 um corresponds to the damage threshold of 1 G\&l/cm L7
For conservatism, the actual beam diameter in the OMEGA \#
driver line is set to approximately 40fh. The minimum clear  g5.4
aperture of the crystal is chosen to be about five times larger
than the beam diameter to account for misalignment aniigure 68.36
fabrication tolerances, as well as chamfers on the edges of tflear-aperture requirements for SSD modulators are based on damage
. . T L . _thresholds and beam sweep at focal plane of second SSD modulator in
crystal to avoid breakage during grinding and polishing, whic D SSD.
leads to a minimum clear aperture of 2 mm. A rectangular
cross section (3 mm wide and 4 mm high) is used in SSD
modulators currently in operation in OMEGA since experi-LiNbO3 crystal as determined by Eq. (3). The product of the
ence learned over several years of developing and testipipase-matching reduction factor and the LiNbEystal
modulators empirically shows that square cross sections sedemgth ; appearing in Eq. (2) is plotted in Fig. 68.37 versus
to lead to dielectric resonance modes that can interfere with tleeystal length for SSD modulators operating at both 3.0 and
desired mode of a cavity. 3.3 GHz. The optimal length for these frequencies is observed
to be approximately 10 and 9 mm, respectively. For simplicity,
Another factor that determines the cross-sectional size @9-mm-long crystal is used in both the 3.0- and 3.3-GHz small-
the crystal in the second SSD modulator used in two-dimercavity modulators, while the 3.0-GHz large-cavity modulator
sional SSD is the bandwidth and dispersion impressed on thises an 11-mm-long crystal.
laser beam by the first stage of SSD. The restoration grating of
the first SSD stage and the delay grating of the second SSD Another constraintis the maximum force that can be exerted
stage introduce 44@rad/A of dispersion in the horizontal and on the crystal. Tests in interferometers and polarimeters show
vertical directions, respectively. Since the second SSD modtikat the maximum allowable pressure on the crystal is about
lator is located at the focal plane of a long-focal-length leng50 g/cn? for LiNbO3 before any noticeable changes take
(f=3062 mm), the beam sweeps through a distance of approptace in transmitted wavefront or residual retardance.
imately+2 mm at the second modulator when the first modu-
lator operates at the design bandwidtiAfzf= 1.5 A. Due to Proper crystal alignment with respect to the laser-beam
the two orthogonal gratings in series, the sweep of the focalblarization and propagation is critical since the tensor electro-
spot is oriented at 45with respect to the horizontal, as shownoptic properties of LiNb@ lead to a time-varying birefrin-
in Fig. 68.36. To account for this sweep, a new SSD #Bence in the geometry used for SSD modulators that can
modulator is currently being developed with a clear aperture afenerate amplitude modulation in polarization elements in the
2x 6 mm. laser system. Proper alignment is also important in eliminating
second-harmonic generation in the crystal since LijhiSo
The maximum crystal length is determined by phase-mispossesses a strog) coefficient. The laser polarization angle
matching between the laser and microwave fields in thé, in the plane perpendicular to propagation, shown in
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6 R its dimensions should be small compared to the microwave
. wavelength, which is approximately 10 cm at frequencies near
S ; 3 GHz. The loop is oriented perpendicular to the magnetic
- : fields of the cavity to efficiently couple the microwave energy
s 4 2 from the coaxial transmission line to the cavity mode. A low-
E 3¢ | resistance loop fabricated from gold-plated wire minimizes
& - : resistive losses.
2 b : Large-cavity
. Sma(ljl-(lzavity . (fg?(dé"?g%r ] The size of the coupling loop is determined empirically by
1 -~/ (ax Z]?nnl]l géoerrtj:é) " aperture) : approximately matching the complex impedance of the loop in

the cavity to the characteristic impedance of th&@5baxial

0 5 10 15 oo transmission line. Final impedance matching is accomplished
using a standard double-stub tuner to minimize the power
reflected from the modulator. Reflected power signals more
Figure 68.37 than 30 dB below the incident power are easily achievable with
The product of the phase-matching reduction factor and the LiNb@tal careful COUp”ng |00p deSign and impedance matChing'

lengthB. appearing in Eq. (2) is plotted for both the 3.0- and 3.3-GHz SSD
modulator frequencies. A maximum for these two frequencies appears The modulator cavity bodies are normally machined from

between 9 and 10 mm. The small-cavity 3.0- and 3.3-GHz modulators utilizgg|id stock to minimize the number of joints that would
a 9-mm-long crystal, while the large-cavity 3.0-GHz modulator uses atherwise increase losses. The cavities built at LLE have
11-mme-long crystal. . . . .
usually been machined from high-purity copper in order to
attain the highest conductivity possible. Several skin depths of
Fig. 68.25, is easily controlled with a half-wave plate, while thegold are electroplated on the cavity to avoid oxidation of the
pitch and yaw angle§, and8,, respectively, are controlled by surface that would increase conduction losses and reduce
mounting the modulator on goniometer stages with the centeavity performance. Gold-plated brass and silver-plated stain-

E8324 Crystal length (mm)

of rotation located at the center of the LiNp€ystal. less steel have also been used. Machining tolerances are not
stringent, but surface finish is very important. To minimize
3. Electrical Considerations microwave losses, the surface finish must be an order of

High-power, tunable microwave oscillators and transmismagnitude better than the skin depth. A skin depth ofiih5
sion components are commercially available in the standard calculated from Eq. (15) at 3 GHz for gold, which indicates
microwave bands of interest for SSD modulators listed ihat sub-micron surface finishes are desirable. Single-point
Table 68.1V. Surplus radar equipment is particularly attractiveliamond machining of copper cavities followed by mechanical
since high-power equipment is often available at reasonabfmlishing yields a near-mirror finish.
prices. Given a cavitQ) factor of approximately 1000, input
powers of the order of several kilowatts are required to achieve Center posts are soldered to the covers, and numerous bolts
the phase-modulation amplitudes required for SSD applicaare used to join this assembly to the resonator cavity body to
tions in inertial confinement fusion. insure a low-loss connection. An indium “o-ring” has also been

employed in some modulators to ensure excellent electrical

The coupling loop design is important for efficiently excit- contact between the cover and the resonator cavity body. An
ing the desired resonant cavity mode. To minimize theadjustable, spring-loaded bellows is used to provide a control-
perturbation on the cavity mode caused by the coupling loopable clamping force on the electro-optic crystal. A bellows is

used, rather than a sliding joint, to maximize the conductance

. i i 20 ;
Table 68.1V: U.S. military microwave bands. through the clamping assembly.

Microwave Band Frequency (GHz) . . o
The most important electro-mechanical constraint in the
S 1.550-3.900 ; P ; :
cavity designis the electrical connection between the resonator
X 6.200-10.900 and the electro-optic crystal. A low-loss connection is critical
K 10.900—36.000 since very large mlf:rowave currents are delivered tp the crys-
tal. Gold-on-chromium electrodes are vapor deposited on the
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LiNbOg3 crystal. A long-lasting, high-conductance contact to (a) 0
the crystal electrodes is accomplished using an gallium/indium
alloy near the eutectic point for this material system (~85.8%

Q, =1836:92

S . " 10
Ga, 14.2% In) that has a liquid-solid transition temperature N Q =922:28 |
just above room temperature. After the cavity components, the & 20 - K =0.9930.079 |
crystal, and a crucible of the Galn alloy are all heated above d?" | i
this temperature, the molten alloy is spread on the crystal — 30 - i
electrodes and on the contact surfaces of the cavity. Great care
. . . B fm=3.024 GHz T
is taken to ensure continuous coverage and complete wetting of 40 , L ,
the metallic surfaces. The modulator is assembled at this 200

elevated temperature, and the spring pressure is adjusted

800

provide the correct clamping force on the crystal. Plastic 150
alignment jigs are used to center the crystal in the cavity. The 400
modulator is slowly returned to room temperature to allow the = ~

. : : . S 100 F--h--- MW 0o &
residual stress due to differential thermal contraction between o <
the metal of the cavity and the LiNg@ be taken up by the 400
Galn alloy. It can take several days for the alloy to completely S e
harden, so mechanical shock must be avoided. fm=3.024 GHz ~ 1-800

