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IN BRIEF 

This volume of the LLE Review, covering the period January-March 
1989, contains the first part of a two-part series of articles dealing with 
the OMEGA Upgrade. The two articles in this issue discuss the 
theoretical and laser design work performed to characterize the basic 
requirements for the upgrade. In addition, the advanced technology 
section contains articles discussing a new computer code developed to 
model x-ray refraction in line-focus geometry and experiments involving 
the use of time-resolved spectroscopy to diagnose high density in argon 
implosions. Finally, the activities of the National Laser Users Facility and 
the GDL and OMEGA laser facilities are summarized. 

The following are highlights of the research reports contained in this 
issue: 

A direct-drive, ignition-scaling implosion facility is necessary to 
address many key physics issues relevant to the future of inertial 
confinement fusion (ICF). These key issues are introduced and the 
requirements (for an upgrade to the present OMEGA system) needed 
to address them are identified. 

A laser system capable of uniformly targeting 30 kJ of ultraviolet 
light within a shaped pulse presents several difficult challenges to 
laser designers. The laser requirements of the OMEGA Upgrade and 
how they are to be incorporated into existing hardware and space is 
discussed. 
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CASER ( combine amplified spontaneous emission with refraction), 
a new code to model radiation transport in three dimensions through 
a line-focus plasma, is introduced. Applications to x-ray laser 
experiments at LLNL and LLE are presented. 

A series of experiments supported by the NLUF, in collaboration 
with laboratory investigators, studied the implosion of Ar-filled 
plastic microballoons. The spectroscopic data is presented and the 
presence of high density is discussed. 
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Sam Letzring, Diagnostic Development Group Leader, is shown adjusting 
the holographic transmission grating used to temporally shear the laser 
beam before it passes through the electro-optic phase modulator in the 
smoothing by spectral dispersion (SSD) scheme, which was recently 
implemented on the OMEGA laser system. 



Section 1 
THE OMEGA UPGRADE 

Part I: Theory and Design 

The objective of the U. S. Inertial Confinement Fusion (ICF) Program 
is to develop a laboratory microfusion capability for military and 
energy-production applications. Attaining the objectives of the ICF 
program depends critically on understanding the physics of 
thermonuclear ignition and burn. The development of the required ICF 
physics data base depends to a large extent on the experimental target- 
implosion programs being carried out on the NOVA laser at Lawrence 
Livermore National Laboratory (LLNL) and the OMEGA laser at the 
University of Rochester Laboratory for Laser Energetics (LLE). With 
an energy capability of 100,000 J, the NOVA laser is the primary 
laboratory driver for the U.S. ICF program and is being used to carry 
out x-ray-driven ICF target-implosion experiments. OMEGA, a 
4,000-5, uniform-illumination laser, is the primary U. S . facility used 
to explore the feasibility of the direct-drive approach to ICF. Both of 
these experimental programs have demonstrated high-density 
compression of fusion capsules-a key requirement for the eventual 
success of ICF. 

While the current OMEGA experiments are important in addressing 
many key ICF issues, a higher-energy, direct-drive capability provided 
by an upgrade of this laser, would achieve sufficient thermonuclear 
yield to address ignition-scaling issues. These experiments could 
increase the confidence level associated with the success of a national 
high-gain laboratory facility. Preliminary design engineering and 
development and related studies for the upgrade of the OMEGA 
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facility are currently in progress. In this and the following issue of 
the LLE Review, we review the present status of the OMEGA 
Upgrade design engineering and development effort, including a 
conceptual design of the upgrade. 

Purpose of the Proposed OMEGA Upgrade 
There are two approaches to inertial fusion: indirect (or hohlraum) 

drive and direct drive. The indirect-drive approach, which involves the 
conversion of the driver energy into x rays to drive a fuel capsule, is 
the main-line approach of the U.S. national program and is being 
pursued at LLNL and the Los Alamos and Sandia National 
Laboratories. Direct drive involves the direct irradiation of a fuel 
pellet by energy from the driver (laser or particle beam) and may be 
energetically more efficient than indirect drive. 

The direct-drive approach to short-wavelength laser fusion is not 
only an alternative approach to inertial fusion, but also an essential 
tool for obtaining the capsule-physics technical base required to 
understand critical ICF issues. The next critical issue in ICF to be 
addressed, after the demonstration of high-density and high- 
convergence implosions, is the production of a small region of plasma 
at ignition temperature and density. Ignition refers to the rapid 
thermonuclear burning of fusion fuel that simultaneously achieves high 
density and temperature to trigger the reaction. Once ignition occurs, 
high-energy thermonuclear-reaction products redeposit their energy in 
cold, unignited thermonuclear fuel surrounding the region and cause a 
thermonuclear burn wave to propagate. It is the propagation of the 
bum wave that is responsible for high gain. If the required degree of 
drive uniformity is achieved, it may be possible with direct drive to 
achieve high-density target compression and thermonuclear ignition 
conditions with less laser energy than is required to carry out 
hohlraum-driven implosions. Achievement of these conditions would 
strongly support the feasibility of a high-gain facility. 

