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Cover Photos

Upper Left: View of the OMEGA EP target chamber as it
is installed within the target chamber structure in the new
OMEGA EP Facility that is currently under construction.

Upper Right: Senior Technical Associate Nelson LeBarron
inspects a single full-size grating from a three-tile grating
array under development for OMEGA EP.

Lower Left: Photograph of cryogenic target holders that are
used to hold target assemblies in the OMEGA Cryogenic
Target Handling System.

Center: A cryogenic target layering sphere undergoing optical
testing to assess its ability to uniformly illuminate a target.

Middle Right: View inside the target chamber for the MTW (multi-
terawatt) laser. MTW is a 10-J, 1-ps laser facility that is used to
develop diagnostics for OMEGA EP.

Lower Right: Technical Associate Chad Abbott is shown making
adjustments during the installation of the second fill station in
LLE’s target fill facility.
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Executive Summary

The fiscal year ending in September 2005 concluded the third
year of the second five-year renewal of Cooperative Agreement
DE-FC52-92SF19460 with the U.S. Department of Energy.
This report summarizes research at the Laboratory for Laser
Energetics (LLE) conducted during the past fiscal year, opera-
tion of the National Laser Users’ Facility (NLUF), a status
report of the new OMEGA Extended Performance (EP) laser
project, and programs concerning the education of high school,
undergraduate, and graduate students during the year.

Progress in Laser Fusion Research

Progress in laser fusion this past year falls into five broad
categories: (1) direct-drive results from OMEGA; (2) progress
in the development of the cryogenic target system and experi-
ments with cryogenic targets; (3) results for polar direct drive
(the application of nonspherically disposed laser beams for
direct-drive spherically symmetrically driven systems), which
is of great interest for the National Ignition Facility (NIF);
(4) fast ignition, which uses short-pulse (<100-ps), high-inten-
sity (~1019-W) laser beams to ignite a compressed thermo-
nuclear fusion capsule; and (5) high-energy-density physics
results that use inertial fusion facilities to produce matter in
extreme states that are central to understanding and modeling
nuclear weapons phenomena important to the National Stock-
pile Stewardship Program. The following sections furnish a
guide to this year’s results in each of these five areas.

1. Direct-Drive Results

Inertial confinement fusion (ICF) capsules with shaped
adiabats are expected to exhibit hydrodynamic stability with-
out compromising the one-dimensional (1-D) performances
exhibited by flat-adiabat shells. While theoretical formulas
for the adiabat profiles generated by the relaxation method of
adiabat shaping have been previously derived in LLE Review 98
(pp. 106—121), the formulas presented in the article beginning
on p. 1 present simplified power-law expressions to facilitate
the use of the general formulas.

We have experimentally demonstrated (p. 13) that target
stability improves when picket pulses are used to increase and
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shape the ablator adiabat. Hydrodynamic simulations show
that a picket pulse preceding the main target drive pulse in a
direct-drive ICF implosion can reduce both the ablation-inter-
face Rayleigh-Taylor (RT) instability seed and the growth
rate by increasing the adiabat while maintaining a low adiabat
in the inner fuel layer for optimal target compression and a
minimal drive energy for ignition. Experiments show that the
RT growth of nonuniformities is suppressed in both planar
and spherical targets with picket-pulse laser illumination. Two
types of picket pulses—a “decaying shock-wave picket” and a
“relaxation” picket—are used to shape the adiabat in spheri-
cal targets. Planar growth measurements using a wide, intense
picket to raise the adiabat of a CH foil showed that the growth
of short-wavelength perturbations was reduced, and even sta-
bilized, by adjusting the intensity of the picket. Planar imprint
experiments showed the expected reduction of imprinting when
a picket pulse is used. The data show that the imprint level is
reduced when a picket is added and, for short wavelengths, is
as effective as 1-D, 1.5-A smoothing by spectral dispersion
(SSD). A series of implosion experiments with a 130-ps-wide
picket pulse showed a clear improvement in the performance
of direct-drive implosions when the picket pulse was added
to the drive pulse. Results from relaxation-picket implosions
show larger yields from fusion reactions when the picket drive
is used. These adiabat-shaping concepts make the likelihood
of achieving ignition with direct-drive implosions on the NIF
significantly more probable.

Beginning on p. 92, we provide a multidimensional
analysis of direct-drive, plastic-shell implosions on OMEGA.
Direct-drive, plastic-shell targets were imploded on the
OMEGA Laser System with a 1-ns square pulse using the
multidimensional hydrodynamic code DRACO. Yield degra-
dation in “thin” shells is primarily caused by shell breakup
during the acceleration phase due to short-wavelength (£ > 50,
where / is the Legendre mode number) perturbation growth,
whereas “thick” shell performance is influenced primarily
by long and intermediate modes (£ < 50). Simulation yields,
the temporal history of neutron production, areal densities,
and x-ray images of the core compare well with experimental
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observations. In particular, the thin-shell neutron production
history falls off less steeply than 1-D predictions due to shell
breakup induced under compression and delayed stagnation.
Thicker, more-stable shells show burn truncation due to insta-
bility-induced mass flow into the colder bubbles. Estimates
of small-scale mix indicate that turbulent mixing does not
influence primary neutron yields.

The effects of temporal density variations and convergent
geometry on nonlinear bubble evolution in classical RT insta-
bility are discussed beginning on p. 104. Effects of temporal
density variation and spherical convergence on the nonlinear
bubble evolution of single-mode, classical RT instability are
studied using an analytical model based on Layzer’s theory.
When a temporal density variation is included, the bubble
amplitude in the planar geometry asymptotes to a fixed value
that depends on the Layzer bubble velocity, the fluid density,
and a factor to account for the two- and three-dimensional
geometries. The model can be applied to spherical geometries
to predict the nonlinear bubble amplitude.

Nonlinear growth measurements of 3-D broadband nonuni-
formities near saturation using x-ray radiography in planar foils
accelerated by laser light are described on p. 137. The initial
target modulations were seeded by laser nonuniformities and
later amplified during acceleration by RT instability.

2. Cryogenic System and Experimental Results

We report the first measurements of electron preheat in
direct-drive laser implosions of cryogenic deuterium targets
(p. 54). Preheat due to fast electrons generated by nonlinear
laser—plasma interactions can reduce the gain in laser-imploded
fusion targets. The preheat level is derived directly from the
measured hard x-ray spectrum. The fraction of the incident
laser energy that preheats the deuterium fuel is found to be
less than 0.1%, suggesting that preheat will have a negligible
impact on target performance. These results are encouraging
for the success of high-gain, direct-drive-ignition experiments
on the NIF.

Direct-drive, spherical, cryogenic, D,-filled capsules were
illuminated using the 60-beam OMEGA Laser System (p. 78).
The targets are energy scaled from the baseline ignition design
developed for the NIF. Thin-walled (~4-xm), ~860-um-diam
deuterated (CD) polymer shells are permeation filled with D,
gas and cooled to the triple point (~18.7 K). Cryogenic ice layers
with a uniformity of ~2-gm rms are formed and maintained.
The targets were imploded with high-contrast pulse shapes
using full single-beam smoothing (1-THz bandwidth, 2-D SSD)

vi

to study the effects of the acceleration- and deceleration-phase
RT growth on target performance. Two-dimensional simula-
tions show good agreement with experimental observations.
Scattered-light and neutron burn-history measurements are
consistent with predicted absorption and hydrodynamic
coupling calculations. Time-resolved and static x-ray images
show the progress of the imploding shell and the shape and
temperature of the stagnating core. Particle-based instruments
measure the fusion yield and rate, the ion temperature in the
core, and the fuel areal density at the time of neutron produc-
tion. These experiments have produced fuel areal densities
up to ~100 mg/cm?2, primary neutron yields of ~4 x 1019, and
secondary neutron yields 1% to 2% of the primary yield. These
results validate the hydrocode predictions for the direct-drive
ignition-point design, giving increasing confidence in the
direct-drive approach to ICF ignition.

‘We have developed a high-performance “planar” cryogenic
target handling system that has been added to LLE’s OMEGA
Laser Fusion Facility (p. 128). The system has demonstrated a
shot-to-shot cycle interval of less than two hours and has fielded
more than 125 experiments using several distinct target types.
This article provides an overview of the cryogenic capabilities
at LLE and then compares the operational requirements of
LLE’s spherical and planar cryogenic systems.

Three-dimensional characterization of cryogenic tar-
get ice layers is important in understanding experiments
important to an ignition demonstration. We report (p. 169)
on backlit optical shadowgraphy, the primary diagnostic for
D, ice-layer characterization of cryogenic targets for the
OMEGA Laser System. Measurement of the position of the
most prominent rings, caused by the reflection and refraction
of light in the ice layer, in conjunction with ray-trace model
predictions, allows the construction of a 3-D ice-layer rep-
resentation, an estimation of the global surface roughness,
and a determination of a Legendre-mode spectrum suitable
for implosion modeling.

3. Polar-Direct-Drive Results

The article beginning on p. 61 examines a design concept
that is proposed for direct-drive implosions on the NIF while
the facility is in its initial indirect-drive configuration. The
concept differs from earlier polar-direct-drive designs by add-
ing a low-Z ring around the capsule equator (Saturn target).
Refraction in the plasma formed around this ring permits
time-dependent tuning of the capsule drive uniformity. An
optimized simulation shows an implosion-velocity nonunifor-
mity at the end of the laser pulse of ~1% rms for a cryogenic
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DT shell, enhancing the prospects for an early direct-drive
ignition demonstration on the NIF.

In the second article on polar direct drive (p. 67), we report
the results for proof-of-principle, polar-direct-drive (PDD)
experiments on OMEGA and prospects for ignition on the NIF.
Experiments have been carried out using 40 repointed beams
of the 60-beam OMEGA Laser System to approximate the
NIF PDD configuration. Backlit x-ray framing camera images
of D,-filled spherical CH capsules show a characteristic non-
uniformity pattern that is in close agreement with predictions.
Saturn targets increase the drive on the equator, suggesting
that highly symmetric PDD implosions may be possible with
appropriate tuning. Two-dimensional simulations reproduced
the approximately threefold reduction in yield found for the
non-Saturn PDD capsules. Preliminary simulations for a NIF
Saturn design predict a high gain close to the 1-D prediction.
These results increase the prospects of obtaining direct-drive
ignition with the initial NIF configuration.

Designs with the objective of achieving direct-drive ignition
on the NIF at 1 MJ using the x-ray-drive beam configuration are
described on p. 186. The PDD approach achieves the required
irradiation uniformity by repointing some of the beams toward
the target equator and by increasing the laser intensity at the
equator to compensate for the reduced laser coupling from
oblique irradiation.

4. Fast-Ignition Progress and Results

In “High-Density and High pR Fuel Assembly for Fast-
Ignition Inertial Confinement Fusion™ (p. 117), LLE authors
optimize implosion parameters for fast-ignition inertial con-
finement fusion and design fast-ignition targets relevant to
direct-drive inertial fusion energy. It is shown that a 750-kJ
laser can assemble fuel with V; = 1.7 x 107 cm/s, o = 0.7, p=
400 g/cc, pR = 3 g/cm?, and a hot-spot volume of less than 10%
of the compressed core. If fully ignited, this fuel assembly can
produce energy gains of 150.

A second article (p. 122) describes recent OMEGA experi-
ments that have studied the fuel assembly of gas-filled, cone-
in-shell, fast-ignition targets. Using both fusion products and
backlit images, an areal density of ~60 to 70 mg/cm? was
inferred for the dense core assembly. The results are promis-
ing for successful integrated fast-ignition experiments on the
OMEGA EP Facility, scheduled to be completed in 2007.

We present observations of a hot, 7, ~ 2- to 3-keV surface
plasma in the interaction of a 0.7-ps petawatt laser beam with
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solid copper-foil targets at intensities >1029 W/cm? (p. 208).
These temperatures were inferred from Cu, He,, and Ly,
emission lines, which have not previously been observed with
ultrafast laser pulses.

We are also developing new techniques to characterize
future fast-ignition experiments and for use on the OMEGA EP
Facility. The interaction of directed energetic electrons with
hydrogenic plasmas was modeled analytically from fundamen-
tal principles (p. 87). The effects of stopping, straggling, and
beam blooming are rigorously treated in a unified approach
for the first time. Enhanced energy deposition, which occurs
in the latter portion of beam penetration, is inextricably linked
to straggling and beam blooming. Both effects asymptotically
scale with the square root of the linear penetration. Eventu-
ally they dominate over all other sources of beam divergence;
therefore, understanding their effects is critical for evaluating
the requirements of fast ignition.

Simulations of integrated fast-ignition experiments on
the combined OMEGA/OMEGA EP Laser Systems with
the multidimensional hydrodynamic code DRACO are sum-
marized beginning on p. 189. An OMEGA cryogenic DT
target, designed to reach a 1-D fuel pR of 0.5 g/cm?, has
been simulated in 2-D with and without nonuniformities. The
neutron yield is predicted to be in excess of 1015 (compared to
~10' without an ignitor beam) over a synchronization range
of ~80 ps.

The article (p. 196) describes the development of a proton
emission imaging system that has been used to measure the
nuclear burn regions in the cores of ICF implosions. This imag-
ing technique relies on the penumbral imaging of 14.7-MeV
D3He fusion protons. Experimental data, analysis, and error
analysis are presented for a representative symmetric implosion
of a fuel capsule with a 20-xm-thick plastic shell and 18 atm
of D3He gas fill.

5. High-Energy-Density Physics

In the first article in this category, we present extended
x-ray absorption fine structure measurements (p. 161). These
have been used to demonstrate the phase transformation from
body-centered-cubic (bcc) to hexagonal-closely-packed (hcp)
iron due to nanosecond, laser-generated shocks. This is a direct,
atomic-level, and in-situ proof of shock-induced transforma-
tion in iron.

The second article (p. 178) describes velocity interferometry
and optical self-emission measurements from shock waves in

vii
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polystyrene targets driven by two 90-ps pulses separated by
1.5 to 2 ns. The velocity histories, coalescence times, and transit
times are unambiguously observed and are in good agreement
with 1-D code predictions. The timing of multiple shock waves
is crucial to the performance of ICF ignition targets.

Lasers, Optical Materials, and Advanced Technology
Crater formation in SiO, thin films containing artificial
defects by ultraviolet (UV) pulsed-laser irradiation depends
on the lodging depth of the defects (p. 23). At laser fluences
close to the crater-formation threshold and for lodging depths
of a few particle diameters, the dominating material-removal
mechanisms are melting and evaporation. For absorbing defects
lodged deeper than ~10 particle diameters, however, a two-stage
material-removal mechanism occurs. The process starts with the
material melting within the narrow channel volume and, upon
temperature and pressure buildup, film fracture takes place.