0 1 1 1

3.015 3.020 3.025 3.030 3.035

Arcing can occur between the modulator contacts at high
microwave drive powers since strong electric fields can be(c) 4 '
developed in the modulator cavity. When this arcing limits =

the achievable bandwidth from the modulators, the cavities 5L Q ~ fy/Af = 1642 |

have been designed to operate in vacuum. Indium o-ring & VSWR = 2.

seals provide a good electrical contact between the cover and i T T

the body. > 2+ ; g
<«—Af =1.842 MHz

Testing I 1

Modulator electrical performance can be accurately evalu- 1 '
ated using a modern, vector network analyzer, such as the HP 3.020 3.022 3.024 3.026 3.028 3.030
8720B. The reflected power coefficieht; for a modulator can S Frequency (GHz)
be measured across a range of excitation frequencies and
plotted in several convenient formats. Figure 68.38(a) shows
S;; for a 3-GHz modulator. Optimizing the coupling loop Flgure 68.38

dimensions and impedance matchina minimize the reflecte lectrical performance of large-cavityx®b-mm aperture, 3.0-GHz modula-
p 9 or measured using the HP 8720B vector network analyzer. (a) The reflection

power at the resonance frequenCY' This corresponds to matcéb'efficient |S_Ll| plotted versus the excitation frequency demonstrates the

ing the resistive part of the modulator's complex impedanc@arrow resonance of the modulator cavity. (b) The frequency difference

as close as possible to the @Q:zoaxial line used to transmit between the points where the resistive and reactive parts have equal magni-

drive power to the modulator, and minimizing the reactive partiude can be used in Eq. (18) to estimateQHactor of the resonant cavity.

The complex impedan@ “R+ jX of the modulator at the ((.:) The VSWR dependence on e>.<cit.ation frequency car] also be analyzed to

. o . . ield an estimate of th@-factor by finding the frequency difference between

different excitation frequencies can also be represented in tt{ﬁe points where the VSWR is 2.6 times the valugat

format shown in Fig. 68.38(b). Careful coupling loop design

can nearly achieve this condition, but final impedance match-

ing is accomplished with a double-stub tuner. wheref,,, is the resonance frequency akfds the difference

between the two frequencies that correspond to the point where

The unloaded@” of the modulator can be estimated by the complex impedance is equally resistive and reactive. These

f fro two frequencies are denoted in Fig. 68.38(b) by points 1 and 2.
(18)

A f- 1y

Qunloaded =

LLE Review, Volume 68 205



MicrROWAVEPHASE MODULATORSFOR SVOOTHING BY SPECTRALDISPERSION

Another graphical approach using Eq. (18), whichis equivaFigure 68.39(a) shows the Fabry-Perot fringes captured by a
lent to the method described above, estimates the unloadeitleo camera. Three fringes are observed that correspond to
Q of the modulator cavity using the voltage-standing-wavedifferent transmission orders of the Fabry-Perot etalon. The
ratio (VSWR) plotted versus excitation frequency, as shown imvidth of each fringe corresponds to the optical bandwidth of
Fig. 68.38(c). In this method, the denominator in Eq. (18) igshe laser pulse, which can be calculated using the parameters
the difference between the two frequencigandf,, at which  of the etalon. Figure 68.39(b) depicts this optical bandwidth
the VSWR is a factor of 2.6 times the valudat from which the full-width-at-half-maximum (FWHM) instru-

mental resolution is estimated to be approximately 0.2 A.

More exact values foQp0adegC@n be developed by nu-
merically curve fitting Fig. 68.38(a) or 68.38(b) to the corres- Figure 68.40 presents the optical bandwidth measurements
ponding analytic expression using an algorithm such as implder the small-cavity 3.3-GHz modulator. Figure 68.40(a)
mented in the program QZER®.QZERO also determines shows the Fabry-Perot fringes that can be analyzed to yield the
Qioaded the coupling coefficieri, and the uncertainty in each optical bandwidth shown in Fig. 68.40(b). For this modulator,
parameter, which are noted in Fig. 68.38(a). 3.5 kW of microwave drive power yield approximately 1.49 A

of bandwidth. A convenient rule-of-thumb for estimating the

High-power bench-top testing is useful to confirm properSSD bandwidth in this experimental setup is given by the full
coupling of the microwave drive power into the modulatorwidth at 70% of the maximum, which very closely corresponds
cavity, as well as to identify potential low-resistance paths thab the SSD bandwidth defined A = £n f,,. The dashed
might shunt power away from the electro-optic crystal, odine in Fig. 68.40(b) represents the calculated Fabry-Perot
“cat whiskers,” formed by the Galn solder that might causespectrum for this estimated SSD bandwidth. Using this band-
premature arcing between the cavity electrodes. width measurement and the material properties in Table 68.1l

in Egs. (2), (3), and (13) for this modulator, a value for the

Final optical testing is performed by passing prototypicalshunt impedances= 10 kQ is calculated. Figure 68.41 shows
laser pulses through the modulator to measure the bandwidthe Fabry-Perot fringes and calculated spectra for the large-
added by the modulators. A Fabry-Perot spectrometer is engavity 3.0-GHz SSD modulator.
ployed to measure the optical bandwidth of the laser pulse.

(b)
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Figure 68.39
(a) Video image of Fabry-Perot fringes for laser pulse without SSD modulator energized. (b) Fabry-Perot fringes convestezlengih scale show that
the instrumental response is approximately 0.2 A.
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Figure 68.40

(a) Spectral measurements for the small-cavity 3.3-GHz SSD modulator
depicted in Fig. 68.33 are made with a Fabry-Perot interferometer. The widtRigure 68.41

of the fringes corresponds to the bandwidth of the laser beam, while theulsed Fabry-Perot spectra for large-aperture 3.0-GHz, large-cavity SSD
spacing between the fringes represents the free spectral range of the interfi@edulator shown in Fig. 68.34. (a) Fabry-Perot interferometer fringes.

ometer. (b) The Fabry-Perot fringes converted to a wavelength scale shols) The Fabry-Perot fringes converted to a wavelength scale shows that
that approximately 1.49 A of bandwidth was added to the laser beam withpproximately 2.0 A of bandwidth was added to the laser beam with 5 kW

3 kW of microwave drive power. The simulated spectrum for this phasef microwave drive power. The simulated spectrum for this level of phase

modulation amplitude is shown as a dashed line. modulation is shown as a dashed line.

Conclusions Further improvements in uniformity are possible with
Microwave phase modulators have been employed in varhigher-frequency SSD modulators that can generate signifi-
ous SSD configurations on OMEGA. The current modulatocantly larger bandwidths. Advanced generations of modulator
designs are LiNb@based devices with microwave drive pow- designs are presently under investigation, including multipass
ers enhanced by resonant cavities. Large single-pass bandwidthsdulators, quasi-phase-matched modulator structures to com-
are achieved in these modulators that provide substantipensate for the phase mismatching between the optical and
improvements in laser-irradiation uniformity. microwave fields, and alternate electro-optic materials.

LLE Review, Volume 68 207



MicrowAVEPHASE MODULATORSFOR SVOOTHING BY SPECTRALDISPERSION

ACKNOWLEDGMENT

This work was supported by the U.S. Department of Energy Office of
Inertial Confinement Fusion under Cooperative Agreement No. DE-FC03-

11.

92SF19460, the University of Rochester, and the New York State Energy
Research and Development Authority. The support of DOE does not consti-

tute an endorsement by DOE of the views expressed in this article.

REFERENCES

1. R. T. Denton, F. S. Chen, and A. A. Ballman, J. Appl. PBs.
1611 (1967).

2. M. A. Duguay and J. W. Hansen, IEEE J. Quantum Electron.

QE-4, 477 (1968).
3. M. A. Duguay and J. W. Hansen, Appl. Phys. L&#.14 (1969).

4. Laboratory for Laser Energetics LLE Revi@w, NTIS document
No. DOE/DP/40200-83, 1988 (unpublished), p. 29.

5. Laboratory for Laser Energetics LLE Revi@¥, NTIS document
No. DOE/DP/40200-83, 1988 (unpublished), p. 40.

6. A. Yariv, Quantum ElectronicéWiley, New York, 1975), Sec. 14.4.
7. 1. P. Kaminow and J. Liu, Proc. |IEEH, 132 (1963).
8. |. P. Kaminow and W. M. Sharpless, Appl. Oft351 (1967).