The LLE OMEGA laser is the only major facility in the United 
States capable of currently conducting fully diagnosed, symmetric, 
direct-drive, spherical implosion experiments. The 1986 National 
Academy of Sciences (NAS) Report of the Committee for a Review of 
the Department of Energy's Inertial Confinement Fusion Program 
concluded that if the LLE program achieved the challenging goal of 
attaining 100-200 times liquid DT density in compression experiments, 
they would support a 30,000-J upgrade of OMEGA for the purpose of 
demonstrating significant thermonuclear burn via direct drive. 
Calculations indicate that a 30,000-J, ultraviolet (UV) laser system 
could produce implosions in the ignition regime (see Fig. 38.1). In 
addition, such a facility could support a number of multi-laboratory 
collaborative experiments to investigate many important ICF issues, 
such as ignition scaling, fuel-pusher interface mix, preheat, and 
hydrodynamic instabilities. 

In 1988, the objective of 100-200 times liquid DT density was 
attained on the OMEGA laser with cryogenic fuel targets; high 
compression was verified using a number of independent measurement 



Fig. 38.1 
The quality of fuel confinement for inertial 
fusion is the fuel areal density-the product 
of fuel density p (in grams per cubic 
centimeter) times the compressed fuel 
radius R (in centimeters). Thermonuclear 
microcore ignition requires a fuel-pR 
product in excess of 0.3 gIcm2 at 
temperatures higher than 5,000 eV. The 
progress of direct-drive ablative 
compression on the OMEGA laser in 
achieving the required degree of fuel 
compression (pR) is shown. OMEGA 
experiments at 1,000 J-1,500 J with 
cryogenic-fuel-layer targets have 
demonstrated a fuel pR of 0.03 gmlcmz. 
Near-ignition conditions could be achieved 
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techniques. These experiments were the result of an intensive effort, 
which included (a) improvements of the target surface distribution of 
laser irradiation on the OMEGA laser; (b) the development and 
implementation of a new class of diagnostic instrumentation to measure 
high-density implosions; and (c) the implementation of cryogenic fuel- 
layer technology on the OMEGA facility. The results of these 
experiments were validated by a DOE-selected panel of scientists from 
other ICF laboratories. 

The proposed upgrade of the OMEGA facility is based on the 
Nd:glass laser technology developed over the last decade by LLNL 
and LLE. Preliminary design engineering and development and studies 
of the upgrade to OMEGA began in FY88; full implementation of the 
facility could occur by 1992. The cost estimates initially proposed 
(final estimates to be defined by the design study) are $39,000,000 (in 
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FY88 dollars) [or a total of $44,120,000 in as-spent dollars]. A key 
objective of the upgrade engineering design is to keep the added 
operating costs of the facility as low as possible. 

Program Plan for the OMEGA Upgrade 
Direct drive for laser fusion provides a singular opportunity to 

define the minimum energy required to build a successful ICF facility. 
As the principal focus of the DOE research on direct drive, the whole 
research effort at LLE is designed to address the important questions 
of driver and target performance needed to produce high-density 
implosions. The four elements of the LLE direct-drive ICF program 
are 

1. OMEGA Upgrade engineering and development, 

2. OMEGA experiments and laser operations, 

3 .  target fabrication, including cryogenic fuel-layer capsule 
development, and 

4. high-density target diagnostic development and implementation. 

Modifications to the OMEGA facility include implementation of 
pulse-shaping systems; multibeam pulse-shape diagnostics; beam- 
uniformity improvements; and the design, development, fabrication, 
and activation of a 30,000-5 upgrade to the OMEGA laser. The 
engineering design effort for this element will be completed this year. 
Full implementation of the OMEGA upgrade could begin in FY90 with 
completion by FY92, according to the schedule illustrated in 
Fig. 38.2. 