The polishing performance of magnetorheological (MR)
fluids prepared with a variety of magnetic and nonmagnetic
ingredients to minimize artifact formation on the surface of
CVD ZnS flats is reported on p. 35. The results show that
altering the fluid composition greatly improves smoothing
performance of magnetorheological finishing. A nanoalumina
abrasive used with soft carbonyl iron and altered MR fluid
chemistry yields surface roughnesses that do not exceed 20 nm
p—v and 2-nm rms after removing 2 g#m of material. Signifi-
cantly, the formation of an “orange peel” and the exposure of a
“pebble-like” structure inherent in ZnS from the CVD process
are suppressed.

A 63-channel, high-resolution, UV spectrometer that can
be used to check the tuning state of the KDP triplers has been
designed and tested (p. 43). The spectrometer accepts an input
energy of 1 uJ per channel, has a dispersion at the detector
plane of 8.6 x 1072 pm/um, and has a spectral window of
2.4 nm at A = 351 nm. The wavelength resolution varies from
2.5 pm at the center of the field of view to 6 pm at the edge.

The quantum efficiency (QE) and the noise equivalent power
(NEP) of the latest-generation, nanostructured NbN, supercon-
ducting, single-photon detectors (SSPD’s) operated at tempera-
tures in the 2.0- to 4.2-K range in the wavelength range from
0.5 to 5.6 um is discussed (p. 49). The detectors are designed
as 4-nm-thick, 100-nm-wide NbN meander-shaped stripes, pat-
terned by electron-beam lithography. Their active area is 10 x
10 #m?2. The best-achieved QE at 2.0 K for 1.55-xm photons
is 17%, and the QE for 1.3-um infrared photons reaches its
saturation value of ~30%. The SSPD NEP at 2.0 K is as low
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as 5 x 10721 W/Hz"12, These SSPD’s, operated at 2.0 K, sig-
nificantly outperform their semiconducting counterparts. With
their gigahertz counting rate and picosecond timing jitter, they
are the devices of choice for practical quantum key distribution
systems and quantum optical communications.

An all-solid-state, diode-pumped Nd:YLF laser system has
been developed and tested (p. 155). It produces fiducial timing
signals at three wavelengths (fundamental, second, and fourth
harmonics) and will be used as a primary timing reference for
the OMEGA facility diagnostics. Performance results of the
new OMEGA fiducial laser are reported.

Significant developments in tritium-capture technology have
occurred over the past two decades (p. 142). The merits and
drawbacks of the various technologies that have been developed
for both air and inert gas streams are discussed.

Status and Progress on OMEGA EP

The OMEGA EP (extended performance) project con-
tinued on a fast-track schedule to complete two short-pulse
beams and the scope was increased in FYO0S to include two
additional beams. FY06 Congressional funding has allowed
the full four-beam project to proceed. This added two long-
pulse beams to the originally authorized two short-pulse
beams with completion in April 2008. The full OMEGA EP
total estimated cost is $89 million of which $87 million has
been appropriated through FY06. The building constructed to
house the OMEGA EP equipment was completed in February
2005 at a cost of $21 million. This building was funded by the
University of Rochester and its completion enabled the start
of the laser’s assembly.

Prior to building completion, major assemblies were
prepared for installation and work on laser technology devel-
opment activities was completed. Technology development
projects included optical parametric chirped-pulse amplifi-
cation (OPCPA), multilayer-dielectric diffraction gratings,
and coherent tiling of large-aperture gratings. These projects
concluded with demonstrations of performance that meet or
exceed OMEGA EP requirements. Additionally, LLE adopted
plasma-electrode Pockels cell (PEPC) and adaptive optics
(deformable mirrors) technology from LLNL'’s NIF project.
The deformable mirror hardware was designed by LLNL but
is operated with a LLE-developed wavefront sensor and con-
trol system. The PEPC, while similar to LLNL’s, has design
requirements and features specific to deployment at LLE. Both
of these projects were concluded in FY0S5, which allowed the
acquisition of prime hardware to commence.
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Once the building was complete, the process of installing
the infrastructure required to support the beamlines, compres-
sors, and target chamber began. Support structure acquisitions
were initiated upon completion of the beamline design and
approval of the baseline change to enable four beams. Several
of these structures arrived in FY05 and were placed in the
OMEGA EP Laser Bay; the majority of the structures will be
installed in the first quarter of FY06. The target area struc-
ture was installed and prepared for the insertion of the target
chamber. The target chamber, a near replica of the OMEGA
target chamber, was acquired with a grant from the New York
State Energy Research and Development Authority and will
be integrated at LLE in FY06. The 350,000-1b, 70-ft. x 15-ft x
15-ft, nine-segment grating compressor chamber (GCC) arrived
from Los Angeles and was precision cleaned in the Laser Bay.
Final GCC assembly and vacuum testing will be completed in
FYO06. Lastly, deployment of the controls system in concert
with the laser hardware installation began. The control room
installation is complete and operational testing for remote
operation of OMEGA EP has commenced.

National Laser Users’ Facility and External
Users’ Programs

A detailed summary of the operation and use of the National
Laser Users’ Facility and External User’s Programs is given on
p- 225. A discussion of user experiments included

» Isentropic Compression Experiments (ICE) for Measuring
EOS on OMEGA

* Laser—Plasma Interactions in High-Energy-Density Plasmas

* Three-Dimensional Study of the Spatial Structure
of Direct-Drive Implosion Cores on OMEGA

* NLUF Proton Radiography Experiments
* FY05 LANL OMEGA Experimental Programs
* FYO05 Sandia National Laboratory’s Experiments on OMEGA
* 2005 CEA Experiments on OMEGA
FY 2005 Laser Facility Report

The use of the OMEGA Facility is reported in the article
that begins on p. 223. During the year, 1461 target shots were
conducted for LLE, NLUF, and external users. LLE usage

accounted for less than 50% of the total target shots. Figure 1
illustrates the shot allocations during the fiscal year.
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Figure 1
FY05 OMEGA usage.

Education at LLE

As the only major university participant in the National ICF
Program, education continues to be an important mission for
the Laboratory. A report on this year’s summer high school
research program is described in detail on p. 221. Fifteen stu-
dents participated in this year’s program. The William D. Ryan
Inspirational Teacher Award was given to Mr. Stephen Locke,
a chemistry teacher at Byron-Bergen High School.

Graduate students are using the world’s most powerful
UV laser for fusion research on OMEGA, making significant
contributions to LLE’s research activities. Twenty-one fac-
ulty from five departments collaborate with LLE’s scientists
and engineers. Presently, 102 graduate students are involved
in research projects at LLE, and LLE directly sponsors
43 students pursuing Ph.D. degrees. Their research includes
theoretical and experimental plasma physics, high-energy-
density physics, x-rays and atomic physics, nuclear fusion,
ultrafast optoelectronics, high-power-laser development and
applications, nonlinear optics, optical materials and optical
fabrications technology, and target fabrication. Technological
developments from ongoing Ph.D. research will continue to
play an important role on OMEGA.

One hundred seventy-seven University of Rochester stu-
dents have earned Ph.D. degrees at LLE since its founding.
An additional two undergraduate students, fourteen graduate
students, two postdoctoral, and seven faculty positions from
other universities were funded by NLUF grants. The most
recent University of Rochester Ph.D. graduates and their thesis
include the following:

X
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Bigelow, Matthew S.

Erdmann, Reinard K.

Guazzotto, Luca

Kozlov, Maxim V.

Rey-de-Castro, Robert C.

Striemer, Christopher C.

U’Ren, Alfred B.

“Ultra-Slow and Superluminal
Light Propagation in Solids at
Room Temperature”

“Quantum Interference Engineered
by Dispersive Parameter Design”
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Pulse Design for Relaxation Adiabat-Shaped Targets
in Inertial Fusion Implosions

Introduction

Controlling the seeds and the growth of Rayleigh-Taylor
(RT) instability during the acceleration phase of imploding
shells is crucial to the success of inertial confinement fusion
(ICF). Since the RT growth is damped by the ablative flow off
the shell’s outer surface, target performances are greatly im-
proved by target designs with enhanced ablation velocity. A
significant increase in ablation velocity and shell stability
can be achieved by shaping the entropy inside the shell.
Following the standard ICF notation, we measure the entropy
through the so-called “adiabat” defined as the ratio of the
plasma pressure to the Fermi-degenerate DT pressure:
OtEP(Mb)/2.18p(g/cc)5/3,Where the pressure is given in
megabars and the density in g/cc. The optimum adiabat shape
in the shell consists of a profile that is monotonically decreas-
ing from the outer to the inner surface as qualitatively shown
in Fig. 101.8 on p. 14. Large adiabat values on the shell’s outer
surface increase the ablation velocity V,, which follows a
power law of the outer-surface adiabat Oy, |V, ~ agu? ], while
low adiabat values on the inner surface lead to improved
ignition conditions and larger burn.!= A more detailed history
and target design implications of adiabat shaping can be found
in the introduction of Ref. 6 by the same authors, which is
devoted mostly to the adiabat shape induced by a strong
decaying shock. Shaping by a decaying shock was introduced
inRef. 7 and requires a very strong prepulse aimed at launching
a strong shock. This strong shock decays inside the shell
shortly after the prepulse is turned off; the picket pulse is
followed by the low-intensity foot of the main pulse. The
decaying shock (DS) leaves behind a monotonically decreas-
ing adiabat profile, which follows a power law of the mass
coordinate

dps
Mghel
Ops = Ajpp (%) > (1)

where m is the mass calculated from the outer surface, mgj,o; is
the total shell mass, and oy, is the adiabat on the shell’s inner
surface. The value of dpg, calculated in Ref. 6, is approxi-
mately independent of the prepulse characteristics. Without

accounting for the effect of mass ablation, dpg is about 1.3.
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If mass ablation is included, 8pg varies between 1.06 and 1.13,
depending on the prepulse duration.® Two-dimensional (2-D)
simulations’ of all-DT, OMEGA-size-capsule implosions have
confirmed that DS adiabat targets exhibit significantly reduced
RT growth on the ablation surface during the acceleration
phase with respect to the flat-adiabat ones. Comparisons be-
tween flat- and shaped-adiabat targets are typically carried out
by designing the flat- and shaped-adiabat pulses to generate
identical adiabats on the shell’s inner surface.

Adifferent technique aimed at shaping the adiabat is the so-
called shaping by relaxation (or RX shaping) first introduced
inRef. 8. The relaxation technique uses aless-energetic prepulse
than the DS technique. The RX prepulse (Fig. 101.1) is used to
launch a shock that may or may not decay inside the shell. In
both cases, the prepulse is turned off before the prepulse shock
reaches the shell’s inner surface. Since the prepulse is followed
by a complete power shutoff, the outer portion of the shell
expands outward, generating a relaxed density profile while
the prepulse shock travels inside the shell. The prepulse shock
is not intended to greatly change the shell adiabat even though

L
2
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.—“3 pulse
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shutoff
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Figure 101.1
Typical pressure pulse for adiabat shaping by relaxation.
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it may cause a significant adiabat modification. The main
adiabat shaping occurs later in time when the foot of the main
pulse starts and a strong shock travels up the relaxed density
profile. The main shock first encounters the low-density por-
tion of the relaxed profile, setting it on a very high adiabat. The
adiabat develops a monotonically decreasing profile as a result
of the increasing pre-shock density. Figures 101.2(a), 101.2(b),
and 101.2(c) show three snapshots of the main shock propaga-
tion (m.s.) through a relaxed density profile. The density pro-
file of an 85-um-thick DT target is relaxed by a 60-ps, 13-Mb
prepulse. The prepulse shock (p.s.) travels ahead of the main
pulse shock. The latter is launched by a 15-Mb pressure applied
at 1941 ps. The main shock launching time (or main pulse foot
beginning time) is chosen in order to cause the main and
prepulse shocks to merge on the shell’s inner surface. A plot of
the shaped-adiabat profile at shock breakout is shown in
Fig. 101.2(d). Observe that the adiabat varies from about 2 on
the inner surface to several tens on the outer surface. Two-
dimensional (2-D) simulations3~10 of OMEGA - and NIF-size-
capsule implosions have confirmed that RX-shaped targets
exhibit significantly reduced RT growth on the ablation sur-
face during the acceleration phase with respect to the flat-
adiabat ones.

The RX adiabat-shaping technique can be viewed as a two-
step process: the prepulse and power shutoff are needed to
generate the relaxed density profile, while the foot of the main
pulse shapes the adiabat. Similarly to the DS shaping, the RX
adiabat profile can be approximated with a power law of the
mass coordinate

ORX
Mghel]
ORx = Ujpp (%j > (2)

where dgx can be tailored between a minimum of zero (i.e., no
shaping) to a maximum value of 2.4. This upper bound, which
is well above the decaying shock value, can be achieved only
for weak prepulses (either low-pressure or short-duration
prepulses) and by neglecting the effects of mass ablation. For
realistic prepulses and including the effect of ablation, the
maximum RX power index is reduced to values in the range of
1.6 to 1.8, which is still significantly larger than the 1.1 of the
decaying shock. Since the steeper RX adiabat profile leads to
greater values of the outer-surface adiabat with respect to the
DS adiabat shaping, one can conclude that the ablation velocity
will be significantly higher in RX-shaped targets than DS-
shaped targets. Furthermore, the tailoring of the adiabat steep-
ness in RX shaping is beneficial to the control of the convective
instability, which is driven by the finite entropy gradients
inside the shell. This instability grows at a slower rate with
respect to the Rayleigh—Taylor and does not seem to cause a
significant distortion of the shell.”-8

Different adiabat-shaping techniques based on the tailoring
of the radiation absorption in the target have also been pro-
posed;“‘13 however, their implementation relies on manufac-
turing targets with a spatially varying atomic number, a tech-
nique that is difficult in cryogenic capsules. It has also been
suggested ! that some classified work on adiabat shaping was
initiated in the 1980s by Verdon, Haan, and Tabak. This work

— Figure 101.2

Snapshots [(a),(b), and (c)] of the density pro-
files at different stages of the main-shock and
prepulse-shock propagation. The resulting
adiabat profile left behind the main shock at
breakout time is shown in (d).
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appears to be restricted, however, to the classified literature
and was not accessible to Betti and Anderson (authors of the
earlier published work® on RX shaping and co-authors of the
current article). It is also important to clarify the role of earlier
work!> on the so-called “picket-fence” pulses and make a
distinction between adiabat shaping and picket fence. The
picket-fence pulse consists of a sequence of relatively short
pulses that replace the standard isentropic continuous pulse.
When plotted versus time, the laser power of such a sequence
of short pulses (see Fig. 3 of Ref. 15) resembles a picket fence.
Instead, both DS adiabat shaping and RX adiabat shaping
make use of a single short pulse (i.e., the laser prepulse)
followed by a continuous pulse. Thus, except for the prepulse,
the adiabat-shaping pulses are essentially continuous. While a
claim can be made that adiabat shaping and picket fence use
some sort of picket pulse, it would be grossly inaccurate to
think of the two techniques as equal or even similar. As stated
in Ref. 15, the goal of the picket-fence pulse is to replace a
continuous acceleration with an impulsive one. The rationale
behind this clever idea is that the RT exponential growth turns
into a sequence of linear-growth stages, thus reducing the
overall growth factor (as long as the number of pickets is kept
relatively low). On the contrary, adiabat shaping does not
change the time evolution of the acceleration. Its primary
effect is to increase the ablation velocity, thus enhancing the
ablative stabilization of the RT instability. Though the physical
basis and pulse design of a picket-fence pulse have little (if
anything) in common with adiabat shaping, it is possible that
some level of adiabat shaping may occur in picket-fence
implosions due to the repeated decompressions between short
pulses. Though this collateral effect was not considered in Ref.
15, it would be worth investigating the degree at which the
adiabat is shaped in picket-fence implosions. It is also worth
mentioning that the evolution of the laser power in Fig. 2 of
Ref. 15 seems to point to a single prepulse followed by a
continuous main pulse. While this pulse resembles an RX
pulse, the authors of Ref. 15 do not address the possibility that
adiabat shaping may occur.