9. T. Moreno,Microwave Transmission Design Dat®over Publica-
tions, New York, 1948).

10. H.J.Reich, J. G. Skalnik, P. F. Ordung, and H. L. KradgEspwave
Principles(D. Van Nostrand Company, Princeton, NJ, 1957).

208

13.

14.

15.

16.

17.

18.

19.

20.

21.

F. E. Gardiol)ntroduction to MicrowavegArtech House, Dedham,
MA, 1984).

G. J. Wheelemtroduction to MicrowavegPrentice-Hall, Englewood

Cliffs, NJ, 1963).

J. C. SlateiMicrowave Electronicg¢D. Van Nostrand Company, New
York, 1950).

J. D. JacksorClassical Electrodynami¢c®2nd ed. (Wiley, New York,
1975).

L. M. Young and J. H. Billen, computer co8&PERFISH(Los

Alamos National Laboratory, Los Alamos, NM, 1996). (The
SUPERFISHcomputer code is located on the Internet at
http://www-laacg.atdiv.lanl.gov/c-on-line/descriptions/superfpc.html)

S. Skupsky, R. W. Short, T. Kessler, R. S. Craxton, S. Letzring, and
J. M. Soures, J. Appl. Phy86, 3456 (1989).

M. D. Skeldon, R. S. Craxton, T. J. Kessler, W. Seka, R. W. Short,
S. Skupsky, and J. M. Soures, IEEE J. Quantum Elec&8n.
1389 (1992).

R. S. Weis and T. K. Gaylord, Appl. Phys3A 191 (1985).

D. A. Bryanet al, Opt. Eng24, 138 (1985).

S. Y. Liao,Microwave Devices and Circuit®rentice-Hall, Engle-
wood Cliffs, NJ, 1980).

D. Kajfez,Q Factor (Vector Fields, Oxford, MS, 1994).

LLE Review, Volume 68



Design and Testing of a Large-Aperture, High-Gain,
Brewster's-Angle, Zig-Zag Nd:Glass Slab Amplifier

The slab-geometry amplifier was invented in 1969 byprocessing of images and is consequently limited to <2 Hz.
Chernoch and Martih The advantages of the slab geometryThe maximum design repetition rate of the slab was therefore
have been enumerated by many auth@nmsd will not be setto 2 Hz.
repeated here. A resurgence of interest occurred in 1982 as a
result of work at Stanford Universttyn sources for remote 1. Optical Design
sensing. Improvements in actual devices and theoretical under- The terminology for the various slab surfaces is shown in
standing continued thet€ and elsewheré.’ Fig. 68.42. In addition to these surfaces and the edges, three
regions of the slab are referred to specifically. The side regions
The University of Rochester’s Laboratory for Laser Ener-of the slab are the two pumped areas of the slab within one-
getics (LLE) began design and construction of a slab-geomethalf slab thickness of the sides, where propagation is disturbed
system specifically for use as a source for materials testingy strain relief from the sides. The transition regions are the
This device incorporates, in one unit, many of the incrementalvo areas of the slab near the ends, where a transition from
improvements reported previously, including improved coolpumped to unpumped glass is made. Finally, the central region
ing, uniform pumping, high stored-energy density, simplifiedof the slab is where the glass is uniformly pumped and the
amplified spontaneous emission (ASE) suppression, and insurface displacements are essentially uniform. Each of these
proved wavefront. One goal in the design was to avoid, wheregions is handled separately in the optical design to ensure
ever possible, the use of complex propagation codes, relyingavefront quality.
instead on careful design choices guided by physical insight
obtained from analytic calculations and previous work. This High stored-energy densities are desirable in high-peak-
article presents the resulting design and describes ifmower systems to avoid deleterious nonlinear effects such as
measured performance. self-focusing? Typical thickness-averaged stored-energy
densities ) achieved in other large phosphate-glass, plate-
The amplifier is made of Nd-doped LHG-5 phosphategeometry lasers were in the range of 0.3 to 0.333}€m
laser glas$with physical dimensions of 31:08.0x 1.1 cm  These were achieved with single-sided pumping at a flash-
and a doping of 3.3 wt% N@;. The ends of the slab are lamp explosion fractionfg) of 0.34. Slab amplifiers can be
parallel cut at Brewster’s angle. The clear aperture, defined @®uble sided pumped with flash lamps derateg+d.20 for
the unobstructed part of the aperture, isX18)6 cm and has average-power handling. A simple scaling (ignoring ASE
a single-pass, small-signal gain of 8 and a 2-Hz maximurand thickness effects) suggested a stored-energy density near
repetition rate. 0.50 J/crd. An Eg of 0.45 J/crd was chosen as a conser-
vative goal.
Design
The amplifier is used in a facility where optical materials Over the pulse-width range of interest (~1 ns), the aperture
are tested for use in fusion-driver Nd lasers. The wavelengthiequired for one pass of the amplified beam—the beam clear
of interest are the fundamental and the first two harmonics. Theperture—is determined by the most-damage-threatened
pulse widths of interest are 0.1- to 1.1-ns FWHM. The energgomponent after the slab. This is a graded-ihHantireflec-
required is 4 J at 1 ns decreasing to ~1.3 J at 0.1 ns, limited bign coating on the input lens to a spatial filter with a damage
downstream optical coatings. The slab driver is capable dfuence approximated By
producing ~10 mJ of energy at 1 ns, thus requiring a slab-stage
gain of ~400. The data acquisition in this facility requires the damage fluence (J/cmZ) =12 195, (1)
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(a) Side view
Y
St. Venant's St. Venant's
region Pump face ° region
Brewster I 'Un
pumped
end—/> Unpumped | ' end region
end region | |
%‘,_J
Transition region
. Pump face
(b) End view
/ Bevel
T 1 / Y
Mounting Side , : | Side :
edges region | Central region ! region ’ Figure 68.42 _ _
| | X Orthogonal cross-sectional views of a
face-pumped slab showing key features.
— \ —
St. Venant's Pump face St. Venant's
region region
G4018
wherer is the pulse FWHM in nanoseconds. A Tibeam 1-v)kO
: ) . L Mg = : (4)

drives the slab with 1% intensity points assumed to be at the E aE E

edge of the clear aperture. The on-axis fluence of this beam is
six times the average fluence calculated by the energy dividedhere v is Poisson’s ratiog is the coefficient of linear
by the clear aperture. A further safety factor of 1.8 is asstimedexpansionk is the thermal conductivity, arll is Young'’s
to allow for modulation (due to diffraction from surface modulus. Because the size of defects at which fracture initiates
scratches, etc.) on the beam. The beam clear aperture (C.A.Jsatinknown, it is desirable to operate at some fradtiohthe
the exit face is thus reported fracture stress for long slab life. Typicab values
are ~0.2 Equating and rearrangement yield

A _4Jx6x18

> 3.6 cm?. (2) 24
(12 J/cmzj t? =0y MSE. (5)

Since it is desirable to multiplex more than one pass througiihe quantityd s Ms is known as the thermal shock parameter

the slab, theotal clear aperture is twice this or 6.5 &m R of the material and is tabulatd®Q is given by
Assuming a uniforf*deposition of the pump light through _
the thickness (see Fig. 68.42) of the slab and equal cooling on Q=Esxf (6)
both faces, the maximum stressin a slab of infinite extent
occurs on the surface and is giverf by wheref is the repetition rate arnxlis the normalized heating

paramete¥® defined as the ratio of heat energy to peak stored-

__Q o energy densityHy). Substituting and solving fdr
Og=——1t°, 3)
12 Mg
. . . . 0 24 07
whereQ is the heat power per unit voluntas the thickness, t= = XfD . (7
0 EsATO