In planning the OMEGA upgrade, LLE will continue to emphasize 
Nd:glass laser technology. Primary emphasis will be on designing and 
testing high-efficiency amplifier modules for potential use in the 
upgrade. LLE will be collaborating with LLNL on this effort; in one 
aspect of this collaboration, LLE will evaluate a version of a LLNL- 
proposed disk amplifier for use on the upgraded laser. The 
development of measurement and design techniques for improving the 
quality of glass drivers will be continued. The LLE engineering 
division will investigate new and improved methods of producing 
optical components, such as mirrors, polarizing elements, mechanical 
supports, phase plates, and other systems needed to operate large 
fusion-laser systems. In addition to creating an enhanced experimental 
capability, the upgrade of the OMEGA laser will provide the 
opportunity to augment the ICF driver-development effort and to test 
many advanced glass-laser concepts relevant to a laboratory high-gain 
facility. 
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Schedule for the LLE direct-drive laser-fusion program including the upgrade 
of the OMEGA laser system. 
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1.A Direct-Drive, High-Gain, Hydrodynamics 
Equivalent Experiments Facility 

Over the past several years the inertial confinement fusion (ICF) 
program has made significant progress in addressing a number of key 
physics issues. These advances have made it possible for the 
Department of Energy (DOE) to begin to address the requirements 
needed to achieve ICF's major objective-high gain in the laboratory. 

I 
I 

To date, a large effort has been devoted to the understanding, both 
experimentally and theoretically, of the national program's main 
approach to ICF - indirect drive. * However, recent achievements in 
directly driven capsule implosions2.3 and the development and initial 
implementation of laser-beam-smoothing techniques-7 have shown that 
a direct-drive solution to the national program's goal, along with its 
potential savings in driver energy, deserves increased attention. 

At present there are a number of key physics issues associated with 
high-gain, direct-drive pellet implosions for which little, if any, 
experimental data exists. This information is required by DOE to 
better determine the future role of direct drive. Here we present these 
physics issues as they pertain to a direct-drive, high-gain pellet 
implosion and discuss why a new direct-drive experimental facility is 
required to obtain this data base. Subsequent articles in this and the 
next LLE Review will present how this facility could be constructed as 
an upgrade to the present OMEGA laser facility, as well as 
preliminary design concepts of the implementation of many system 
features. 

This article is divided into two sections: First, using a numerical 
simulation of a high-gain, direct-drive pellet implosion, the key 
physics issues, requiring increased experimental data, are presented. 
Second, the general requirements that a direct-drive facility will have 
to meet to carry out the relevant experiments are examined. 

One-Dimensional, High-Gain, Direct-Drive Designs 
Recently, several high-gain, direct-drive pellet designs, spanning an 

incident-energy range of 1.0 to 10.0 MJ, have been examined for both 
351-nm and 270-nm illumination. They are all single-shell designs 
consisting of a low-atomic-number ( Z )  ablator surrounding a levitated 
cryogenic deuterium-tritium (DT) main fuel layer. The inner region of 
the pellet contains a DT-gas mixture whose density and composition 
are determined by the temperature of the main fuel layer. (Several 
designs were carried out with the main fuel composed of a DTIlow- 
density CH foam mixture.8 For this article, we limit discussion to 
pellet designs for which the main fuel layer is pure DT.) 

The designs were carried out using the one-dimensional 
hydrodynamic code LILAC. LILAC contains Lagranaian 
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bum, multigroup particle transport, and multifrequency radiation 
transport. The opacities used in the multifrequency transport are 
obtained from reducing the Los Alamos National Laboratory (LANL), 
2000-frequency-group, local thermodynamic equilibrium (LTE), 
Astrophysical Library10 to a desired group structure ( -  50 groups are 
used for the simulations presented in this article). Laser-energy 
deposition is modeled by a geometric optics ray-trace algorithml1 with 
energy deposited by inverse Bremsstrahlung along the ray path. Flux 
limitation of electron thermal transport12 is incorporated as a "sharp 
cutoff" with the Spitzer-Harm electron thermal conductivity. [For the 
simulations presented in this article the value of the flux limiter f is set 
to 0.06 with the maximum permitted heat flux given by q,,, = f n, 
kT(kT/me)Ih. This value off  has been found to give the best numerical 
results of laser-energy absorption, x-ray conversion for moderate-Z 
materials, and hydrodynamic motion of recent OMEGA pellet 
implosions.3~131 

The first issue is to determine the effect of irradiation nonuniformity 
on direct-drive target implosions. Two-dimensional simulations of 
direct-drive pellet implosions show that illumination nonuniformities 
can adversely affect pellet implosion by two principal means. The first 
is development of long-wavelength (P 5 8), secular ( t2 )  growth during 
the acceleration phase caused by variations in the drive pressure. The 
second is the seeding of short-wavelength modes that can then develop 
due to the Rayleigh-TaylorI4-16 instability at the ablation surface. 
Current two-dimensional simulations of high-gain, direct-drive pellet 
implosions indicate that illumination nonuniformities on target will 
have to be I 1 % a,,. 17 