Lastly, it is important to recognize that the presence of a
laser prepulse could have significant consequences with re-
gard to the level of laser imprinting. Laser imprinting is caused
by the spatial nonuniformities of the laser intensity and is
widely considered as the main seed for the short-wavelength
RT instability in direct-drive implosions. It has been recently
shown!6-18 that the level of imprinting can be significantly
reduced by tailoring the initial target density with a monotoni-
cally increasing profile varying from alower value on the outer
surface to its maximum on the shell’s inner surface. Since the
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laser prepulse in RX adiabat shaping causes such a monotoni-
cally varying density profile, it is likely that RX shaping may
also reduce the level of imprinting. Furthermore, it has been
shown in Ref. 19 that, in the presence of a plastic (or other)
coating on cryogenic capsules, the acceleration of the plastic
layer against the cryogenic DT layer causes a brief exponential
amplification of the imprinting level. Reference 19 also shows
that this amplification can be reduced by using a sufficiently
strong prepulse. Such an improvement of the imprinted
nonuniformities requires a strong prepulse and may therefore
be more effective in DS shaping than in RX shaping. Imprint
reduction using prepulses has also been demonstrated by both
simulation and experiment in single-layer targets made of
aluminum.?0 While some encouraging results on the stability
of RX-shaped capsule implosions have been obtained from
2-D simulations®-10 and from experiments on plastic-shell
implosions, 'Y a more detailed 2-D analysis including the effect
of RX shaping on imprinting as well as a complete description
of the experiments carried out on the OMEGA laser system
will be presented in a forthcoming publication.

In this article, we cite the results of the one-dimensional
(1-D) hydrodynamic analysis of the relaxation adiabat pro-
files,2!-22 simplify them with power-law approximations, and
compare them with decaying-shock-adiabat profiles and to
simulations. Furthermore, we derive formulas for relaxation
pulse design and discuss nonideal effects, such as mass abla-
tion, on the adiabat profiles.

Summary of Previously Derived Adiabat Profiles

References 21 and 22 divide relaxation adiabat shaping
designs into two categories: type 1, where the prepulse shock
and rarefaction merge at the rear surface of the shell; and type
2, where the rarefaction merges with the prepulse shock within
the shell. These two designs yield different adiabat profiles.
An accurate description of the type-1 adiabat profile is
well approximated by the following set of equations from
Eqgs. (75)—(77) and (46b), respectively, of Ref. 22:

2y
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is the entropy on the shell’s inner surface and py is the initial
shell density. The function y(x) represents the corrections due
to the finite main shock strength

2y Y
e’ yPPG(x)I: x :|y+1
#) (r+1)Pr [ X(x)

y—1.
1+—y+17r 4y )
p(r)= =1- T+0|77), (6)

and where B=2/(y+1) and 7 =P,/P; is the ratio of the
prepulse pressure to the pressure of the foot of the main pulse.

The type-2 adiabat profiles are steeper than the type-1
profiles and can be approximated as
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and p(x) is given by Eq. (6). These formulas are derived in
Ref. 22 as Egs. (100a), (100b), (90), (82), and (94), respectively.

In practical terms, these formulas for the relaxation-adiabat
profiles are cumbersome and provide no intuitive comparison
with decaying-shock-adiabat profiles. Therefore, in the fol-
lowing section, simple power-law approximations to these
formulas are calculated.

Simplified Formulas for RX Adiabat Shapes
and Comparison with DS Shapes

The theoretical results derived in the previous section can
be simplified by fitting the adiabat shapes with a simple power
law in the mass coordinate. It has been shown in Ref. 6 that
the power-law approximation works extremely well for the
adiabat shape left behind by a decaying shock (DS shaping). In
an ideal fluid with adiabatic index y= 5/3 and neglecting the
effects of mass ablation, the adiabat profile left behind by a
decaying shock follows the power law oOpg ~ 1/ m'31 for
msx < m < 10 ms. It is worth mentioning that the power index is
approximately independent of the prepulse characteristics.

Adiabat shaping by relaxation leads to a tunable adiabat
profile ranging from a rather shallow profile for RX shaping
of type 1 to a steeper profile with RX shaping of type 2. In the
case of RX shaping of type 1, the shaping function given in
Egs. (3)—(5) can be well approximated for y = 5/3 by the
following power law of the mass coordinate:

ORX1
_ o RX1{ Mghell
ORx1 = Cinn (—m ) (12)

where the power index Ogrx; and the inner-surface adiabat
RX1 . . .

iy, are functions of prepulse/main-pulse pressure ratio

rp = P, /| Pr. A straightforward numerical fit leads to the fol-

lowing fitting functions:
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x(1-112r02 +6.547,1), (13)
Srx1 = 1.25-4.14r% +3.05r)°", (14)

where py) is the initial shell density. These approximate formu-
las have been derived by fitting the adiabat profile over the
range 0.2 <m/mge <1 and 0 <r, < 0.75. Observe that the
steepest profile of the first kind behaves as 1/m!-23
for r, — 0. For typical values of prepulse- to foot-pressure
ratios in the range 0.05 < r,, <0.2, the power index of the adia-
bat profile is within the range 0.60 to 1.04, which is well below
the decaying shock value of 1.315, thus indicating that the DS
shaping leads to notably steeper adiabat profiles than the

relaxation method of type 1.

and occurs

In RX shaping of type 2, the adiabat profile left behind by
the main shock [Egs. (7)—(11)] can also be approximated by a
power law of the mass coordinate

Orx2
rx2( M
ORx2 = Qlinn (—Sheu) , (15)
m
where
RX2 2 b S (Mb)
Qipn” =2.46-10 — 3
po(g/cc)

x(1.19+1.76rg'8ﬁ13'15—1.11;?12'25), (16)

Srxa = 2.105-3.469r02 131, a7

and where m, =2.09A1,/P,pq, At, s the prepulse duration,
and mg, = Podo (dy is the initial shell thickness). It is
important to emphasize that Eqs. (15)—(17) have been derived
by fitting Eqs. (7)—(11) for an ideal fluid (no ablation) with y=
5/3 and pulse/target characteristics satisfying 0.2 <r, < 1 and
0.05 <m, <0.4. It is also interesting to note that the power
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index SRy, is maximum for short prepulses and/or weak
prepulses (nAzx <<l r,<< l). For m, — 0, the RX adiabat
profile of Egs. (7)—(11) reduces to a power law with a power
index dgx, = 2.4, well above the power index of the decaying
shock shaping dpg = 1.315. However, the ratio m. /mgpep
cannot be arbitrarily small for RX shaping since the pressure
behind the prepulse shock at its arrival on the inner surface,
which is approximately Pprfli'3 , must be large enough to keep
the prepulse shock in the strong shock regime and to ionize the
target material. Typical values of dgx, are mostly in the range
1.7t02.0, whichis still significantly larger than the 1.315 of the
decaying shock.

It has been shown in Ref. 6 that ablation causes the adiabat
profile induced by a decaying shock to become shallower. This
is because the shock decays more slowly due to the residual
ablation pressure and the fact that the supporting pressure
moves closer to the shock. In the relaxation method of type 2,
the relaxed density profile is produced by a decaying shock
driven by the pressure prepulse. Since ablation causes a slow-
down of the shock decay, it follows that the relaxed profile is
“less relaxed” because of ablation. Therefore, the adiabat
shape induced by the main shock is less steep than in the ideal
case without ablation. Typical ablation-induced reductions of
the adiabat profile power index dgy are small (of the order of
10%) and lead to a power index in the range dgx, = 1.6 to 1.8.

Pulse Design

To induce the desired adiabat profile, one needs to design
the appropriate applied pressure pulse. The pressure pulse
(Fig. 101.1) consists of a constant prepulse of pressure P, and
duration Az, followed by a main pulse of pressure P,applied
at time 7. Typically, the pulse is designed to induce the desired
value of the inner-surface adiabat ¢;,,. The latter is a design
parameter that needs to satisfy the one-dimensional ignition
and gain requirements of the implosion. Another design con-
straint is the merging of the prepulse and main shocks on the
shell’s inner surface. This is required in order to keep the
adiabat profile monotonically decreasing. For the relaxation
pulse of type 1, another requirement is the merging of the
rarefaction wave with the prepulse and main shocks on the
shell’s inner surface. Therefore, given the four pulse param-
eters (Pp, Pf, Atp, and tf), the type-1 relaxation has three
constraints and one free parameter, while the type-2 relaxation
has two constraints and two free parameters. Since different
pulse parameters lead to different adiabat decay rates, another
design parameter can be identified as the adiabat profile’s
spatial decay rate. By approximating the adiabat profile with a
power law S~ 1/ m”®, the power index A defines the decay
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rate and can be assigned as a design parameter (within the
appropriate limits), thus further reducing the degrees of free-
dom. Furthermore, technical limits on the prepulse and foot
pressure as well as prepulse duration are imposed by the pulse-
shaping capabilities of a given laser system. Such limitations
are notdiscussed in this article butneed to be taken into account
when designing an adiabat-shaping pulse. In this section we
proceed to determine the relevant parameters needed to design
a pressure pulse for RX adiabat shaping.

1. Pulse Design for RX Shaping of Type 1

The pulse design for a relaxation shaping of type 1 is highly
constrained since the prepulse shock, the rarefaction wave, and
the main shock must all merge on the shell’s rear surface. By
combining the Hugoniot condition on the shock velocity

mé\/[ = (7/+1)Ppspbs/2’

the type-1 post-main-shock pressure from Eqgs. (73) of Ref. 22

Py =Py /6(ny), (18a)
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and the pre-shock density ptl,vsl =pp (msM / mrf) , with my =
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from Eqgs. (12)—(13) of Ref. 22, one can easily derive the
following ordinary differential equation for the main-shock
propagation:

B
and’ _y+1| P (n! o
dv 7 \2p,0(n) ) T

where nﬁw =m/mge and O is derived from Eq. (18b) for
B=2/(y+1), leading to

(22)

A straightforward integration of Eq. (21) for ny €[0,1] and
Te [T fal] leads to the following expression for the beginning
time of the foot pulse:

tf :Atp+TfAt*, (233.)
y+l

2P 2p, || 7
S A A P 0 el 1) | PN

where At is proportional to the prepulse duration Az, through
Eq. (20). The main-shock breakout time coincides with the
prepulse shock and rarefaction-wave breakout time on the
inner surface given by the simple relation

szl

Ty, = At + Aty (24)

The inner-surface adiabat induced by such a pulse is given by
Eq. (13) and is primarily dependent on the foot pressure. If the
inner-surface adiabat is an assigned design parameter, then
Eq. (13) is used to constrain the foot pressure Py Note that the
prepulse pressure and duration are related by the rarefaction
wave/prepulse shock overtaking time, ms« = mgpe; = pod( Or

N2y =4y -1
At [P, = pydy > (25)
p p 040 '}/(7/"'1)

It follows that, for an assigned prepulse pressure (or duration)
and inner-surface adiabat, there is only one foot pressure that
would shape the adiabat with a profile of type 1 [Egs. (12)—
(14)]. As an example, we consider a 100-um-thick DT shell
(pp=0.25 g/cc, dy = 100 pum) and design a type-1 RX shaping
pulse using a prepulse given by P, =5 Mb, requiring an inner-
surface adiabat ¢, = 3. Equation (25) yields a prepulse
duration of A7, = 1070 ps, while the foot pressure can be
determined from Eq. (13) by setting ¢, = 3. A straightfor-
ward calculation yields the foot pressure Py = 29.7 Mb. The
foot pressure is applied at the time 7, obtained from Eq. (23),
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yielding #¢ = 1442 ps. The shock-breakout time on the inner
surface is given by Eq. (24), yielding #, , = 1936 ps. The cor-
responding adiabat profile has an approximate power-law
behavior [Eq. (12)] with power index dgx; = 0.67 given by
Eq. (14). Observe that Eq. (23b) suggests that a critical value
of P, /Pr exists that makes 7;=0. Though such a critical value
is not accurately predicted by the weak prepulse theory
(Pp << Pf) derived in this article, it is intuitive that an upper
limitin the ratio P, /Py mustexist in the design of a relaxation
pulse of the first kind. Indeed, for a given prepulse pressure, the
foot pressure must be sufficiently large to cause the main shock
to catch the prepulse shock on the shell’s rear surface.