andMg is the material figure of merit. The material figure of
merit is defined as
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For a stored energy of 0.45 J&mnR,= 1 W/cml®andy  St.Venant's distance from the pumped region. The St. Venant’s
of 2.216 the maximum slab thickness is 1.10 cm. The cleadistance may be defined as the slab thickness (see Fig. 68.42),
aperture in the thickness direction is slightly smaller to allowwhich is relevant for bending the end in thdirection, or as
for the fact that the slab tip must be radiused slighththe slab width that is relevant for bending the end in the
(~0.25 mm) to avoid damage during manufacture and hamx-direction. An additional 4 cm was added at each end.
dling. The actual clear aperture in this dimension is 0.92 cm.
The extracting beam is therefore elliptical, with an aspect ratio The exact physical length of the slab is set to ensure an even
(width to thickness) of 3.6:1. number of total-internal-reflection (TIR) bounces in the slab.
To calculate the number of boundésthe exact propagation
The width of the clear aperture is 6.6 cm, and the physicangle must be known. The angts the complement 6#,
width of the slab may now be calculated since the slab thickwhich was chosen for entrance to the slab near Brewster's
ness is also known. The physical width of the slab must bangle for low loss and high internal fill. For this sl&b=
wider by at least one slab thickness (one-half St. Venant86.9T, the slightly larger value chosen to allow for coolant
region at each side) to avoid the distorted major faces anmdixtures with greater than 50% ethylene glycot(1.424 at
depolarized region caused by stress rélatfthe free sides. A =1054 nm}’ and/or the future addition of evanescent-wave
The physical width of this slab is 8.0 cm. coatings'® The minimum slab length is the 20.0-cm pumped
length plus both of the 4.0-cm runout regions at the ends. This
The pumped length of the slab is determined approximatelgorresponds to 10.85 bounces, so the next largest even number
by the gain requirement. Assuming a propagation afige  of bounces is chosen (12) for a slab length of 30.966 cm.
20° (see Fig. 68.43), thedirection length required for a small-
signal gain of 8 is given by The entire slab, including the Brewster ends, is immersed in
coolant. This strategy further reduces end-deformation effects
L= In(8) cos(6) ~ 200 em, ®) on the _beam. The optical powegrof the deformed end is
aoEs proportional to

whereqyg is the specific gain coefficient of the glass. The exact P= —C , (9)
length of the pumped region is adjusted to align the pumped- (”/”')
to-unpumped transition regions to minimize wavefront errors
across the narrow dimension of the beam. The physical lengttherec is the local curvature of the interface angh' is the
of the slab is longer than the pumped length to reduce stregstio of the initial to final refractive indices. Immersing the end
induced deformation of the entrance and exit ends of the slain coolant (454 n;m,= 1.375) reduces the optical power by a
It is desirable to locate the center of each end at least one-h&dttor of the refractive index of the coolant. This strategy also
eliminates the need for liquid seals to the slab, which must
simultaneously withstand flash-lamp radiation, not distort the
Fused silica window slab, and not leak. Enclosing the ends also protects them
mechanically. Coolant flow over the entire unpumped region
LHG-5 phosphate slya of the slab’s faces maintains good thermal control in that
region. Finally, it has been our experience that the liquid flow
| N continuously cleans the Brewster ends, thereby removing the
| maximum damage threat from the expensive slab to the less-
Z Y expensive entrance/exit windows. Figure 68.43 is a detail of
= L the end treatment. The coolant thickness must be chosen to
z ensure sufficient flow to guarantee a complete coolant replace-
ment between shots and simultaneously minimize absorption
G4019 (a.= 0.188 cm? at 1054 nm).” There is less than 1.64%
absorption in the 1-mm coolant channel shown in Fig. 68.43.

low channel

Figure 68.43

Entering or exiting ray for a Brewster's-angle slab with Brewster face The pumped Iength ofthe slab is adjusted to ensure that the
cooling. ray-integrated optical path through both pumped-to-unpumped
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transition regions does not vary with ray position in thebeam in the entrance and exit transition regions approximates
extracting beam? This ensures that piston-like phase defectsa constant.
along any ray sum to a constant value. The major concern here
is OPD variation in the narrow dimension of the beam. These The total change in pump face displacement over the length
variations can arise from three sources: reflection from af a single beam footprint is minimized by making the transi-
displaced pump face, the variation of refractive index withtion region gradual. In this device the transition region is made
stress (stress-optic effect), and the variation of refractive inddess abrupt by locating the long-direction (end) reflectors well
with temperature. The last effect is of no concern sincéehind the electrodes of the flash lamps, thus rolling off the
dn/dT ~ 0.029 for LHG-5 glass used here. illumination in thez-direction before the slab goes under the
end reflector.

Displacements of the face over the area of the beam imprint
occur in the transition regions from pumped-to-unpumped The final aspect of the optical design is ensuring the unifor-
glass and may be calculated by integrating the strain fielchity of the central pumped region of the slab. Both the
perpendicular to the pump face. The strain field is calculategumping and the cooling in this region must be as uniform as
from the thermal-source functio@(x, Y, z) using a finite- possible. The cooling is described in the following thermal
element code and the thermal boundary conditions. A Montdesign section. Early in the design, the transverse orientation
Carlo codé! tracing ~1/2 million rays at 200 wavelengths [lamp axis parallel to widthxtaxis shown in Fig. 68.42) of the
from the flash lamps into the glass volume calculates thelab] of the flash lamps was rejected because it could guarantee
thermal source function. Temperature contours plotted withineither transverse nor longitudinal uniformity of pumping.
alongitudinal cross section of the slab are shown in Fig. 68.44ransverse uniformity requires that the lightly loaded (fgw-
Not shown in Fig. 68.44 is the central region of the slab wherlash lamps be long compared to the width of the slab. To ensure
the surface displacements are uniform across a beam footpriatlequate plasma opacity at the side of the slab, each electrode
The pumped length has been adjusted to 22.3 cm so that a should be located at least two lamp diameters beyond the side
at the entrance transition region TIRing from a portion of thef the slab. Any nonuniformities in the longitudinal direction
face with a large displacement, TIR’s from a portion of the facelue to the transverse lamps cannot be ameliorated by the
in the exit transition region that suffers only a small displaceeompensation technique described previously because it is
ment. The length of the pumped region has been adjusted susktremely unlikely that the lamp spacing for maximum unifor-
that the sum of the pump face displacements sampled by thaty will be the same as one bounce length.

Longitudinal orientation of the lamps guaranteelrec-
—=, tion uniformity as long as the arc fills the bore of the lamp and
— the aspect ratio (length to bore) of the lamps is sufficiently
large. Filling the bore may be improved by prepuléing

Y Temperature”C) the lamps. The reduced efficiency of emission from the lamp
20.000 near the electrodes may be used to advantage to grade the
z 22197 pumped-to-unpumped transition region. The design goal re-

duces then to delivering sufficient energy, uniformly in the

24.394 o
transverse direction.

26.592

28.789 The total stored energy in the slab at 0.45 3/fsr85 J. At

BUUCOROOEN

30.986 a nominal storage efficiency (stored energy divided by energy
33.183 stored in flash-lamp capacitors) of 1.5%, 5.7 kJ must be
35.380 delivered to the flash lamps. A pump pulse width measured at
37.578 1/3 current max points of 35 is used, 25% longer than the
G4020 39.775 ~280us fluorescent lifetime of the slab. At an explosion

fraction fy of 20% the minimum required arc length may be
calculated froré3

Figure 68.44
Longitudinal cross-sectional view showing the thermal distribution in the
transition region.
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Monte Carlo ray-trace code ZAPwas used. Averag® and
P-polarization properties were used. Measured or calculated
reflection/refraction properties were assigned to surfaces in
whered = 1.9 cm is the lamp borg&g is the energy delivered the cavity. Similarly, measured or calculated absorption/emis-
to the lamps, and is the pump pulse width measured at thesion properties were assigned to volumes within the model.
1/3 current max points. The calculated total flash-lamp arZAP had been previously normalized to two other slab ampli-
length requiredin this case is justunder 32 in. Since flash lamfiiers. The approach to optimizing the pump geometry had two
are conventionally ordered in integer inch lengths, the argoals: (1) keep the cavity as simple as possible for fabrication
length was chosen to be 8 in. with two lamps pumping eacteasons, and (2) keep the number of components in the cavity
side of the slab. One pulse-forming network drives a seriese a minimum. Reflector optimizations were performed for
connected pair of lamps. SiEeignitrons are used as switches both a specular and a diffuse pump cavity. All simulations
instead of SCR’s due to the high peak currents and larggere time instantaneous at the peak of the flash-lamp pulse.
coulomb transfer. Simulations done at other times during the flash-lamp pulse
showed negligible change in the deposition profile. Reabsorp-
Figure 68.45 shows a basic schematic of the pump cavityon by the flash-lamp plasmawas accounted for but none of the
with all components listed. Within the pump cavity are severaleabsorbed energy was reemitted. This was an excellent ap-
components that can be optimized for size, position, or type @iroximation because even at peak current density in the lamps,
reflective surface. To evaluate the uniformity of this cavity, theonly 17% of the flash lamp’s emitted light was reabsorbed.