Several investigators have examined the uniformity produced by 
overlapping multiple laser beams on spherical targets. 18-22 Research at 
LLE has emphasized the decomposition of the laser energy in terms of 
spherical harmonics to obtain information about the spatial 
wavelengths of the nonuniformity on target for a beam-overlap 
pattern.22 The irradiation pattern on target can be expressed as the 
product of two factors: (1) a "single-beam" factor that depends on the 
focal position, f-number of the lens, assumed target conditions, energy 
and possible temporal imbalance between individual beams (power 
balance), and the individual beam profiles; and (2) a "geometric" factor 
that is determined by the number and orientation of the individual 
beams about the target. 

Analysis of different beam configurations for given focus conditions 
and laser-beam profiles, has shown that increased uniformity can be 
obtained over a wider focal region by increasing the number of beams. 
Figure 38.3 shows the predicted rms illumination nonuniformity on 
target for 20, 32, 60, and 96 beams using an ideal quadratic radial- 
beam profile. All beam configurations provide adequate uniformity at a 
focus ratio of - 1 (tangential focus). However, during capsule 
implosion, the focus ratio shifts (toward the right along the abscissa in 
Fig. 38.3) because of the inward motion of the critical surface. Due to 
this motion, a system with significantly less than 60 beams, unlike the 
60- and 96-beam configurations, fails to provide the required drive 
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uniformity throughout the pellet implosion. These simulations do not 
include the possible effects of thermal smoothing23 of illumination 
nonuniformities in the pellet corona. While further experimental and 
theoretical understanding of the role of thermal smoothing would 
possibly allow for the use of less than 60 beams, when factors such as 
power imbalance and individual beam mispointing are included in the 
uniformity calculations, systems with substantially less than 60 beams 
fail to provide the necessary illumination uniformity over the duration 
of the implosion. 

Since our laser system has a fixed number of beams, much of our 
research effort has been devoted to understanding, modifying, and 
controlling the single-beam factor.4-7 Controlling power balance and 
the individual laser-beam profiles has shown great promise for future 
direct-drive implosions. Implementation of both a more stringent 
control of power balance and an initial form of beam smoothing 
[smoothing by spectral dispersion (SSD)'] has resulted in improved 
target performance for gas-fuel, glass-pusher experiments on OMEGA. 

Understanding both the effects of illumination nonuniformity on 
pellet performance and how to reduce and control the level of 
illumination nonuniformity on target represents an extremely important 
physics issue for which more information is required. Our discussion 
of uniformity has been presented independent of a particular high-gain 
design. Simulations have shown that the required level of illumination 
uniformity is approximately the same for all high-gain designs in the 
energy range of 1.0 to 10.0 MJ. 
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Theoretical and experimental work is under way at LLE to continue 
to improve the single-beam factor associated with illumination 
uniformity on OMEGA. Based on our understanding of how to control 
power balance and improve individual beam profiles, the current 
OMEGA laser system does not provide adequate illumination 
uniformity to perform experiments that are hydrodynamically similar 
to that of a high-gain pellet. 

Three key physics issues can best be presented by using a particular 
high-gain, direct-drive pellet design. As an example, we examine the 
single-shell, CH-ablator design shown schematically in Fig. 38.4(a). 
The applied laser pulse, shown in Fig. 38.4(b), is temporally shaped 
over - 45 ns and contains - 3.4 MJ of ultraviolet (35 1 -nm) light. This 
pulse, shown in Fig. 38.4(b), has been optimized to maximize the 
overdense shell thickness, while maintaining a low-fuel isotrope, with 
minimum laser intensity on target. The calculated absorption efficiency 
(7,) for this implosion is -90%. The laser intensities at the quarter- 
and tenth-critical surfaces are shown in Fig. 38.4(c). These intensities 
represent the total intensity on target while the peak intensities for each 
individual beam would be -4  X 1013 W/cm2, well below the 
threshold for plasma instabilities. 

Laser-light coupling and possible detrimental plasma physics effects 
during a direct-drive, high-gain implosion represent a second key 
physics issue for which little experimental data exists. Experimental 
and theoretical comparisons show that observables, such as the 
absorption efficiency, can be adequately modeled using inverse 
Bremsstrahlung and a ray-trace treatment. Current direct-drive 
implosion experiments are carried out on implosions that have 
extremely short-density scale lengths in comparison with high-gain 
designs. While a large number of theoretical simulations and 
calculations have been performed to estimate the effects of laser light 
transversing large-density scale lengths, little or no experimental data 
exists for density scale lengthslintensity regimes found in MJ-scale, 
high-gain capsule implosions. What experiments have been carried out 
on long-scale-length plasmas were done with laser-beam profiles that 
would not be adequate for high-gain, direct-drive. Extrapolating from 
these experiments could prove faulty because some of the observables 
may have been influenced by the poor quality of the laser beams used 
in the experiments. 