2. Pulse Design Shaping for RX Shaping of Type 2

The shock-merging constraint requires that both the pre-
pulse and the main shock merge at the rear surface. The
prepulse-shock breakout time (#, ,, ) on the rear surface can be
easily obtained from Eq. (32) of Ref. 22,

P(1)= {1 + (1 + gj 7/2—;1(1 - 1)}%6, (26)

by setting z7 = zge11 = Mgpen /M=, thus leading to

Iho, = Aty + ATy (27a)
_ 2 2y [ _(2+6)/2
Too. =1 2461 ﬁ[zghen V2 _ 1]’ (27b)

where At is given in Eq. (20) and m= in Eq. (14) of Ref. 22:
Msx = At*ppap = At '}/Ppp . (28)

The main shock must also arrive on the rear surface at time f;,
by traveling through the m > m. and m < m= regions. The main
shock’s traveling time through the m > m. region can be easily
derived by integrating Eq. (91) of Ref. 22:

.M y-1 mﬁw g M\(.M
' = [ w*prM[F] [1+D(zs )(z! —1)]. (29)

s
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A straightforward manipulation yields the following traveling
time:

Atylom, = AAT,L,, (30a)
where
M 2y B
ATm>m»< - | =L
Y +1 CD*Pf
Zshell
u/2
(Zf ) d:M

X , (30b)

zP is a function of zM [Eqgs. (96)~(97) of Ref. 22],

(zf )¢ — 2 = ¢\/% [G(ZSM ) ~0(Zshen )] 31

where 27 =m? [ms, Zge = Zonell = Maher /M, and

o(&)= \/ (u=2)"H = (u-1)E* +1 | o)

(=2)u-1)

and D(x), @+« are given in Egs. (10), (11), and (9). It follows
that the time when the main shock is at m = mx is
til:z/[:m* = Aty + AtTyymyy, . Where Ty, =Tho, — ATrllz/[>m* :
Before arriving at ms, the main shock travels through the
region 0 <m < mx, where the density profile is given by Eq. (44)
of Ref. 22,

Z B m b
p(z<1)zpp(;j =pp(—] , (33)

mye

and the post-shock pressure follows Eq. (18) with n=m fvj / mgf
and mY given in Eq. (89) of Ref. 22,
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2 [2 5
m =m*{1+m /y—_yl[zﬁ;] )/2—1}}. (34)

The shock-evolution equation is given by the Hugoniot condi-
tion [Eq. (10) of Ref. 22]

1y = \/ U p o] (35)

which can be integrated between the main-shock launching
time (or main-pulse foot beginning time #;) and the arrival time
at m = mx. A short calculation yields the launching time

35
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Observe that Eqs. 36 provide the beginning time of the foot
of the main pulse once the prepulse pressure P, foot pressure
Py, and prepulse duration Ar, are assigned. The time 7 is
derived by timing the prepulse and main shock so that they
merge on the shell’s inner surface. As an example, we consider
a 100-um-thick DT shell (py = 0.25 g/cc, dy = 100 um) and
design a type-2 RX shaping pulse using a P, = 18 Mb, Az, =
100-ps prepulse and requiring an inner-surface adiabat o,
= 3. Using the definition mgye; = pody and Egs. (20) and (28)
to find m«, one can easily compute the parameter i =0.177.
The foot pressure can be determined by using ¢, = 3 into
Eq. (16), yielding P¢= 24 Mb. The time when the foot pressure
is applied can be computed from Eqgs. (36) using y= 5/3, @y
= 1.5, and B = 0.75, leading to 1y = 1256 ps. The shocks’
breakout/merging time is determined through Eqs. (27), lead-
ing to t, , = 1993 ps. The corresponding adiabat profile has an

approximate power-law behavior [Eq. (15)] with power index
Srx> = 1.80, which is significantly larger than in the case of
the decaying-shock shaping.

It is important to recognize that typical laser pulses are
designed so that the laser power reaches its peak at shock
breakout. The corresponding laser pressure starts from the foot
level (Pf) and increases monotonically to its maximum value
P ax (Fig. 101.1). The laser power (and pressure) is raised at
a low-enough rate to avoid strengthening the main shock and
to prevent increasing the adiabat after the main shock. Since
the resulting adiabat shape is set by the main shock driven by
Py, the theory derived in this article is valid for realistic ICF
pulses with a laser-power raise after the foot (Fig. 101.1).

This concludes the analysis of the pulse design. A detailed
comparison of the adiabat shapes and pulse-design parameters
with the results of numerical simulation is carried out in the
next section.

Comparison with Simulations

The results of the analytic theory derived in this article are
compared to the numerical results calculated by a one-dimen-
sional Lagrangian hydrodynamics code, using ideal gas equa-
tion of state and an imposed pressure boundary condition to
simulate the relaxation drive pulses. We have chosen the case
of o4,, = 3 as a case of interest, where adiabat shaping is
expected to demonstrate significantly improved performance
and to constrain our capsule and pulse designs to such as would
be implementable on the OMEGA laser system.

Using the pulse-design formulas given in the Pulse Design
for RX Shaping of Type 1 section (p. 6), a type-1 RX pulse
shape was designed for a typical OMEGA cryogenic capsule of
density py = 0.25 g/cm? and thickness d; = 100 um using the
parameters described in the example on pp. 6-7: P, =5Mb, Az,
= 1070 ps, Pr=29.7 Mb, and ;= 1442 ps. The shocks’ break-
out time is #, , = 1936 ps, and the resulting adiabat shape can
be approximated with the power law & = 3.04(mgpey; /m)0-67.
The pulse parameters have been used as input to the one-
dimensional Lagrangian code that solves the equation of mo-
tion over a mesh of 2000 grid points. Figure 101.3 compares
the adiabat profiles from the numerical simulation (solid
curve) with the power-law approximation (dashed curve) and
the full analytic formula in Egs. (3)—(5) (dotted curve). Ob-
serve that the theoretical pulse parameters described on pp. 67
produce a monotonically decreasing adiabat profile with an
inner-surface adiabat of about ¢;,, = 3. Furthermore, the
simulated adiabat profile compares favorably with the full
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analytic formula as well as the power-law approximation
described in the Simplified Formulas for RX Adiabat
Shapes and Comparison with DS Shapes section (p. 4) for
type-1 relaxation.

Similarly, a type-2 RX pulse shape is designed in the Pulse
Design for RX Shaping of Type 2 section (p. 7) for the same
target with ¢4, = 3. The pulse parameters shown on p. 8 are
Pp = 18 Mb, Pf: 24 Mb, Atp =100 ps, and S 1256 ps. The
shocks’ breakout time is #, , = 1993 ps, and the adiabat profile
can be approximated with the powerlaw o = 3 'O(mshell / m)l' .
Figure 101.4 compares the adiabat profiles from the numerical
simulation (solid curve) with the power-law approximation
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Figure 101.3

A comparison of the simulated adiabat shape of type 1 (solid) with the full
analytic formula [Eqs. (3)-(5)] (dotted) and the power-law approximation
[Egs. (12)—(14)] (dashed).
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Figure 101.4

A comparison of the simulated adiabat shape of type 2 (solid) with the full
analytic formula [Eqs. (7)—(11)] (dotted) and the power-law approximation
[Egs. (15)—(17)] (dashed).
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(dashed curve) and the full analytic formula in Eqgs. (7)—(11)
(dotted curve). Observe that the theoretical pulse parameters
(p- 8) induce a monotonically decreasing adiabat profile with
an inner-surface adiabat of about ¢, = 3. Even in this case,
the simulated adiabat profile compares favorably with both the
full analytic formula as well as the power-law approximation

for type-2 relaxation.

Nonideal Effects on RX Adiabat Shaping

In realistic ICF implosions, quantifying the adiabat profile
generated in arelaxation-design capsule is further complicated
by other physical processes and constraints, such as radiation,
thermal conduction, mass ablation, laser absorption and laser
system constraints, realistic equations of state (EOS’s), and
spherical convergence. Radiation and thermal conduction ef-
fects may invalidate the assumption of isentropic flow away
from the shocks. Mass ablation alters the position where the
laser-induced shocks are launched and therefore affects the
shock timing. In typical pulse designs, the laser-absorption
histories, and hence applied pressure histories, are not constant
over the duration of either the prepulse or the foot, as has been
assumed in the previous analysis. Realistic EOS’s yield differ-
ent results for compressibility, shock and rarefaction speeds,
and post-shock flow velocity than the ideal-gas approxima-
tion. A thorough theoretical treatment of these processes is
beyond the scope of this article; however, an attempt is made
here to quantify their effects on the shell’s adiabat profile
through simple reasoning and simulation.

In ICF capsules, the radiation emitted from the hot coronal
plasma can penetrate the shell, heating the dense shell material
up to a significant depth. This inevitably causes a “natural”
shaping of the adiabat near the ablation front,!!~13 even when
the laser pulse is designed to induce a flat adiabat. This effect
may indeed be noticeable for capsules with high or moderate
average atomic number, e.g., polystyrene plastic2® (CH,
(Z) = 3.5). However, for the hydrogenic capsules (Z = 1) of
interest for direct-drive ICF, the radiation shaping is typically
negligible when compared with the laser-induced shaping
discussed here.

Thermal conduction plays an essential role in ICF capsule
implosions since the heat conducted from the laser-absorption
region to the ablation surfaces determines the ablation pres-
sure. At the ablation surface, the shell material absorbs heat
rapidly, raising its adiabat quickly as it ablates off the shell.
Once this shell material has been ablated, however, its adiabat
is no longer relevant to the capsule stability since the ablation
velocity is determined only by the local value of the adiabat at
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the ablation surface. Furthermore, the contribution of heat
conduction to the adiabat in the bulk of the shell is very small
compared to the shock-induced adiabat since both the tempera-
ture and temperature gradients are small in the unablated shell.
Therefore, thermal conduction effects on the adiabat profile
(with the exception of mass ablation) may also be neglected.

Mass ablation occurs during the prepulse as well as the foot
of the main pulse. While the mass ablated during the prepulse
is negligible, a significant fraction ranging from 20% to 30%
of the total shell mass is ablated during the foot of the main
pulse. Since the mass m+ undertaken by the rarefaction wave
before the interaction with the prepulse shock is small in type-
2 adiabat shaping, the ablated mass m,, often exceeds m:.
When this happens, the foot-pressure amplification through
the region 0 < m < mx is eliminated. In the absence of mass
ablation, the applied foot pressure is amplified from Py at
m =0 to @«Prat m«, where @« = 1.5 is given in Eq. (9). If the
mass m is quickly removed by mass ablation during the foot,
then the main shock is launched with the pressure Py instead
of -:Py. Therefore, the validity of Eqs. (15)—(17) for the design
of type-2 adiabat shaping can be easily extended to the ablative
case by replacing the applied pressure Pywith Py J@s =Py LS.

When dealing with thick cryogenic targets, spherical con-
vergence effects should also be taken into account for an ac-
curate estimate of the adiabat shapes. They can be easily
included by replacing the areal mass coordinate m with the
total mass coordinate m*"" = Jg 7"2p(7’,0)dr’. This requires a

redefinition of m. as follows:

mP" = 20 (RS~ 1),

where R, is the initial outer radius of the shell and

R = AP, T3py (At + At

is the radial coordinate of the rarefaction—shock merging.

To quantitatively account for all these effects, simulations
were performed using LILAC,2* a 1-D Lagrangian ICF code.
The LILAC simulations used SESAME EOS in a spherical
geometry, while modeling laser absorption by ray trace and
inverse bremsstrahlung, thermal conduction using a flux-
limited local thermodynamic equilibrium treatment, and radia-
tion transport using multigroup diffusion. The target is an
85-um-thick, solid-DT shell. The laser pulse, designed in
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accordance with pulse-shaping capabilities of the OMEGA
laser system,23 consists of an 80-ps, 15-TW square prepulse,
with a finite ramp-up and ramp-down in intensity, followed by
a7-TW foot with finite ramp-up launched at about 950 ps. The
average prepulse pressure found by LILAC is 23 Mb. The
ablation pressure of the foot pulse at the time of shock genera-
tion is approximately 34 Mb. The resulting adiabat profile is
shown in Fig. 101.5 (solid) and compared with the prediction
of Egs. (15)—(17) (dashed), including the above modifications,
indicating good agreement between theory and simulation.
Note that the optimal foot-pulse turn-on time predicted by
theory is 800 ps, whereas the value in simulation was 950 ps,
indicating that some retuning of the pulse was necessary.

20
E 10t
%}
O |
0.2 0.6 1.0
m/Mgpe
TC6872

Figure 101.5
A comparison of the simulated adiabat shape predicted by LILAC (solid) with
the analytic formula [Eqgs. (15)—(17)] (dashed) for an OMEGA-scale design.

To estimate the increase in ablation velocity, it is important
to recognize that in realistic ICF implosions, a significant
fraction of the target material is ablated off during the foot of
the laser pulse. For an RX pulse shape, about 20% to 30% of
the target mass is ablated before the shock-breakout time, thus
causing the shell’s outer surface to shift inward. The shell
acceleration starts shortly after the shock-breakout time when
the laser power reaches its peak. The relevant outer-surface
adiabat determining the ablation velocity is the adiabat at the
ablation front, which moves deeper inside the target as more
mass is ablated off. In mass coordinates, the ablation-front
position is equal to the amount of mass ablated, m,(¢). It
follows that the ablation velocity for a shaped-adiabat implo-
sion is determined by the following simple scaling law:
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mq(1)
where Vaﬂalt is the ablation velocity for a flat-adiabat implosion

with or= o, and Sequal to Sgx 1, Orx2, Or Opg, depending on
the shaping method. During the acceleration phase, V, is
maximum at the beginning [low m,(f)] and decreases in time as
more mass is ablated and m,(¢) increases. At the beginning of
the acceleration phase whenm,, ~0.3 mgy,.;;, the shaped-adiabat
ablation velocity is roughly 2 times the flat-adiabat value for
the decaying-shock shaping (dpg = 1.1), about 1.5 times Vaﬂ a
for type-1 RX shaping (dgx; ~0.7), and over 3 times Vaﬂ A for
type-2 RX shaping (Sgx, ~ 1.6 to 1.8). Figure 101.6 shows the
time evolution of the ablation velocities computed by LILAC
for a typical OMEGA-size cryogenic DT shell of 85-um
thickness and 345-um inner radius. The three curves represent
the three pulse designs: flat adiabat with o= 3 (dashed), shaped
adiabat by decaying shock (dotted), and shaped adiabat by
RX-2 shaping (solid). The corresponding laser time histories
are shown in Fig. 101.7, and the time axis in Fig. 101.6 is
adjusted to fit the different acceleration phases (i.e., maximum
laser power intervals) of the three designs. Observe that the
RX-2 design leads to the largest ablation velocity, approaching
3 times the flat-adiabat value at the beginning of the acceler-
ation phase.