L= Eo 777 = 80.25 cm, (10)
17000 f,d(T/3)

B R A
S S S N S s o]

L0004 700040 2 s 0 s s st o et A

I_I

Reflector

Water jacket
Pump window
LHG-5 slab
Retainer

Frame

Side plate

Side plate o-ring groove
Plenum

. Glue injection hole
. Flow hole

. Pump window
12 0-ring groove

13. Support leg
13 14. Endcap
15. Brewster window

Enlarged view
of bonding area

=
N
w
IN
ol
© 0N gD E

V22— ~
0]
'—\
o

(
IR

RN 77

LTSS T

=
[

=
o

=

N

v/

LA LA 2

7

G4021

Figure 68.45
Orthogonal cross sections of the slab amplifier detailing all components.
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After numerous simulations, some general statements revhereQ is deposited thermal powem is the coolant mass
garding rectangular pump cavities could be made. Th#low rate, T, is exiting coolant temperature, afg is the
uniformity was fairly insensitive to changes in the shape oéntering coolant temperature. A coolant temperature rise of
the pump cavity. In particular, angling the side of the reflectof.1°C is the design point. From this, the required mass-flow
cavity up to 20 showed little or no improvement in uniformity rate over the pump region is calculated as a function of power
or efficiency. Changing the roof of the cavity or adding a centeloading and\T. m is the minimum mass-flow rate required to
reflector also showed little or no improvement in pump uni+emove the deposited heat from the slab. This mass-flow rate
formity. The pump window retainer, however, showed submay be sufficient to remove the heat load; however, it may be
stantial improvement in transfer and uniformity when speculainsufficient to establish turbulent flow in the coolant channel.
and not diffuse. This is intuitively obvious since a diffuseTo maximize the heat-transfer capabilities of the coolant it is
surface would tend to send a fraction of the light back towardesirable to operate in the turbulent regime. If this condition
the lamps. Uniformity improvements were seen at the edges ekists, then the minimum mass-flow rate to establish turbulent
the slab, which allowed the lamps to be moved toward th#ow is calculated.
center of the slab.

The slab is completely submersed in coolant. For now, only

The reflector materials were chosen simply on a cost basithe portion of the coolant channel in the pump regions is
The specular reflectors are 6061-T6 aluminum polished to eonsidered. To account for the total coolant requirements,
0.10um finish and then plated with 0.0127 to 0.0152 mm ofsimply multiply by the ratio of total slab perimeter divided by
electroless nickel. The nickel was then coated witleam-  twice the pumped length. The coolant channels are 20.65
deposited silver. To prevent the silver from tarnishing, a silicol®.076 cm. The two coolant channels flow in parallel, which
dioxide overcoat was applied. must be accounted for in all calculations. From Eq. (12), the

minimum mass-flow rat¢m) is 1088 gm/s.

Two sets of diffuse reflectors were designed: one metallic,
the other ceramic. The metallic reflectors are the same as the We now calculate the Reynolds numbRg(to verify that
specular except, instead of a polished surface, the surfacetli®e flow rate is in the turbulent regime. Turbulent flow is
beadblasted with a fine bead size until all machining marks atgpically achieved folRe > 2300 although laminar flow for
removed. The reflectors are then plated in the same mannerRe= 10° has been demonstrated for special cases. The Reynolds
the specular reflectors. The ceramic reflectors were fabricatatuimber, which is the ratio of the inertia and viscous forces, is
from Macof.24.25 defined as

2. Cooling _ pDu

. . . . Re=——, (23)
The cooling design of the slab requires uniform heat re- u

moval from the pump faces as well as tolerance to variations in

the cooling-channel height. The temperature rise across thehere p is the coolant density is the fluid flow velocity,

pump face is also minimized to redude/dT effects across D is the hydraulic diameter, apds the dynamic viscosity of

the aperture. With the pump volume, stored-energy densifjie coolant.

(Eg), and maximum repetition raté known, the maximum
average power loading, is given as The hydraulic diameteD for a square channel can be

written as

P = fV, Ex. (11) 4
D =%‘ , (14)

For steady-state conditions, all of the deposited thermal power

is removed by the coolant. The thermal power deposited in thehereA, is the cross-sectional area of the coolant channel and
slab results in a temperature rise in the coolant. The enerdyis the wetted perimeter of the coolant channel, which is
balance equation can be written as P= 2(|p + t).

Q= r'ncp(T0 —Ti) \ (12) The fluid flow velocityu is defined as

214 LLE Review, Volume 68



DESIGNAND TESTINGOF A LARGEAPERTURE HIGH-GAIN, BREWSTERS ANGLE, ZIG-ZAG ND:GLASSS AB AMPLIFIER

u:ﬂ (15) namic entry lengthky p, which is the distance required to
PD obtain a fully developed flow profile, is also affected. This is
of importance since the convective film coefficient varies with
Substituting Egs. (14) and (15) into Eq. (13) yields arthe flow profile. Since no general expression for the entry
expression for the Reynolds number as a function of mass-flolength in turbulent flow exists, a first approximation is found
rate and wetted perimeter using?’

Xtd,h
D

_4m

Re=— . (16) 10<
UP

< 60. (21)

Since half of the previously calculated mass flow goes tdét can then be concluded that either the hydraulic diameter
each coolant channehy2 is used. Equation (16) yields a must be minimized or a suitable entry length must be designed
Reynolds number of 1400, which is clearly laminar. Solvingnto the amplifier.
Eq. (16) withRe= 2300 yields a minimumm = 1792 gm/s
for turbulent flow. The effect of the channel height on the flow velocity can be
readily seen in Egs. (14) and (15). The net effect is simply an
The local convective film coefficiefitin the coolant chan- increase in the flow velocity with decreasing height. This may
nel is required for thermal modeling of the slab. The filmnot seem to have any significant impact on the cooling dynam-
coefficient may be determined from the Nusselt numida):(  ics of the amplifier; however, there is a significant impact in the
area of pressure dropw. This is readily seen from
h="5" (7) Lol
Np=f BBSE pu?, (22)
wherek is the thermal conductivity. The Nusselt number may
be calculated using empirically determined correlations. Fowhere the pressure drop is proportional to the flow velocity
this calculation, the Petukh&f/correlation was used: squaredf is the friction factor, and. is the distance tra-
versed. Pressure drops will be discussed later.

RePrcy /2
1.07+12.7(Pr2/3-1)(cy /2

Nu = 177 (18) The effects on the Reynolds number are negligible at best.

) Since the coolant channel has a high aspect tatie- t, the
effects of the channel height are negligible. From this, itis also
obvious that the Reynolds number is also insensitive to varia-

wherec; is the friction coefficient and is empiricadf/deter-  tions of the channel height. From this and Eq. (14), it is shown

mined to be that the effects on the Nusselt number are also negligible.
c _ . . .
il :[2.236In(Re)—4.639] 2, (19) _ From Eq._(17), the |mportanc§ of _reducmg_ the h_ydraullc
2 diameter to increase the convective film coefficient is estab-

lished. It is desirable to have a low hydraulic diameter; how-
the Prandtl numbeRr is defined to be ever, we are bounded by the pressure required to move the
coolant through the channel. Equation (22) can be reduced to

c
Pr = %“ , 20)
_f 2 (IP +t)
Ap= 2 Love—=", (23)
andc, is the specific heat of the coolant. (I pt)

The height of the coolant channel is an important parametsvhich shows the pressure dependence on the channel height
for a number of reasons. Since the channel height directhyhereV is the volumetric flow rate. Equation (23) neglects
affects the hydraulic diameter, it also directly affects the flonany effects on the friction coefficient because it was pre-
velocity and the Reynolds and Nusselt numbers. The hydrodyiously stated that the effects on the Reynolds number were
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negligible. The friction factor is defined in Table 68.V for Brewster's angle) cooling channel’s 50%/50% (by volume)
various Reynolds numbers. mixture of flowing ethylene glycol and water.