V,, (um/ns)

0
0.00 025 050 0.75 1.00

Time (ns)
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Figure 101.6

Time evolution of the ablation velocities during the laser pulse’s flattop for
flat o = 3 (dashed), decaying-shock—shaped (dotted), and type-2 relaxation-
shaped (solid) implosions.
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Figure 101.7
Laser pulse for a flat oc=3 design (dashed), a decaying-shock design (dotted),
and a type-2 relaxation design (solid) of comparable 1-D performance.

Conclusions

Analytic forms of the relaxation adiabat shapes have been
derived for two cases: type 1, where the prepulse is long
enough that the rarefaction wave catches the prepulse shock at
the shell’s inner surface; and type 2, the case of short prepulses,
where the rarefaction wave/shock interaction occurs inside the
shell. The analytic relaxation adiabat profiles derived here are
in excellent agreement with simulations. Results indicate that
the adiabat profiles for both type-1 and type-2 designs are well
approximated by a power law for ICF-relevant values of the
prepulse to main-pulse pressure ratio. The power-law indices
for RX designs have been shown to be highly tunable, giving
the possibility for tailoring adiabat profiles to desired design
specifications. The type-2 relaxation designs also allow for
power-law indices, which are substantially higher than those
generated by decaying-shock designs (see Ref. 6), resulting in
the possibility of higher ablation velocities and higher RT
mitigation in RX designs, while maintaining similar one-
dimensional compression and yield. In addition, formulas to
aid in the design of RX implosions have been provided, and
nonideal effects on RX adiabat shaping have been estimated.
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Improved Target Stability Using Picket Pulses to Increase
and Shape the Ablator Adiabat

Introduction

The minimum energy required for ignition of the imploding
capsule in inertial confinement fusion! is a strong function of
the fuel adiabat oy, (the ratio of the shell pressure to the
Fermi-degenerate pressure) at the time of maximum compres-
sion: Ein ~ aslt'gg (Refs. 2 and 3). The shell must be driven on
the lowest-possible adiabat to minimize this energy. The per-
formance of low-adiabat implosions is limited by hydrody-
namic instabilities that tend to disrupt the shell during the
acceleration phase. The most important instability is the
Rayleigh-Taylor*> (RT) instability that is seeded by single-
beam nonuniformities and surface roughness. The RT growth
is reduced by mass ablation from the target surface® charac-
terized by the ablation velocity V,,.

Interface perturbations grow exponentially (a = age”") dur-
ing the “linear” phase of the RT instability and reach a satura-
tion phase (when a ~ A/10) where the growth continues at a
reduced rate.!0 Here, a is the amplitude of the perturbation, ay
is the initial perturbation amplitude (the seed), yis the growth
rate, and A is the wavelength of the perturbation.

A great deal of effort has gone into reducing the seeds (ag)
caused by illumination nonuniformities (imprinting) and tar-
get imperfections. The effect of imprinting has been reduced
by anumber of beam-smoothing techniques, including distrib-
uted phase plates (DPP’s),!! polarization smoothing (PS) with
birefringent wedges,!213 smoothing by spectral dispersion
(SSD),'4 and induced spatial incoherence (ISI).!> The effect
of the RT instability can also be reduced by lowering the RT
growth rate. It has been shown that the ablation-surface RT
growth rate is reduced by the ablation process. Theoretical
work that includes the effect of thermal transport? shows that
the RT-growth-rate dispersion formula for a DT target is given
by

YpT = \/AT(LO’V)kg - A%(l{)"’)kzvavbo

-[1+ A (Lo V)iV,
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where Ap(L),V) is the Atwood number, a function of Ly and v;
k is the perturbation spatial wave number; g is acceleration;
L is ablation interface thickness; V,, is ablation velocity; V;,,
is the “blowoff” velocity; and v is the thermal transport index.
Vo 1s equal to V,, times the ratio of the blowoff plasma density
to the ablation surface density. The ablation velocity, in turn,
increases with the adiabat o in the ablation region as V, o
o3 (Ref. 16). This is the compromise that faces target design-
ers—lowering o reduces the minimum energy required for
ignition, but increases the effects of the RT instability. This
article describes recent results using a shaped adiabat that
increases the ablation-surface adiabat while maintaining a low
adiabat for the compressed fuel.

This article is divided into five sections: (1) the motivation
for adiabat shaping; (2) the results from the planar growth and
imprint experiments; (3) data from spherical implosions with
the decaying-shock-wave picket and the relaxation picket;
(4) simulations showing the extension of the picket pulses to
cryogenic implosions; and (5) conclusions.

Adiabat Shaping

The conflicting requirements of the lower-adiabat fuel at
the maximum compression and the higher-adiabat ablation
region can be achieved by shaping the adiabat inside the shell.
A schematic of a shaped shell adiabat is shown in Fig. 101.8,
where the shell is represented as a region of constant density
and the adiabat varies from 1.5 to 4. The shaded region is the
portion of the shell that remains at the end of the acceleration
phase of the implosion. The inner fuel region is on alow adiabat
while the adiabat in the ablated mass is high. The first pub-
lished work on adiabat shaping used the absorption of low-
energy x rays!’ to increase the adiabat at the ablation surface.

A short, high-intensity picket pulse, as seenin Fig. 101.9(a),
can be used to shape the shell adiabat by creating a decaying
shock wave.18:19 This technique modifies the adiabat by modi-
fying the pressure inside the shell. The ablation pressure from
the picket pulse creates a shock wave that raises the pressure at
the ablation surface and propagates into the shell. A rarefaction
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wave propagates toward the shock wave at the end of the picket
pulse. The shock-wave pressure then decays after the rarefac-
tion wave overtakes it, reducing the pressure and lowering the
adiabat for the inner sections of the shell.

The shell adiabat can also be shaped by propagating a strong
shock wave in a fluid where the density increases from the
ablation surface to the inner shell.20 This density shape is
created by a low-intensity, narrow picket pulse that causes the
shell to decompress after it is turned off. This pulse shape is
shown in Fig. 101.9(b). Shell decompression creates a density
profile that is low at the ablation interface and high in the inner
shell. The pulse shape needs to be timed so that the shock wave
from the drive pulse reaches the shell-gas interface at the same
time as the rarefaction wave from the picket pulse.

Picket-pulse shapes are not new to inertial confinement
fusion (ICF); Lindl and Mead mentioned picket pulses in
Ref. 21. This work showed that multiple picket pulses used in
a simulation showed reduced target distortions during implo-
sion. This was attributed to the impulsive nature of the picket
drive with no mention of adiabat shaping. In the 1980s,
simulations done at Lawrence Livermore National Laboratory
(LLNL) and LLE?2 showed that if a picket pulse is used with
a low-adiabat drive, the acceleration RT growth is reduced.

A\
a /.
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4
Y-v
Inner mass Ablated mass
E13530

Figure 101.8

Schematic of a shell showing a shaped adiabat between the ablation surface
and the inner surface. The shaded region is the portion of the shell that is not
ablated. The adiabat is higher in the ablated material and therefore reduces
the RT growth of ablation-interface perturbations.
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LLE has done planar RT growth experiments?? with picket
pulses and established an analytical understanding of adiabat
shaping with picket pulses.!8-20 Picket pulses are being ac-
tively studied to improve direct-drive target performance.
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Figure 101.9

Laser pulse shapes for a decaying-shock-wave picket and a relaxation picket.
In (a) the decaying shock wave is created by the short picket at the beginning
of the pulse shape. The adiabat is shaped as the shock wave decays. The pulse
shape for a relaxation picket drive is shown in (b). The low-intensity, narrow
picketin front creates a spatial-density profile thatis low at the ablation region
and high inside the shell. The strong shock wave resulting from the high
foot intensity then propagates through this density profile, shaping the
shell’s adiabat.

Planar Experiments

Acceleration interface perturbation growth due to the RT
instability has been routinely studied in planar targets. A non-
converging planar target allows the whole foil to be placed on
a high adiabat to study how the adiabat affects the RT growth.
The mass-modulated accelerated foil was composed of a
20-um-thick CH foil with perturbations imposed on the side
irradiated by the laser.24 This thickness was chosen because it
has about two attenuation depths for the 1.0- to 1.5-keV x rays
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used for radiography. The initial perturbations were (1) a
wavelength of A =60 um and amplitude of a =0.25 um; (2) A
=30 um and a = 0.125 and 0.25 pum; and (3) A =20 pum and
a=0.05 and 0.25 ym. The perturbation amplitudes decreased
with decreasing wavelength to ensure that the growth was
measured in the “linear” (a < A/10) phase of the RT instability.
The 0.25-um-amplitude perturbation at wavelengths of 30 um
and 20 yum was used to study the stability of this perturbation
for large picket intensities where little or no growth was
expected and the smaller amplitude perturbation was below the
detection threshold.

Planar targets with imposed mass perturbations were accel-
erated using ten laser beams overlapped with a total over-
lapped peak intensity of 1.7 x 1014 W/cm?. Each of the drive
beams was focused to a spot size with a diameter of ~930 um
(at the 5% intensity contour) and used all of the beam smooth-
ing available on OMEGA. The use of distributed phase plates,
polarization smoothing, and SSD resulted in a laser-irradiation
nonuniformity relative to the intensity envelope of <1% over
a 600-um-diam region defined by the 90% intensity contour.
Two pulse shapes were used for the drive beams: first, a pulse
with a Gaussian rise to a 2-ns constant intensity (referred to as
the drive pulse) and, second, this same pulse with a Gaussian
picket placed ~2 ns ahead of the time when the drive pulse
reaches constant intensity. The pulse shape is shown in
Fig. 101.10(a). The maximum drive intensity was designed to
be the same for irradiation with and without a picket.

A comparison of the calculated and measured amplitudes of
the fundamental Fourier mode of the optical-depth modulation
fora20-um-wavelength perturbation is showninFig. 101.10(b),
for adrive pulse only, a picket 50% of the drive-pulse intensity,
and a picket 100% of the drive intensity. The data with and
without the picket have been temporally shifted to match the
start of the measured drive pulse. Multiple shots were per-
formed at each wavelength, with the x-ray diagnostics using
different temporal windows covering the duration of the drive
pulse. A clear reduction in the 20-um-wavelength perturbation
growth rate is seen for the 50% I, /1; data. Data for a picket
with an intensity of 100% of the drive pulse show that the
ablation velocity during the drive pulse is large enough to
stabilize the RT growth at this wavelength. Two-dimensional
(2-D) hydrodynamic simulations of the experiment agree with
the experimental data without and with picket pulses with
intensities equal to 50% of the drive pulse.

A picket pulse is also effective in reducing the imprint seed
for the RT instability in cryogenic implosions.22 Current cryo-
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genic targets are thin (~3- to 5-um) CH shells with a 100-um
layer of DT or D, ice. The density mismatch between the CH
shell and the hydrogenic layer causes a pressure gradient to be
established during the constant-intensity foot portion of the
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Figure 101.10

Planar RT growth experiments used the pulse shape shown in (a). The
300-ps-wide picket caused the foil to decompress, lowering the ablation-
interface density and raising the ablation velocity. The modulation in optical
depth is shown in (b) for an imposed 20-um-wavelength perturbation. Data
without a picket are shown as plus (+) symbols, data for a picket with an
intensity of 50% of the drive are shown as filled circles, and data for a picket
with an intensity of 100% of the drive are shown as triangles. Lines indicate
2-D hydrodynamic simulations of the experiments with the dotted line for no
picket, the solid line for a 50% picket, and the dashed line for a 100% picket.
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laser illumination. The ablation surface is accelerated as a
result of the pressure gradient, and the laser imprint is ampli-
fied by the RT instability. A picket pulse mitigates the pressure
gradient and reduces the RT amplification of the laser
nonuniformities and thus reduces the RT seed from imprinting
for the target implosion.

Planar experiments were done to study imprint reduction
with picket pulses for layered targets. The planar targets were

constructed with a 5-um-thick, solid-density CH layer and a
90-um-thick CH foam layer with a density of 0.18 g/cm?3. This
foil target acts as a surrogate for a section of a cryogenic spher-
ical target. Intensity perturbations with wavelengths of 120,
90, 60, and 30 um using specifically designed DPP’s in a single
beam were imposed on these planar foils. Figures 101.11 and
101.12 show the experimental optical-depth-modulation am-
plitude for these perturbations. Data in Figs. 101.11(a) and
101.11(b) show little reduction in the imprinting for long-
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wavelength perturbations when the picket pulse was used.
There is no difference at 120-um-wavelength perturbations
[Fig. 101.11(a)] with and without the picket. The data for a
90-um-wavelength perturbation [Fig. 101.11(b)] with the
picket pulse lie between the data without the picket and with
SSD off and SSD on. The shorter-wavelength perturbations
show a greater effect on optical-depth modulation for the
picket pulse [Figs. 101.12(a) and 101.12(b)].

Modulation in optical-depth data shows that the amplitude
of the imprint with the picket is the same as that when SSD is
on and there is no picket pulse. The DPP’s used to impose the
intensity perturbations are refractive optics, so SSD will not
affect the perturbation wavelength but will reduce the contrast
and, thus, the perturbation amplitude. The picket is as effective
as one-dimentional (1-D), 1.5-A SSD at reducing the imprint
for 60-um-wavelength [Fig. 101.12(a)] and 30-ym-wavelength
[Fig. 101.12(b)] perturbations.

The temporal evolution of the optical-depth data shown in
Figs. 101.11 and 101.12 shows that only the 30-um-wave-
length perturbation has its RT growth rate reduced. This is not
unexpected. Previous planar growth experiments with picket
pulses?? have shown that the RT growth of long-wavelength
perturbations (A > 60 um) is less affected by the picket pulse
than the short-wavelength perturbations (A = 30 and 20 um).
This is a result of the k-dependence of the ablation-velocity sta-
bilization term in the dispersion formula for the RT growth rate.

Spherical Experiments

The OMEGAZ2 laser system imploded spherical targets
with the pulse shapes shown in Fig. 101.13. Sixty beams of
351-nm radiation were incident onto the target. All beams had
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polarization smoothing, 1-THz bandwidth, 2-D SSD, and
DPP’s with an intensity envelope given by a third-order super-
Gaussian to minimize the illumination nonuniformities im-
posed by the laser. The targets used for these measurements are
shown as the inset in Fig. 101.13. The shells were made of
either 33- or 27-um-thick polystyrene and filled with three
gas-fill conditions: 15 atm of D,; 3 atm of D,; and a mixture
of 12 atm of 3He and 6 atm of D,. All targets had a 1000-A
layer of aluminum as a gas-retention barrier. The laser pulse
shapes were optimized for an outer diameter of 906 tim, and the
targets had diameters that ranged from 901 to 923 um.

Results from the fusion-product-yield measurements for
three shots for each target and pulse shape are shown in
Figs. 101.14(a) and 101.14(b). For the 15-atm-D,-filled,
33-um-thick shell [Fig. 101.14(a)], there is a factor-of-3 in-
crease in the number of D, neutrons from the target irradiated
with a picket pulse than that from the target without a picket.
The experiment was optimized for the 33-um-thick shells; the
improvement for the 27-um-thick shells is only 50%. Both the
3-atm-D,-filled and the 3He-D,-filled, 33-um-thick shells
show an improved fusion yield by a factor of 2. The ratio of the
measured primary neutron yield to the neutron yield predicted
by the hydrodynamics simulation [usually referred to as yield-
over-clean (YOCQ)] is plotted in Fig. 101.14(b) and shows that
the 15-atm-D,-filled, 33-um-thick shells improve from 0.03 to
0.19.Inall cases, the YOC can be seen to improve significantly.
The results from high-adiabat implosions with 1-ns square
drive pulses are also plotted in Figs. 101.14(a) and 101.14(b).
The absolute fusion yield from the 1-ns square data is between
yields measured without and with the picket pulse. A high-
adiabat implosion will have a lower calculated yield, and
therefore the YOC data for the 1-ns square implosions are
higher than either the non-picket or picket YOC'’s.

Figure 101.13

Pulse shapes used for decaying-shock-wave picket-
pulse experiments. The picket drive is shown as a
line and the no-picket drive as a dotted line. The
targets used are shown as an inset.
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Figure 101.14

Fusion-produced yield from the decaying-shock-wave picket implosions.
The absolute yields are shown in (a) and the normalized yields in (b). The
picket data are plotted as squares, non-picket data as diamonds, and 1-ns
square pulse implosions as circles.

Neutron-production rates for the 15-atm-D,-filled, 33-um-
thick shell, measured (symbols) and predicted (lines), are
shown in Fig. 101.15. The solid curve and open circles are data
from the implosion without a picket. The dashed curve and
filled circle plots are from the matching implosion using a
picket. The experimental data were measured with the “neu-
tron temporal diagnostic” (NTD).2” The temporal offsets needed
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to compare experimental and simulation data were determined
by maximizing the cross-correlation of the drive portion of the
pulse as a function of a temporal shift relative to the laser pulse
without a picket. This aligned the leading edges of the main
drive pulse for all of the data. It is assumed that the neutron
production is determined by the compression of the target by
the drive pulse. Comparing the experimental data with predic-
tions indicates that the implosions using a picket not only attain
higher absolute yields than the implosions without a picket but
also return, as was stated earlier, a larger fraction of the 1-D
yield. This suggests more stable implosions with less mix due
to RT growth. One-dimensional hydrodynamic simulations
indicate that there is little if any adiabat shaping from the picket
for these implosions. CH targets are affected by radiation
transport that changes the shell adiabat, and this dominates the
adiabat from the picket at the time of peak acceleration.
Cryogenic D, targets will not be dominated by radiation and
should show decaying shock-wave adiabat shaping.
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Figure 101.15

NTD data from the decaying-shock-wave implosions. LILAC simulation
results are plotted for the non-picket pulse (dashed line) and the picket pulse
(solid line). Experimental data are plotted for the non-picket pulse (open
circles) and the picket drive (dark circles).

The OMEGA laser system was also used to study the effect
of relaxation picket target designs on imploding CH shells. A
relaxation picket implosion uses a picket in front of a drive
pulse that has a high foot intensity. The picket is separated from
the drive pulse by a region of zero intensity during which time
a rarefaction wave causes the shell to decompress. The non-
picket drive is designed to implode the targets on the same
adiabat (o ~ 2) as that of the inner layer for the relaxation

LLE Review, Volume 101



picket. These pulse shapes are shown in Fig. 101.16. The picket
pulse hada FWHM of ~60 ps. The targets shown schematically
by the inset in Fig. 101.16 were designed for a total laser
energy of 18 kJ. They are 870-yum-diam, 35-um-thick CH
shells filled with 15 atm of D,. A thin (1000-A) Al layer coated
the outside of the targets and was the gas retention barrier.
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Figure 101.16

Pulse shapes used for relaxation-picket-pulse experiments. The picket drive
is shown as the solid line and the non-picket drive as the dashed line. The
targets used are shown as an inset.

The measured experimental yields increased when a relax-
ation (RX) picket pulse was used. The neutron yields shown in
Table 101.1 were taken for laser drives with and without SSD
and with and without a picket pulse. With either SSD on or
SSD off, the neutron yields are higher when a picket-pulse
drive is used. The yield increases by a factor of 2.5 in the case
of SSD off. The laser energy (17.3+0.2 kJ ) was very stable for
these implosions, allowing for the direct comparison of mea-
sured yield data.

Table 101.I: Measured experimental yields increase
when a relaxation picket is used.

SSD Off SSD On Clean 1-D
Yield (x10%) | Yield (x10%) | Yield (x1010)
5.6+£0.2 6.8+0.2 5.2+0.5
2.2+0.1 5.5+0.5 4.0+0.2

Picket

No picket

One-dimensional hydrodynamic simulations® were used

to calculate the adiabat shape at the start of acceleration and at

LLE Review, Volume 101

IMPROVED TARGET STABILITY USING PICKET PULSES TO INCREASE AND SHAPE THE ABLATOR ADIABAT

peak acceleration shown in Fig. 101.17. LILAC simulations
indicate that RX adiabat shaping in CH is effective throughout
the acceleration phase. The adiabat without a picket pulse is
illustrated as the “flat” case. At the start of the shell accelera-
tion the adiabat is nearly constant at oc=2 when no picket pulse
is used. The RX drive has an adiabat of ov= ~12 at the ablation
interface and an o = 2 for the inner shell layer. The shape of
the adiabat is still steeper for the RX drive at the time of peak
acceleration, thus maintaining the effect of a high adiabat at
the ablation interface while keeping a low (o = 2) adiabat in
the shell’s interior.

Shock-breakout time
12

0L

Ablation-front
adiabat

Adiabat
N
I

Near peak acceleration
(R =350 um)
: I I

12 |
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g L Ablation-front
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0 20 40 60 80

TC6428a

Figure 101.17

Shell adiabat shapes for the relaxation-picket-drive implosions. Shapes for
the start of the acceleration are shown in (a) and those for near the peak
acceleration are shown in (b). The non-picket drive is shown as a dashed line
while the picket-drive profiles are shown as a solid line. The x axis is the
Lagrangian mass coordinate.
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Extension to Cryogenic Targets

The planar and spherical experimental data can be used to
predict the expected performance of cryogenic target picket-
pulse implosions. Greater shell stability is predicted for high-
performance OMEGA cryogenic target designs with a picket
pulse.'8 The decaying-shock-wave picket pulse for a cryo-
genic target is shown in Fig. 101.18. An OMEGA cryogenic
target is typically 860 yum in diameter with a 5-um-or-less CH
shell, with a 65-um-or-greater DT-ice layer, and a DT-gas
pressure determined by the target’s temperature. A schematic
of this target is shown as the inset in Fig. 101.18. These target
implosions are simulated with a drive pulse that has a peak
intensity of 30 TW. A 20-TW picket is added for picket
implosions. Table 101.1I lists the 1-D simulation results. The
simulations show that the picket does not compromise the core
conditions butimproves the shell’s integrity. The calculated pR
is 330 mg/cm? without the picket and 305 mg/cm? with the
picket drive. Neutron yields are nearly identical at 6.5 x 1014
and 6 x 10!4 without and with the picket, respectively. The
shell’s stability or integrity is determined by the ratio of the
bubble amplitude to the shell thickness. This ratio is greater
than 100% for the non-picket implosion and only 55% for the
picket implosion.

AR

0 | | | |
0.0 0.5 1.0 1.5 2.0 2.5

TC5956

Figure 101.18

Pulse shapes used for cryogenic target simulations. The picket drive is shown
as a solid line, and the non-picket drive as a dashed line. The targets used are
shown as an inset.

Table 101.1I: The decaying-shock-wave picket improves the
stability of cryogenic target implosions.

No Picket Picket
PR (mg/cm?) 330 305
Y (x10'4) 6.5 6
Apubbie/Th (%)! >100 55
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Calculated adiabat and density profiles for both the decay-
ing-shock-wave and relaxation-picket-pulse shapes are shown
in Figs. 101.19(a) and 101.19(b). A decaying-shock-wave
picket shapes the shell’s adiabat [Fig. 101.19(a)] for a cryo-
genic target at the start of acceleration. The average adiabat for
the ablated mass and the inner mass can be calculated from the
simulation output. The average ablated mass adiabat calcu-
lated for the adiabat shape at the start of acceleration is 8 and
the average inner adiabat is 5. At the end of the acceleration
phase the average shell adiabat is 5; therefore, the cryogenic
target was imploded with a higher ablation interface adiabat
than the interior shell adiabat. The relaxation picket shapes
the adiabat of the shell at the onset of acceleration as shown in

(a) Decaying shock wave
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Figure 101.19

Shell adiabat and density shapes for the cryogenic target simulations. Shapes
for the decaying-shock-wave picket at the start and end of shell acceleration
are shown in (a) and those for the relaxation picket are shown in (b). The non-
picket drive adiabat is shown as a solid line while the picket drive adiabat
profiles are shown as a dotted line. The density profiles for the non-picket
drive are shown as the long-dashed curves and density profiles for the picket
drive are shown as the short-dashed curves. The shaded region represents the
ablated mass.

LLE Review, Volume 101



Fig. 101.19(b). The RX drive simulations are also used to
calculate the average adiabats for the ablated mass and the
shell’s interior. The shell’s adiabat varies from o = 16 at the
ablation interface to o = 3 in the shell’s interior. The average
adiabat for the ablated mass is 12 and for the inner shell is 3 at
the start of shell acceleration. The average shell adiabat at the
end of shell acceleration is 4. Both the decaying-shock-wave
and the RX picket pulses shape the shell’s adiabat for OMEGA
cryogenic targets.

Conclusions

Picket pulses coupled to a low-adiabat drive pulse reduce
both imprinting and perturbation growth. Adiabat shaping has
the potential to improve target stability without significantly
increasing the energy needed for compression and ignition.
The ablation surface has a high adiabat to increase the ablation
velocity and therefore reduce the RT growth. This is done while
maintaining the inner portions of the shell on a low adiabat so
that the energy needed to compress the core is minimized. The
adiabat can be shaped either by launching a decaying shock
wave that has a high pressure at the ablation surface and a low
pressure at the inner shell surface or by using a picket pulse to
produce a spatial density distribution so that a strong shock
wave propagating from the ablation interface to the inner shell
surface produces an adiabat that is high in the ablated material
and low in the compressed material.

Planar experiments with picket pulses have reduced RT
growth and imprinting, and spherical experiments with picket
pulses show increased fusion yields when a picket pulse is
used. With a picket-pulse intensity equal to 50% of the drive-
pulse intensity, the RT growth was reduced for a 20-um-
wavelength surface perturbation and no significant RT growth
was measured for a picket intensity equal to 100% of the drive
pulse. Imprint experiments demonstrated that picket pulses
were as effective as 1-D, 1.5-A SSD at the reduction of imprint
for both 60-um- and 30-um-wavelength perturbations. Spheri-
cal target experiments were done with picket pulses that
generate a decaying shock wave and a relaxed density profile.
The yields of fusion products are improved both in terms of the
absolute value and in terms of the comparison to 1-D hydrody-
namic simulation output for the decaying-shock-wave picket,
and the absolute yield increased with SSD on and SSD off
when the relaxation picket was used.

One-dimensional and two-dimensional hydrodynamic simu-
lations with cryogenic targets show that performance is ex-
pected to improve when either the decaying shock wave or the
relaxation picket pulse is used. The shell’s adiabat can be
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shaped with either the decaying-shock-wave picket or the
relaxation-picket-pulse shape. There is little difference be-
tween the core conditions with the flat-shell adiabat or the
shaped-shell adiabat, but the ratio of the bubble amplitude to
shell thickness is ~55% when the picket is added to the drive.

Results with warm CH targets and calculations with cryo-
genic targets indicate that picket pulses can be used for NIF
direct-drive implosions. Either the decaying-shock-wave or
the relaxation-picket-pulse shape can be used to improve the
likelihood of achieving ignition.
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High-Spatial-Resolution Studies of UV-Laser-Damage Morphology
in SiO, Thin Films with Artificial Defects

Introduction

The importance of conducting a quantitative, high-spatial-
resolution investigation of thin-film-damage morphology is
twofold. First, comparison of spatial frequencies of the dam-
aged site with the surrounding unmodified material may indi-
cate the presence of particular processes in the damage event.
For instance, a smooth surface that is missing granular film
structure usually points to melting of thin-film material. Sec-
ond, experimental data on geometry (lateral size, depth, cross-
sectional profiles, volume) of the modified material provide
vital information for theoretical-model validation.

High-resolution studies of laser damage in thin films have
generated a significant amount of information regarding mor-
phological changes in coating materials under different condi-
tions (wavelength and pulse length, fluence, spot size) of
irradiation. The application of high-resolution methods estab-
lished that nanosecond-pulse—driven damage in thin-film coat-
ingsislinked tolocalized absorbing defects. Forlasers operating
in the UV spectral range, even a few nanometer-sized defects
can initiate thin-film damage in the form of craters.!

Despite this fact, very few systematic studies link thin-
film-defect parameters and local laser fluence to micron- and
nanometer-scale modification of thin-film material. The most
important reason for that is that size and density of defects in
laser-quality coatings are extremely small,! thus precluding
any characterization. An investigation of the role of nodular
defects in multilayer 1.06-um laser damage?-3 serves as one
example of such studies. To assuage this challenge, SiO,
thin films with embedded gold nanoparticles serving as
artificial absorbing defects have been explored*~13 and have
proven to be a very useful model system for unraveling dam-
age mechanisms.

Previous experiments with this system subjected to UV,
nanosecond pulses showed that during the laser pulse, absorp-
tion is not confined to the absorbing defect.” Upon defect-
temperature rise, modification of the surrounding matrix takes
place followed by effective growth of the absorbing volume.
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According to theoretical predictions by M. Feit et al.,!*13 this
growth saturates when reaching a scale of the order of the
excitation wavelength A. The same theory establishes scaling
relations between damage-crater diameter and particle-lodg-
ing depth at fixed laser-fluence conditions.