As a design goal we wanted to keep the pressure drop of the The thinness of the channel (0.088 cm) would require a
amplifier below 5 psi to prevent pressure-induced deformationonlinear index of the coolant to be two orders of magnitude

of the input and output Brewster windows. greater than that of typical solids before self-focusing would
be a problem, which is not likely. Similarly, the thinness
3. Linear Optical Effects in the Coolant Channel reduces the gain-length product for forward and backward

In propagating through the coolant chanmiel,dT effects  stimulated scattering to very small values. However, transverse
can cause significant wavefront errors. As a design point, watimulated scattering could experience significant gains. Since
chose to keep this error less tAdh0. This error can be directly Raman gain coefficients are typically an order of magnitude
controlled by varying the propagation distance through théwer than those for stimulated Brillioun scattering (SBS), the
coolant channel. For afirst-order approximation of the wavefrontase of SBS is examined.
error, we assume instantaneous and uniform heating through
the coolant channel. Assuming a peak flueRgef 10 Jlcm The Brillouin gain can be characterized as transient or
over a unit area of 1 cfrand using the linear absorption steady state, depending on how the pump pulse compares to the
coefficient a of ethylene glycol and water, we calculate aphonon lifetime. Transient gains are much lower than steady-
temperature rise of 0.8€ using state gains. The steady-state case will be examined first. The

steady-state gain coefficient at 1064 nm for backward SBS in

AT = Q (24) pure water is measured to be 3.8 cm/&\@orrecting the gain
mcy ' coefficient by cosf4) to the transverse scattering gain yields
a transverse SBS gain coefficient at 1064 nm of 2.7 cm/GW.
where Q = acF,. The maximum output-beam intensity is taken to be 4 GW/cm

external to the amplifier. In the amplifier the intensity is
From this the optical-path-length difference is found usingeduced by the factor of the refractive index due to the Brewster's
angle input. Accounting for the average 1.38 refractive index
Ad = dn AT, (25) of the gooling mixture, the .pump intensltyis 2.8 GW/cm. .
dt Assuming a perfectly spatially flat output profile, the maxi-
mum transverse dimensidnis then equal to the maximum
whered is the path length through the coolant channel. Thevidth of the beam or 3.6 cm. Tlgé,L product is then
value dn/dT was the average of waterl(2x 1076/°C)17 and
ethylene glycol£2.7 x 10°6/°C).17 The resultant path-length glpL =27. (26)
difference was\/12 at 1054 nm.

4. Nonlinear Optical Effects in the Coolant Channel A glpL product of 30 or more is generally accepted as being
High-peak-power laser systems can be limited by a varietsequired for significant Stokes wave growth from noise. Note
of nonlinear effects. The limitations imposed by these effectghat this is a very conservative estimate because the pulse
which include self-focusing and stimulated scattering, arsvidths of interest here (~ few nanoseconds) are of the same
well understood for conventional materials such as fused silicarder as the phonon lifetime for water, placing this prob-
and laser glas® In this slab design, the high-peak-powerlem clearly in the transient regime, where the SBS gains are

beam propagates through the thin (0.088 cm, corrected fonuch lower.

Table 68.V: Thefriction factor for various Reynolds numbers.

f= 64 Fully developed laminar flow

" Re
f=0.316 Re 025 Re< 2 x 10#
f=0.184 Re 025 Re > 2 x 10#

Fully developed turbulent flow
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Since the coolant is a mixture of ethylene glycol and water, The thermal benefits of the beveled slab are quite signifi-
the case of pure ethylene glycol is examined next. The meaant. The finite element program ANS¥Svas used to solve
sured transverse SBS gain coefficient for ethylene glycol dioth the thermal and stress distributions in the slab. Fig-
532 nm is 0.60 cm/G\AP The measured transverse SBS gainure 68.46 shows the temperature distribution of a uniformly
coefficient for water at 532 nm is 2.1 cm/GWThe gain loaded, square-edged slab with the edge of the slab as a perfect
coefficients for ethylene glycol at 532 nm is therefore ~0.3nsulator. As one would expect, the temperature distribution is
that of water and, assuming similar wavelength scalings toniform. Figure 68.47 shows a slab with bevels added. Notice
1054 nm, will be no worse a threat than SBS from water. the isotherms turn up so that they terminate normal to the slab

boundary, once again as expected. This implies that a perfect
5. Mounting insulator is not required at the slab boundary. Figure 68.48

The slab was mounted in the configuration shown irshows the uniformly loaded slab with the silicon adhesive and
Fig. 68.45, which is a departure from the square edge usednmetal frame added. Notice the change in the isotherms due to
numerous experimental test béds2This geometry has me- conduction at the edge. Figure 68.49 shows the resultant
chanical, thermal, and optical advantages that combined preemperature distribution when the slab is loaded with the pump
vide significant performance improvements. The edges of thgrofile predicted by ZAP. As can be seen in Fig. 68.49, the
slab are pitch polished to an inspection finish with the glasthermal gradients occur in less than the St. Venant's region
and metal bonded by an air-cured silicone adhéSive. (one slab thickness).

The philosophy of the mounting configuration is to ensuregexperimental
minimum risk to the slab, should a debond in the silicond. Gain and Gain Uniformity
bonding layer occur. If a debonding in the silicon layer were to  Small-signal-gain experiments were performed in the cen-
occur, the slab could move only in thelirection. This con- ter of the clear aperture using the ratio-of-ratios technique.
figuration also removes the bulk of the adhesive from direcThis technique accounts for transmission losses; therefore,
pump-light radiation. the gain values are gross gain. Figure 68.50 shows the con-

[ <]

p— =
Y Temperature®
Temperature’c) Y Temperature°C)
20.160
X ., X my 202
[ 24.458 I 23.681
|:I 26.607 26.342
| [P I:||:| 29.003
[l 30.905 31.664
mm > N
33.055 34.325
> /
35.204 36.986
D ]
37.353 39.646
. L 45507
1022 39.502 B
G4023 44,968
Figure 68.46 Figure 68.47
Steady-state isotherm plot of a uniformly loaded slab with square edgeSteady-state isotherm plot of a uniformly loaded slab with beveled edges.
The edges are treated as an adiabatic boundary. The edges are treated as an adiabatic boundary.
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Figure 68.48 Figure 68.49

Steady-state isotherm plot of a uniformly loaded slab with beveled edges. Tigteady-state isotherm plot of a slab loaded with a predicted pump profile. The
silicon bonding layer and stainless steel frame have been added as detailedilicon bonding layer and stainless steel frame have been added as detailed in

Fig. 68.43. Fig. 68.43.
Photodiode Photodiod can be seen from the data, there is no parasitic clamping or ASE
Filter stack Filter stack—\e:\ roll-off. Also from Fig. 68.51, it is observed that there is no

Pickoff performance penalty for using diffuse reflectors. The storage
\ efficiency is plotted in Fig. 68.52 as a function of stored energy
\ in the slab. This clearly shows characteristic roll-off in effi-

| { Slab

ciency with increasing stored energy.

‘J;L'T_ amplifier QN%Wétlgggd Mounting the amplifier on a linear stage allows gain map-
Linear stage oscillator ping across the aperture. For all reflector types, the gain map
Machinist's scale was obtained with the probe beam (2-mm diameter) centered

G4026 . . . .

vertically in the clear aperture. Data points were obtained every
Figure 68.50 0.1in. across the physical aperture. For the specular reflectors,
Experimental setup used for small-signal-gain and gain-mapping experthe gain mapping was performed at three different bank ener-
ments. gies. The three bank energies cover the anticipated operating

range of the amplifier. Figure 68.53 shows the resultant nor-
figuration of the gain setup. The probe oscillator is amalized data compared to a predicted pumping profile. From
Q-switched Nd:glass oscillator that produces 100-ns FWHMrig. 68.53, a pump uniformity of6% is observed. Two
pulses at 1054 nm. The reference and gain signals are detectaclusions can be drawn from this data: (1) the pump profile
using large-area photodiod®sto ensure that the entire was independent of the 4- to 7-kJ bank-energy range, and
probe beam is detected. Three sets of gain data were obtainé?), agreement between predicted and experimental values
each of which corresponds to a different reflector type. Thevas within the error bars of the code.
reflector types will be denoted as specular, metal diffuse, and
ceramic diffuse. Normalized data for the diffuse reflectors is shown in
Fig. 68.54 along with the corresponding predicted profile. Data
The initial data runs were done as a function of bank energfor the diffuse reflectors was obtained at only the bank energy
This data is shown in Fig. 68.51 for the two reflector types. Agor which the slab was designed. The data was normalized to
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?) ) Figure 68.51
8 s ® N Plot of gross gain as a function of bank energy
(‘5 8 o for both specular and diffuse reflectors.
51 ° ]
8 (o)
3+ 8 o Specular reflectors |
8 e e Diffuse reflectors
o8
1 L@ I I I I I I I
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Bank energy (J)