A detailed theoretical description of the laser-pulse-energy
deposition followed by crater formation remains a challenge
even for this well-characterized model system. The initial
stages, including kinetics of absorption and heating in the gold
particle and energy transfer processes at the particle—matrix
interface, were studied by P. Grua ez al.'®17 It was shown that
thermionic electron emission from gold inclusion is an impor-
tant mechanism of energy transfer to the surrounding matrix.

Promising results have been obtained with the one-dimen-
sional (1-D) hydrodynamic code DELPOR (F. Bonneau et
al. 18), including electromagnetic effects, thermal conduction,
radiative transfer, ionization by thermal UV radiation, and
propagation of shock waves. From this code, combined with
the two-dimensional (2-D) hydrodynamic code HESIONE,!?
which calculates mechanical effects using brittle-fracture
models, a crater-formation picture emerges for relatively
large, 600-nm particles in qualitative agreement with experi-
ment.3- Remaining difficulties here are related to the paucity
of accurate data on electrical, thermal, optical, and mechanical
properties of materials in the solid, liquid, vapor, and plasma
states in the temperature range from ambient to ~10% K.

In this work, we used 18.5-nm gold nanoparticles as artifi-
cial defects embedded in a SiO, thin film at several well-
defined distances from the film surface. Atomic force micros-
copy (AFM) is used to investigate the damage morphology
produced by 351-nm, 0.5-ns laser pulses and dominated by
submicrometer-scale craters. Variation in crater diameter, depth,
and shape with laser fluence and particle-lodging depth is
systematically studied and compared with phenomenological-
theory!#13 predictions. The contributions of two major mecha-
nisms of damage crater formation —melting/evaporation and
fracture/ejection—are evaluated.

23



HiGH-SPATIAL-RESOLUTION STUDIES OF UV-LASER-DAMAGE MORPHOLOGY IN S1O) THIN FiLms WiTH ARTIFICIAL DEFECTS

Experimental

A SiO, thin-film sample containing gold nanoparticles is
prepared in three steps: Initially, a 240-nm SiO, thin film is
deposited by e-beam evaporation onto a cleaved fused-silica
(Corning 7980, 14 X 6 x 5 mm) substrate. Next, gold nano-
particles of average diameter d = 18.5 nm (standard deviation
=0.9 nm; data from Ted Pella, Inc.) in the form of a gold colloid
are diluted in isopropanol and deposited by a micropipette
onto the SiO,-coated surface. Finally, the sample is returned to
the coating chamber and coated with an additional layer of
Si0,. Five samples are prepared as described above, all coated
in the same deposition run, each with a different capping-layer
thickness: 30 nm, 60 nm, 110 nm, 190 nm, and 240 nm. A more
detailed description of the sample preparation can be found in
Ref. 7.

A Nd-doped glass laser (frequency-tripled, 351-nm, 0.5-ns
pulses; 400-um spot size) is used for sample irradiation. Laser-
beam incidence on the entrance surface was slightly off-
normal (~7°) in order to prevent influence of the back-reflection
(~4%) from the sample exit surface. No damage is observed
within the bulk or at the rear surface of the cleaved fused-silica
substrate at the entrance-surface fluence <8.1 J/cm?2. Laser-
fluence profiles are obtained from images captured by a low-
noise (few electrons/pixel/s at a temperature of —40°C),
high-dynamic-range, charge-coupled-device (CCD) imaging
camera (Spectral Instruments, Inc.) in a sample equivalent
plane. Correlation between laser-spot intensity and areal den-
sity and average size of damage craters allows attributing the
peak fluence to the damage center (see Fig. 101.20). Once it is
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done, laser fluence versus sample-coordinate dependence can
be easily established and damage crater geometry versus
fluence behavior investigated. The particular laser fluence at
which the crater diameter approaches zero value is defined as
the nanoscale damage threshold.

The damage morphology investigation is conducted by
means of atomic force microscopy (AFM) (Nanoscopelll,
Digital Inst./Veeco) operated in tapping mode. High-aspect-
ratio (better than 5:1) silicon probes are used to ensure convo-
lution-free imaging of craters with steep wall angles approaching
80° with the horizon.

Results and Discussion
1. Damage Morphology

Submicrometer-sized craters, formed exclusively at nano-
particle locations,’ are the main damage-morphology features.
In the case of shallow particle-lodging depths (30 nm and
60 nm) and close to the crater-formation threshold, the craters
are very small, with a typical lateral size of 35 to 50 nm, and
randomly shaped (see Fig. 101.21). The absence of a rim
elevated above the average surface level and the random shape
point to a material-removal mechanism without significant
melting. The portion of the film above the particle is probably
ejected under pressure created in the process of particle heat-
ing. This picture holds in the fairly narrow fluence range of
0.5 to 0.8 J/cm? for a 60-nm lodging depth, and in the range
of 0.6 to 4 J/cm? for a 30-nm lodging depth [detailed in the
Crater Geometry Versus Laser-Fluence Behavior section
(p- 28)]. Beyond this initial fluence range, a crater takes a

Figure 101.20

Experimental scheme of nanoscale damage threshold and crater diam-
eter versus laser-fluence determination. (a) Laser-spot x-intensity
profile; (b) damage crater areal distribution; (c) crater diameter versus
x coordinate position. The nanoscale threshold value is defined as the
laser fluence at which the crater diameter is approaching zero value.
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conventional symmetric shape with an elevated rim, indicative
of melting and resolidification (Fig. 101.22). The smooth
internal surface of these craters, shown in Fig. 101.23, is
missing the granular texture of the surrounding film, which is
characteristic of melting and explosive vaporization. Later,
this type of crater will be referred to as a regular crater. It is also
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Figure 101.21
Craters originated by particles with 30-nm lodging depth at close-to-thresh-
old conditions, 0.4-yum X 0.4-um AFM image.

useful to note here that under the term vaporization, we
consider all processes transforming material from the liquid
phase into the vapor phase, including fragmentation (nano-
cluster formation).
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Figure 101.23

Internal walls of craters originated by particles with 60-nm lodging depth
at fluences F > 1 J/cm? are missing granular structure of the surrounding
film, indicative of melting and vaporization. Contrast enhancement function
is applied in order to amplify high special frequencies, 0.8-um x 0.8-um
AFM image.

G6383

Figure 101.22
Typical craters originated by particles with 60-nm lodging depth at fluence
F=6.2J/cm?, 1.5-um x 1.5-um AFM scan.
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Damage-crater morphology caused by particles at 190-nm
and 240-nm lodging depths is very different. From this point
this type of crater will be referred to as a complex crater. The
lateral shape of these craters (depicted in Fig. 101.24) is asym-
metric, most often with partial circularity and sharp corners—
all pointing to hoop-stress—driven material removal. On the
other hand, their internal surfaces are smooth (Fig. 101.25),
indicative of the melting point having been reached. A cross-
sectional profile of a typical complex crater is also depicted in
Fig. 101.25. It clearly shows two parts: a narrow “channel”
with vertical walls at the bottom and a wide upper part with
inverse aspect ratio. Absence of the rim around the crater
indicates that energy deposited in the upper part of the crater
was insufficient to cause molten material flow at the outer
crater boundary.

One possible scenario for the formation of this type of crater
is as follows: Initially, absorption inside and around the par-
ticle causes melting and superheating of the material within the
channel volume. This process is accompanied by rapid inter-
nal-pressure buildup and shock-wave generation. When the
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generated hoop stress exceeds the strength of the silica material
(fracture toughness ~0.75 Mpa » m!/2 for bulk fused silica),
fracture along the boundaries of the upper part of the crater
takes place, followed by ejection of both the fractured portion
and the molten material from within the channel.

Formation of such a complex crater was also reported in
Refs. 9 and 10, where much larger gold particles of 600 nm
were embedded in a SiO, film matrix. In the case of 110-nm
lodging depth, both types of crater geometries characteristic
for shallow and deep particle locations are present (Fig. 101.26).
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Figure 101.24

Craters originated by particles with 190-nm lodging depth. Random, partially
circular shapes pointing to hoop-stress—driven material removal of the top
film layer, 2-ym X 2-um AFM scan.

Figure 101.26

Craters formed from intermediate, 1 10-nm-deep particle location. Both types
of craters, regular and complex, are generated simultaneously, 2-um x 2-um
AFM scan.

um
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Figure 101.25

Smooth internal walls of complex craters point to the melting point having
been reached. Cross-sectional crater profile reveals presence of two parts, a
narrow channel on the bottom and a wide upper part removed by fracture.
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2. Nanoscale Damage Thresholds

The definition of damage threshold has always been linked
to the method of detecting material modification. Conse-
quently, type and sensitivity of the damage-detection equip-
ment have a major impact on measured threshold values. The
most commonly used optical methods are adequate for practi-
cal evaluation of optical-component survival in high-power
laser systems or for studying particular trends, like pulse-
length dependencies. Still, these methods are very difficult to
use for meaningful comparison with the theories describing
the dynamics of the damage process.

AFM investigation of crater size versus laser-fluence de-
pendencies allows one to find the crater-formation threshold
(nanoscale threshold) as that fluence at which the crater diam-
eter approaches zero. It corresponds to a maximum fluence
causing only limited localized melting without material re-
moval. This definition is in much better agreement with theo-
ries that consider matrix melting as the onset of damage.

The results of nanoscale-threshold measurement summa-
rized in Table 101.III and in Fig. 101.27 show a threshold
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increase with increasing particle-lodging depth. An explana-
tion comes from the fact that at near-threshold conditions,
deeper particles consistently produce deeper and larger craters
[see the Crater Geometry Versus Laser-Fluence Behavior
section (p. 28)]. Consequently, larger material removal re-
quires more energy to be absorbed for a crater to form.
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place. In this process, the defect-surrounding matrix becomes
absorptive and undergoes rapid heating and ionization with
plasma density exceeding critical. This process is depicted
schematically in Fig. 101.28.

Laser pulse

G6389

Figure 101.27
Nanoscale damage thresholds as a function of particle-lodging depth.

Figure 101.28
Schematic of the plasma-ball formation around an absorbing defect.

Table 101.III: Nanoscale damage thresholds.

Particle Lodging Depth | Nanoscale Threshold
(J/em?)
hg.,nm hold
30 1.6 0.56+0.15
60 32 0.45+0.10
110 59 1.11+0.21
190 10.3 1.24+0.16
240 13.0 1.67+0.14

3. Theoretical Approach to Crater Formation

As was mentioned above, numerical calculations of dam-
age-crater—formation kinetics and final geometries are very
challenging. In this work, we compare experimental results
on crater lateral size behavior as a function of fluence and
absorbing defect lodging depth with phenomenological-
theory!#13 predictions.

The main assumptions and results of this theory can be

formulated as follows: If the temperature around an absorbing
defect exceeds a critical value, a thermal explosion? takes
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Considering that the major part of the absorbed energy goes
into ionization of the material, the ionized volume (plasma
“fire ball”) radius a grows exponentially with laser fluence F:

a=agexpy, (H

where the growth factor y scales linearly with F.
At high laser fluences, growth of the plasma ball tends to
saturate, and its diameter reaches a maximum value of the

order of the absorbed-light wavelength A. In this case absorbed
energy can be estimated as

E=Frl’. 2)

The radius R of a produced crater is determined by E, the
energy deposited in the plasma-ball volume, and %, the lodging
depth of the initiating absorber.

At fixed energy E, the crater radius as a function of lodging
depth £ is given by the expression

R2 = h2/3(h;‘/3 B h4/3), 3)

27



HiGH-SPATIAL-RESOLUTION STUDIES OF UV-LASER-DAMAGE MORPHOLOGY IN S1O) THIN FiLms WiTH ARTIFICIAL DEFECTS

where h, is the maximum lodging depth at which a crater is
still formed. For this depth, energy E is the threshold energy
for crater formation and corresponds to the nanoscale damage
threshold.

The maximum crater radius R,, and corresponding lodging
depth h,, are given by

R, =~/2h,, =0.6h; and h,, =~0.44h,. 4)

At high laser fluences, when the growth of the plasma ball
saturates, crater radius growth with fluence can be approxi-
mated by 1/3 power law:

R~F'"3. (5)

4. Crater Geometry Versus Laser-Fluence Behavior

a. Crater-diameter variation with fluence. Geometrical
parameters measured for the two types of crater morphology
are schematically presented in Fig. 101.29. Henceforth, a
cross-sectional profile similar to Fig. 101.29(a) will be referred
to as a regular crater, and one similar to Fig. 101.29(b) as a
complex crater.

Crater diameter D is measured by means of the cross-
sectional analysis of AFM images as crater opening at average
surface level (see Fig. 101.29). In the case of asymmetric
craters, diameter values are taken as an average of measure-
ments taken in two orthogonal directions crossing the center of
gravity of the crater opening area. Each data point in the D(F)

G6388

Figure 101.29

Cross-sectional profiles (not to scale) of (a) aregular crater and (b) acomplex
crater. Crater parameters measured by AFM: crater diameter D, crater depth
h, crater channel diameter D, channel depth £, and crater width at particle-
center position Dj,.
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graph is obtained as an average for all craters (2 to 10) imaged
within a particular AFM scan (2 ym X 2 gm or 3 ym X 3 um)
and correlated with one fluence value.

This averaging allows variations to be smoothed out in the
crater geometry for individual particle locations caused by the
inhomogeneous thin-film environment. As shown earlier (see
Ref. 7), variations in the particle/thin-film interface geometry
strongly affect both absorption by the particle and energy
transfer to the surrounding-film matrix. This effect is more
pronounced at close-to-threshold conditions, when only par-
ticles with the best contact with the matrix are producing
craters. At laser fluences many times exceeding threshold, the
probability of crater formation is approaching 100% and, for
regular craters, variation in crater size is significantly reduced.

Crater diameter versus fluence dependence for shallow
lodging depths —30 nm and 60 nm—is presented in
Fig. 101.30. In the case of the 60-nm lodging depth, it can be
well approximated by a linear fit. More complex behavior is
observed in the 30-nm case where, after a threshold jump,
stagnation of diameter growth is measured in the fluence
range of 0.6 to 4 J/cm?. At higher fluences, almost exponen-
tial growth sets in, and at F' > 7 J/cmz, 30-nm and 60-nm
curves tend to merge together.