20 | | | | the average stored energy across the slab aperture. There is
> virtually no difference between the two sets of reflectors. From
2 18} ¢ . . - Fig. 68.54, a pump uniformity af3% is observed. This is
.5 16 o . * e, important since it gives us a method of producing inexpensive
.;E’ ' ., _ and effective reflectors.
()
g LA * | 2. Birefrin i
S R . gence Mapping
S 12| o | Birefringence maps for all reflector types were obtained
@ using the setup shown in Fig. 68.55. The laser source was a
1.0 ' : : : diode-pumped Nd:YAG® Due to the stability of the laser, no
0.05 0.15 025 0.35 0.45 0.55 reference signal was needed. The polarizer analyzer pair was
caons Stored energy density (J/cc) chosen such that a contrast ratio of 2500:1 could be obtained.
The intensity of the probe laser was then measured with the
Figure 68.52 polarizers both crossed and uncrossed. For data with uncrossed

Storage efficiency as a function of stored energy in the slab. polarizers, a set of calibrated optical density fiBérmere

1.2

S
)
GC) Figure 68.53
‘© Normalized-stored-energy map for specular
% reflectors at three discrete bank energies.
) Also shown is the predicted pump profile
8 with 3o error bars.
)
N 09+ u ® 6.9kJ]
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0.8 | | | | | | |
-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2

Distance from slab center (in.)
G4029

LLE Review, Volume 68 219



DESIGNAND TESTINGOF A LARGEAPERTURE HIGH-GAIN, BREWSTERS ANGLE, ZiG-ZAG ND:GLASSS AB AMPLIFIER

1.2
>
2
o 1.1 —
c
o
B Figure 68.54
S Normalized-stored-energy map for two dif-
g 10 o = ferent diffuse reflectors at the design bank
2 v g ° § E E energy. Also shown is the predicted pump
g profile with 3o error bars.
S 09|
@ Data diffuse metal reflector
O Data macor diffuse reflector
0.8 | | | | | | |
-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
4030 Distance from slab center (in.)
—_ 09 [ T T T T T T T "
E 0.8+ (5
S S i
Analyzer . . £ 8; e Experimental data °®
Polarizer pair o Y-or 7
8 o5l o )/ .
)
T qg')) 0.4 [ ] [ ] -
£ 03F ° ° -
[ Filter stack U T_Slab_ : ® o2b ®e ° -
_ &5 amplifier ~ ~~ CW = U ° o’
Photodiode ) diode pumped 0 01h L ° .
Linear stage Nd:YAG 0.0 I I Pecece® I I
G4031 Machinist’s scale -1.2 -08-04 00 04 08 1.2
64032 Distance from slab center (in.)
Figure 68.55 Figure 68.56
Experimental setup used for birefringence mapping. Steady-state birefringence map.

used to keep the signal on the diode below 1 V. This was doffekedaet al. with acquisition and analysis developed at
to maintain operation of the diode well within the linear rangeLLE.3° The probe source was a 1064-n@rswitched, cw
Measurements with the polarizer analyzer pair crossed arsmburce. The amplifier was run at 1 Hz at the design bank energy
uncrossed were obtained at 0.1-in. increments across theéth the diffuse reflectors for at least 1 min prior to data
physical aperture. acquisition to ensure that steady state had been achieved. This
was verified to be a sufficient length of time by acquiring a
The first depolarization data was obtained with the amplisecond interferogram after 5 min of operation. Since we are
fier unpumped to measure any residual stress depolarizatiomterested in the steady-state effects and not the transient
due to mounting and the glass itself. The remaining data wadfects, data was collected between amplifier shots. Three sets
taken at 1 Hz at the designed bank energy. Figure 68.56 shoafinterferometric data were taken. The initial data was taken
depolarization as a function of aperture for both reflector typesvith the amplifier static; this served as the reference wave-
front for which all subsequent data will be used. Next the
3. Wavefront Evaluation coolant was turned on, which allowed us to measure directly
The wavefront of the slab was evaluated with the amplifiethe pressure-induced deformation of the Brewster windows.
in one leg of a Mach-Zehnder interferometer (Fig. 68.57). Th&inally the slab was pumped, which allowed us to measure the
interferometric data was evaluated using spatial synchronoulsermally induced wavefront deformation.
phase detection (SSPBJ This technique was developed by
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Filter stack
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o 45° HR
‘\ Figure 68.57
N Mach-Zehnder interferometer setup
for wavefront evaluation.
\— N /
Slab amplifier T T
50/50 Collimating
64033 beam splitter beam expander

Figure 68.58 shows the pressure-induced wavefront with Figure 68.59 shows the thermally induced wavefront error
the static wavefront subtracted out. This compares with theith the pressure-induced wavefront error subtracted out. Due
previously predicted error. This effect can be reduced byo the very high fringe frequency at the edges of the physical
(1) increasing the thickness of the Brewster windows, andperture, data could not be extracted; however, data within the
(2) reducing the internal pressure in the slab by increasing tlodear aperture was undisturbed. This effect is directly attrib-

size of the coolant return lines. uted to SSPD, which is primarily used for high-resolution
—_ T T T T T T T [ I I [
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s}

—~ 0.8 . : -1r ]
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(A/400) and is not well suited for multiple waves of deforma- Table 68.VI: System Performance

tion. The wavefront error bears a strong resemblance to thg p )
pumping profile, and it is natural to ask how much of the| Wavelength onversion Energy
. . Efficiency
wavefront error is due to deformations of the pump faces of thd
slab. Using the measured pump profile, ANSYS was reruntq 1054 nm - 217
determine if indeed there is a connection. 532 nm 68% 143
351 nm 55% 0.88J

4. System Performance
The slab was installed in LLE’s damage test laser (DTL)
(Fig. 68.60). This system has been used for materials testingincide with the peak energy due to conversion crystals of
and nonlinear optics experiments. The front end of the systehass than optimum thickness. The high conversion efficiency
consists of a 3-mQ-switched, mode-locked Nd:phosphate will allow for large-area materials testing at 351 nm.
glass oscillator running between 0.1 and 1.1 ns. Nominal
operation of the system is at 0.8 ns. A single, 1-mJ pulse Bummary
amplified by a 1/4-inx 6-in. Nd:glass rod capable of deliver-  We successfully designed, constructed, and tested a large-
ing up to 100 mJ of drive to the slab. The beam undergoeserture, high-gain, Nd:glass slab amplifier with a 2-Hz
one-dimensional expansion in a Littrow prism anamorphigepetition rate. The slab was designed for a gross small-signal,
beam expander. The beam then passes througlGaldean single-pass gain of 8, although a maximum gross small-signal
telescope before being injected into the slab. The pulse is thgain of 13 was obtained. These stored-energy densities were
amplified with three passes through the slab. The output pulsdbtained without special ASE (amplified spontaneous emis-
is then spatially filtered before being converted to 527 nm osion) suppressors and with a pump uniformity-8%. This
351 nm. The frequency-conversion cell consists of KD*P, sgpump uniformity was achieved with a simple box reflector
up in a Type-ll polarization mismatch scheffe. with diffusely reflecting surfaces. Two methods of producing
this diffuse surface were found to give comparable pump
Conversion-efficiency measurements were performed girofiles. This high degree of pump uniformity helped to mini-
the second and third harmonics. The results are shown mize thermally induced wavefront errors that were less than
Table 68.VI; note that the peak conversion efficiency may ndd.5 waves at 1054 nm in the clear aperture.

3-m active-passive oscillator

———— CT KA Nl
I T NS
Pre-amp E-O Switchout 1.5 relay
A2 A2
Qg'_?/ﬁ—ﬁw‘ ; y N \
> . N /l %
Anamorphic beam expander 2% relay Figure 68.60

Damage test laser schematic.