An explanation for this behavior in the case of 30-nm
lodging depth may be found in the coating geometry (see
Fig. 101.31). The coating above the particle is growing like a
nodule and forms a spherical bump with lateral size L for
which AFM measurement (unirradiated site) gave an average
value of 47 nm. This value fits well within crater diameter
sizes of 35 to 50 nm measured in the fluence range of 0.6 to
4 J/cm?. Together with the typical crater depth of ~30 nm this
points to material removal within one nodular volume, indi-
cated by the dashed line in Fig. 101.31. Shallow particle
location and gold-silica thermal mismatch imply reduced
strength of the coating within the nodular volume described
above and lend support for the following explanation: Upon
energy absorption from the laser pulse and particle heating,
pressure applied to the portion of the coating above the particle
may suffice for its ejection without melting of the surrounding
matrix. With an increase in laser fluence, increased pressure
leads to even faster ejection and, possibly, additional heating of
the removed material, but still without reaching a critical
temperature at the particle/matrix interface. Eventually, at a
high-enough fluence (>4 J/cm?2), coupling to the surrounding
matrix takes place before material ejection, leading to dramatic
growth in crater size. In the case of 60-nm lodging, a similar
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stagnation range exists, though over a very narrow fluence
range of 0.5 to 0.8 J/cm2. As one can notice, crater-diameter
growth with fluence in the cases of 30-nm and 60-nm lodging
(see Fig. 101.30) is much faster than F' 173 This indicates that
the plasma-ball saturation regime [see the Theoretical Ap-
proach to Crater Formation section (p. 27)] is not reached at
fluences <8.1 J/cm?.
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Figure 101.30
Crater diameter versus fluence dependence for shallow particle-lodging
depths, 30 nm and 60 nm.
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Figure 101.31
Thin-film geometry in case of 30-nm particle-lodging depth.

Crater diameter versus fluence dependence for 110-nm,
190-nm, and 240-nm lodging depths is depicted in Fig. 101.32,
showing several features different from the case of shallow-
lodging depth. The most notable difference is size. For in-
stance, at near-threshold conditions, craters start with ~390-nm
diameter for 240-nm lodging compared to ~35-nm diameter
for 30-nm lodging. The reason goes beyond the trivial fact that
at fluences just above threshold, deeper absorbers produce
larger craters. More importantly, different crater-formation
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processes come into play with increasing lodging depth. Regu-
lar craters [Fig. 101.29(a)] originate from shallow locations
and are formed through the processes of melting and vaporiza-
tion. Complex craters [Fig. 101.29(b)] originate from deep
locations and, in addition to melting and vaporization of the
material in the channel volume, have a significant amount of
the top part of the material removed through a fracture mecha-
nism. The process of material removal through fracture is much
more favorable energetically than volumetric vaporization. In
the former case, energy goes to molecular bond braking in
molecules associated only with a new surface compared to
breaking bonds in the whole removed volume in the latter case.
Even in the case when material removal proceeds through
fragmentation (nanocluster formation), this picture holds.
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Figure 101.32
Crater diameter versus fluence dependence for 110-nm, 190-nm, and 240-nm
lodging depths.

The growth of the crater diameter with fluence shows a
lower growth rate for deep lodging depths, especially 190-nm
and 240-nm lodgings. It can be understood considering the
change in volume removed for each increment in crater diam-
eter. At equal laser fluences, the same partial increment in the
diameter will result in much larger volume removal for a large
crater than for a small one. Consequently, it results in a larger
fluence increment required for diameter increase and slower
growth rate with fluence for larger craters.

The other feature in the D(F) dependence for craters origi-
nating from deep (190-nm and 240-nm) particle locations (see
Fig. 101.32) is a large variation in diameter. As was discussed
earlier [see the Damage Morphology section (p. 24)], these
craters are formed in a process involving fracture and ejection
of the top portion of the coating. Due to the inhomogeneity of
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the thin-film material, variation in local material strength and
stress factors can significantly affect size and shape of the
fracture-removed portion of the complex crater.

b. Crater-depth variation with fluence. Crater depth versus
fluence behavior for 60-nm, 110-nm, and 190-nm lodging

depths is presented in Fig. 101.33. At laser fluences slightly
above threshold, crater-depth values are very close to the
particle-lodging-depth values and deeper absorbers produce
not only wider [see the Crater-Diameter Variation with
Fluence section (p.28)] but also deeper craters. With fluence
increase, however, the rate of depth growth with fluence is
reduced with increasing lodging depth, which is clearly seen
from power-law approximation of the Ah(F) curves in
Fig. 101.33. The explanation here is similar to the case of the
D(F) dependencies. Since crater volume is roughly propor-
tional to 43, deep craters require a larger fluence increment to
achieve the same partial depth increment compared to shal-
low craters.

In the case of deep lodging depth (190 nm), the A(F)
dependence is much more deterministic than the D(F) depen-
dence, which is probably associated with the mechanism of
complex-crater channel formation. The channel morphology
suggests a channel-formation process very similar to the regu-
lar-crater formation involving phases of plasma-ball growth,
melting, and vaporization. Comparison of channel geometry
with regular crater geometry [see the Features of Complex-
Crater Channel Formation section (p. 31)] lends strong
support to this hypothesis.
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Figure 101.33
Crater depth versus fluence dependence for 60-nm, 110-nm, and 190-nm
lodging depths.
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c. Transformation of crater aspect ratio with fluence. One of
the important features of crater growth with laser fluence is the

modification in aspect ratio. Changes in aspect ratio are linked
to the kinetics of energy deposition and dissipation processes.

Figure 101.34 depicts crater diameter/depth ratio versus
fluence for 60-nm, 110-nm, and 190-nm lodging depths. In the
case of 60-nm and 110-nm lodging depths, there is clear
evidence that the crater diameter grows faster than the depth,
indicating that crater growth preferentially happens in the
lateral dimension. For 190-nm lodging depth, large scatter in
data points and a relatively narrow fluence range prevent a
definitive conclusion. This trend is highlighted further by
Fig. 101.35, which shows cross-sectional AFM profiles for
three craters generated from the 60-nm lodging depth at three
different fluences: 1 J/cm?2, 2.4 J/cm?2, and 6 J/cm2. Com-
parison of diameter ratios to depth ratios underscores the
dominance of the lateral scale in crater growth: D3/D; = 3.5
and hs/h; = 1.7.
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Figure 101.34
Crater-diameter to crater-depth ratio as a function of fluence for 60-nm,
110-nm, and 190-nm lodging depths.

An interesting observation is that the D/h aspect ratio
grows faster for more-shallow 60-nm lodging compared to
110-nm lodging. A probable explanation may be linked to the
fact that instantaneous temperature distribution in the material
depends on the absorber lodging depth. For a shallow initia-
tion point, the proximity of the adiabatic boundary (silica/air
interface) means that heat propagating from the absorbing
volume (plasma ball) will be caught at the boundary and
eventually spread laterally. Since plasma-ball growth prefer-
entially proceeds toward the adiabatic boundary due to irradia-
tion geometry and screening effect (see Fig. 101.28), fluence
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Figure 101.35

AFM-measured cross-sectional profiles for craters originated by particles
with 60-nm lodging depth at fluences of 1.0 J/cm?, 2.4 J/cm?, and 6.0 J/cm?.
Crater growth with fluence is dominated by lateral scale.

increase should enhance lateral heat redistribution. For deep
absorbers this effect may be less pronounced due to a more
symmetric heat dissipation.

d. Features of complex-crater channel formation. To
understand the mechanism of complex-crater formation, both

channel diameter D, and depth h., [Fig. 101.29(b)] are
measured as functions of fluence for 190-nm lodging. The
results are plotted in Fig. 101.36 together with diameter and
depth data (Figs. 101.30 and 101.33) for regular craters initi-
ated by absorbers with 60-nm lodging. The striking agree-
ment is seen for both diameter [Fig. 101.36(a)] and depth
[Fig. 101.36(b)] values: channel data overlap well with regu-
lar-crater curves. This result lends support to a channel-forma-
tion mechanism through similar processes of melting and
vaporization as in regular-crater formation. It also indicates
that a major part of the energy deposition in a complex crater
takes place in the channel volume and goes into channel
Sformation. Thisimmediately brings up a question about mecha-
nism of the fracture generation leading to the removal of the
complex crater’s upper part. The most probable candidate here
is a shock wave generated during localized heating by a 0.5-ns
laser pulse.

It is also useful to compare channel dynamics with the
dynamics of the whole complex crater. For this purpose, Dy,
and h, are normalized to their counterparts of the whole
crater and plotted as a function of fluence in Fig. 101.37. Both
dependencies show growth, which provides circumstantial
evidence that plasma-ball and melt-front-propagation velocity
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inthe channel exceeds the fracture velocity in the studied range
of fluence.
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Figure 101.36

Complex-crater-channel diameter and depth variation with laser fluence:
(a) channel diameter and (b) channel depth. Data for craters initiated by
particles with 190-nm lodging depth are interleaved with data for regular
craters originated by particles with 60-nm-deep location (see Figs. 101.30
and 101.33).
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Figure 101.37
Channel diameter/crater diameter and channel depth/crater depth ratios as
functions of fluence.
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5. Estimates of Plasma-Ball Scale

Estimating the size of the plasma ball using only AFM data
on crater geometry is not a straightforward task. Due to the
dynamic nature of crater formation, the final shape of the
regular crater is the result of interplay between processes of
energy deposition, dissipation, hydrodynamic motion, and
evaporation of the material. From this point of view, crater
width at the particle-center position (see Fig. 101.28) is only
remotely connected to the plasma-ball diameter. Nevertheless,
with an increase in fluence and plasma-ball growth, part of the
deposited energy used for crater formation will also grow due
to the reduced role of dissipation processes (surface-to-volume
ratio). It allows the use of crater width at the particle-center
position D,, in the upper limit of fluence range as an estimate
for the plasma-ball size. D), values for 60-nm and 190-nm
lodging are depicted in Fig. 101.38 as a function of fluence.
In the case of 60-nm lodging, D, shows linear growth and
reaches a maximum value of ~180 nm at a fluence of ~6 J/cm?
(~13 times threshold). According to phenomenological theory
[see the Theoretical Approach to Crater Formation section
(p- 27)], plasma-ball growth saturates upon reaching a size
comparable with laser wavelength in SiO, film, ):f: 351/np~
250 nm (ng, film refractive index = 1.4). Both the maximum
measured value of D), ~ 180 nm = 3/4lfand the linear behavior
of D,(F) suggest that plasma-ball growth is not reaching its
saturation regime within the investigated fluence range.
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Figure 101.38
Estimate of plasma-ball size. Crater width at the particle-center position taken
as a function of fluence for the particle-lodging depths of 60 nm and 190 nm.

6. Scaling Relations

There are two lodging-depth cases where the crater is not
formed: the first case is where the lodging depth is so large that
the pulse energy deposited in the material is not enough to
create a crater; the second case is zero depth, where the defect
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can experience desorption without any modification of the
film. At all intermediate locations, craters can be formed and
the theory predicts a “bell”-shaped curve for crater diameter
versus lodging depth dependence, in agreement with Eq. (3).

Our previous attempt to check scaling relations!! with
8.4-nm particles showed qualitative agreement with theory,
although only three relatively shallow lodging depths (10 nm,
30 nm, and 48 nm) were available at the time.

In this work, crater diameter was measured as a function of
lodging depth at a fixed laser fluence of 1.67 J/cm?—the
threshold fluence for the deepest lodging depth /,; = 240 nm.
The results, normalized to h,, are presented in Fig. 101.39
together with the theoretical curve predicted by Eq. (3). The
departure from the theoretically predicted (“bell”-shaped)
curve and shift in the peak position may be directly attributed
to the change in the crater-formation mechanism with increas-
ing lodging depth. The experimental curve shows clearly a
transition taking place between 60-nm and 110-nm lodging
depths and manifests the onset of the fracture-driven material
removal. Significant change (4.3 times) in the diameter size for
190-nm lodging (h/h; = 0.79) compared to 60-nm lodging
(h/hy=0.25) points to the energetic preference of the fracture
mechanism compared to melting and vaporization.

Figure 101.39 also shows surprisingly close agreement
between the experimental maximum value of normalized cra-
ter size D/h;=1.25 and the theoretically predicted = 1.2 value
[see Fig. 101.39 and Eq. (4)]. Further investigations of scaling
relations, preferably with only one dominating mechanism of
crater formation, should test the strength of this result.
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Figure 101.39

Scaled crater diameter versus scaled particle-lodging depth. Experimental
data are taken at fluence 1.67 J/cm?2, corresponding to the crater-formation
threshold for lodging depth A, =240 nm.
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Conclusions

1.

High-resolution investigation of 351-nm damage morphol-
ogy in SiO, thin films with 18.5-nm gold nanoparticles
serving as artificial, absorbing defects revealed sub-
micrometer-scale craters as the main damage features.

. Two different crater geometries are attributed to either

(1) shallow absorbers and a melting/vaporization mecha-
nism of crater formation, or (2) deep absorbers and com-
plex-crater formation involving a combination of melting/
vaporization and fracture.

. The nanoscale thresholds (crater formation thresholds) in-

crease with increasing particle-lodging depth, owing to the
increased amount of energy required for craters to form.

. At near-threshold conditions, craters initiated by deep ab-

sorbers are much larger than craters initiated from shallow
depth mainly due to additional fracture-driven material re-
moval from the top film layer. This mechanism is energeti-
cally much more efficient than melting and vaporization.

. The growth of crater diameter and crater depth with laser

fluence shows a higher rate for shallow absorbers compared
to deep absorbers, which is explained by the difference in
energy to be deposited to achieve the same partial increment
in size.

. Comparison with theoretical predictions for regular crater

growth with fluence leads to the conclusion that the sat-
uration regime associated with the 1/3 power law is not
reached in the fluence range <8.1 J/cm?. This conclusion is
strongly supported by a plasma-ball-size estimate showing
linear growth with fluence and reaching a value of ~3/4
of a wavelength for 60-nm lodging depth and an
~6-J/cm? fluence.

. Analysis of crater-aspect-ratio variation with laser fluence

proved that crater growth with fluence is dominant in the
lateral dimension, especially in the case of shallow absorbers.

. Investigation of complex-crater formation showed that

the channel part of the crater is formed through melting
and vaporization with geometry and size closely resem-
bling aregular crater, provided fluence is the same. The rate
of channel scale growth with fluence is exceeding the rate
of growth of the complex crater as a whole, indicating that
the major part of energy deposition takes place in the
channel volume.
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9. Scaling relations between crater diameter and absorber
lodging depth are influenced by changes in crater-forma-
tion mechanism with increasing lodging depth. Good agree-
ment with theoretical predictions is found for scaled
maximum-diameter values. Further understanding of the
crater-formation picture can be achieved with the help of
numerical modeling (as reported in Refs. 18 and 19) with
realistic temperature-dependent material parameters and
absorbing-particle sizes.
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