” ———— H

Slab amplifier

( \
\ V

Vacuum spatial filter

» Output to
damage test facility

G4035
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When installed in LLE's damage test laser, the slab ampli-
fier brought the system performance to the multijoule level

with as little as 10 mJ of drive. This system has sufficient beams

quality to permit high conversion efficiencies at the second
and third harmonics.
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Laser Facility Report

This report summarizes activities on the OMEGA laser systerguency conversion and gain saturation effects in the OMEGA
for FY96—the first full year of operations. The format for system. The leading edge of the laser pulse experiences the
operations has been to allocate laser time to experimentalrgest gain and the rest of the pulse has a gain related to the
programs in single-week units of nominally 20 target shotscumulative amount of energy preceding it. Precompensation is
Many experimental programs were supported on the facility, aaccomplished by applying a specific voltage to an integrated
well as several laser enhancement projects. FY96 laser iroptical waveguide modulator that shapes an optical pulse in
provementsincluded 2-D SSD, backlighter, pulse shaping, arglich a way that when injected into the system produces the
an integrated hardware timing system. desired pulse shape on target.

The first quarter of FY96 was devoted to activating SSD Target interaction experiments were divided among a num-
beam smoothing on OMEGA. The initial plan of implementa-ber of internal LLE campaigns and external NLUF and National
tion of 1-D SSD (LLE U2 Program) was expanded to encomkaboratory users. Internal campaigns followed the LLE Pro-
pass the full capability of 2-D SSD (LLE U3 Program). Thisgram Plan, which is summarized in Table 68.VII (see. p. 226).
effort required the full resources of the laser drivers and
precluded the use of OMEGA for target shots. The objectives In summary, 30 weeks of FY96 were used for target shots
of installation, integration, and activation were met, bringingand 22 weeks were dedicated to modifying the laser for in-
the 2-D smoothing effect to target, combined with BB#am  creased uniformity and functionality. During the 30 weeks of
uniformity enhancements. target shooting, 588 individual target shots were taken (aver-

age of 20/week). Of the 22 weeks when targets were not shot,

Second-quarter accomplishmentsincluded the activation d4 were used for the U2/U3 Program, 4 for activation of pulse
a third laser source capable of feeding the OMEGA beamlineshaping, and 4 for maintenance and laser calibration shots.
as a backlighter. This wholly separate laser system—the back-
lighter driver—can feed 20 beams of OMEGA with one pulse The shot summary for OMEGA for FY96 is as follows:
shape, while the other 40 beams are fed by either the SSD or

main driver. A large proportion of the planar-foil backlit beam Driver 900
imprinting and acceleration target shots used this flexible fea- Beamline 221
ture of OMEGA. Target 588

Total 1709

Pulse shaping was added to the OMEGA laser system
during the third quarter FY96. This system allows the generdREFERENCES
tion of selected temporal pulse shapes from 180-ps to 3-nsl. Laboratory for Laser Energetics LLE Revié, NTIS document
duration. Each input pulse shape design compensates for fre- NO- DOE/SF/19460-117, 1996 (unpublished), p. 1.
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Table 68.VIl: LLE Program Plan

Laser Physics Programs Progress summary
PB1 Demonstration of 3%—-4% rms beam-to-beam energy Complete
balance
Ul Implementation of optimized distributed phase plates Initial 60-beam experiments completed;
(DPP) manufacturing problems caused premature
damage of epoxy DPP's. Replacement with
ion-etched DPP'sis planned for FY 97.
u2 Implementation of 1-D SSD Complete
u3 Implementation of 2-D SSD Interim bandwidth of 0.6 x 1.5 A complete
U4 Implementation of polarization rotators Prototype complete and tested
PS1 Temporal pulse shapes on target with contrast ratios of Complete

20:1

Target Physics Programs

PP2 Implosion experiments with varying convergence ratio Supported with 60-beam shots

S1 Planar-foil Rayleigh-Taylor growth-rate experiments Supported with backlighter, pulse shaping, and
SSD

2 Planar-foil imprinting experiments Supported with backlighter, pulse shaping, and
SSD

S3 Spherical hydrodynamic stability experiments Supported with pulse shaping and SSD,
60-beams shots

HE1 Surrogate (noncryogenic) hydrodynamic-equival ent Supported with 60-beam shots

experiments
NLUF Proposals as reported in LLE Review Supported several users with target shots
ID Indirect drive on OMEGA Proof-of-principle experiment completed
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Proposals for FY96

Nine proposals were submitted for consideration by the Approved proposals are listed in Table 68.VIII.
NLUF Steering Committee for FY96. The proposals included
four for x-ray spectroscopy and one each for cryogenic target The OMEGA shots for proposals by Prof. Griem, Dr. Seely,
characterization; nuclear calibration; hohlraum diagnostiand Prof. Hooper were carried out, and their FY96 activities on
development; high-resolution, low-energy x-ray imaging ofOMEGA are essentially complete. Professor Padalino’s work
laser-irradiation imprinting; and optical imaging of the critical on nuclear diagnostics calibration at SUNY Geneseo is also
surface. These proposals were reviewed on 20 December 198&arly completed. Professor Su is continuing to analyze the

by the following technical committee: results of OMEGA experiments, and Prof. MacFarlane has
shots scheduled on the Nova facility under an NLUF grant.
Dr. John Apruzese (Naval Research Laboratory) Professor Mizuno’s work on OMEGA will begin when appro-
Dr. Joseph D. Kilkenny  (Lawrence Livermore National priate long-scale-length plasma conditions are generated and
Laboratory) characterized on OMEGA.

Dr. Jeffrey P. Quintenz (Sandia National Laboratory)

Table68.VIII: Approved FY 96 NLUF proposals.

Proposal Principal - ;
Number Investigator I nstitution Proposal Title
194 HansR. Griem University of Maryland Electric Field Measurements from Satellites to
Forbidden Line Ratios in an OMEGA Upgrade
Laser-Produced Plasma
196 Stephen Padalino State University of New York | Calibration of Neutron Diagnostics for
at Geneseo OMEGA
197 Joseph J. MacFarlane | University of Wisconsin, Development of Soft X-Ray Tracer
Madison Diagnostics for Holhlraum Experiments
199 John F. Seely Naval Research Laboratory High-Resolution Imaging of Early-Time
Imprinting Using Normal-Incidence
Multilayer Mirrors
200 Qichang Su Illinois State University Diagnostics of Core-Shell Mixing with
Absorption and Emission Spectra of a Doped
Layer
201 Katsuhiro Mizuno University of California, Applications to Optical Micrograph Image
Davis Diagnostic, and Instability at the Quarter
Critical Density
202 Charles F. Hooper, Jr. | University of Florida Time-Resolved Plasma Spectroscopy of
Imploded Gas-Filled Microballoons:
Continuum Lowering and Pusher Dynamics
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Proposals for FY97

Seven proposals were submitted to NLUF for FY97. The Dr. John Apruzese (Naval Research Laboratory)
proposals included two experiments on x-ray spectroscopy Prof. Tudor Johnston  (Institut National de la Recherche
from imploded capsules, two on laser scattering in long-scale- Scientifique)
length plasmas, and one each on diagnostics for laser- Dr. Kevin McGuire (Princeton University)
beam-imprinting studies, studies of the nonlinearity of free Dr. Richard Petrasso  (Massachusetts Institute of
space, and x-ray polarization. The proposals were reviewed on Technology)

8 August 1996 by the following technical committee:
The committee approved five proposals for funding as
shown on Table 68.1X

Table 68.1X: Approved FY 97 NLUF proposals.

Proposal Principal P :
Number Investigator Institution Proposal Title
203 R. Paul Drake University of Michigan Laser Scattering from Long-Scale-Length
Plasmas on OMEGA
204 Charles F. Hooper, Jr. | University of Florida Time-Resolved Plasma Spectroscopy of
Imploded Gas-Filled Microballoons: Emphasis
on Two-Temperature Diagnostics, Line Shifts,
and Pusher Dynamics
205 John F. Seely Naval Research Laboratory Study of 2-D Laser-Beam Imprinting Using a
Double-Crystal Monochromator
206 Steven H. Batha Fusion Physics and I's Filamentation the Origin of Stimulated
Technology Raman Scattering (SRS)? The Spatial
Coherence of SRS
207 HansR. Griem University of Maryland Early-Time Measurements of Soft X-Ray
Emissionsin an OMEGA Upgrade Laser-
Produced Plasma
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