The next key physics issue considered is hydrodynamic stability and 
its effect on high-gain pellet implosions. Figure 38.4(d) displays the 
in-flight aspect ratio as a function of time for the 3-MJ implosion. The 
in-flight aspect ratio can be considered to represent a measure of the 
target's ability to withstand shell breakup due to the Rayleigh-Taylor 
hydrodynamic instability . The in-flight aspect ratio is defined as 
A(t) = R(t)lAR(t), where AR(t) is found by first determining the radial 
location and value of the peak material density in the imploding pellet. 
The positions for density values of lle of the peak determine AR(t), 
and the average of these two locations is R(t). This definition accounts 
for -77% of the imploding shell mass, the cold fuel layer, and the 
pusher surrounding the central hot-spot region. Rayleigh-Taylor 
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unstable growth of this material into the main fuel mass during the 
acceleration and deceleration phases is important to determine pellet 
performance. [The algorithm used to determine A(t) will pick up and 

I 

follow shocks that are moving through the overdense fuel pellet during I 

the acceleration phase. This results in what appears to be large values 
of the in-flight aspect ratio for short periods of time and can be seen in 
Fig. 38.4(d) as the spike-like structures at t < 10 ns when the "first" 
shock is moving through the pellet and again at 30, 35, and 40 ns.] 
The in-flight aspect ratio for this design peaks at -40 during the time , 
of maximum acceleration. A large number of theoretical calculations 
of the development and effects of the Rayleigh-Taylor instability on t 

direct-drive pellet implo~ions2~-26 have, in general, found that the 
growth of the instability, in the presence of ablation, is reduced when 
compared to the classical value. Simulations have shown that the A 

effects of the instability will, in general, depend on the growth and 
possible mode-mode interactions of all of the modes that are seeded 
(both by illumination nonuniformities and target imperfections) during 
the implosion. I 

Whether the present target design with a peak in-flight aspect ratio 
of 40 will survive the effect of Rayleigh-Taylor unstable growth during 
the acceleration phase will depend on the spectrum, initial amplitudes, 
and amplification of the seeded modes. At this time, these important 
factors can only be estimated theoretically. A limited number of 
important Rayleigh-Taylor experiments27-29 have been carried out on 
direct-drive targets. However, due to the complexity of both the 
experiments and their interpretation, these represent a very limited set 
of data against which direct-drive simulations can be compared. 

A final key issue for which no laboratory data currently exists is the 
physics associated with hot-spot formation and ignition of a direct- 
drive, high-gain design. At the culmination of the implosion, the 
imploding fuel material (all of the CH ablator has been ablated away 
by this time) is typically moving inward with a mass-averaged velocity 
of - 3.0 X lo7 cmls. The shock energy, kinetic energy, and pressure- 
volume work associated with the imploding shell, balanced against 
radiative and conductive losses, are transformed into internal energy of 
the hot-spot material. For these designs the hot spot is composed of 
the initially gaseous material and a thin layer of material that was 
initially located at the very inner edge of the main fuel layer. Figure 
38.5 schematically displays the conditions of the hot spot and main 
fuel layer at the time of ignition. In the hot spot, the ion temperature is 
usually between 5 keV and 10 keV with a density of -60 g/cm3. At 
these temperatures, densities, and fuel areal densities (pR), the alpha 
particles from thermonuclear reactions begin to redeposit their energy 
in the hot spot. As this happens, the hot spot begins to self-heat, 
resulting in further fusion reactions, which deposit their energy in a 
region just outside of the hot spot, which results in the rapid heating of 
the surrounding fuel ("boot strapping"). Newly created alpha particles 
deposit their energy further out in the fuel while fuel layers adjacent to 

I 

the hot spot begin to burn, producing more alpha particles and more 
heat. Thus, a thermonuclear bum wave propagates outward consuming 
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Fig. 38.5 
Schematic of hot-spot region near time of ignition for high-gain 
pellet design composed of DT. 

rarefaction wave propagates back through the fuel to the origin. Two- 
dimensional numerical simulations of these pellet designs (composed of 
only DT during the final stagnation phase) show that, if the spark plug 
ignites, the radially outward-propagating burn wave will result in 
essentially "1-D" yields even if the main fuel layer is moderately 
distorted. 

Simulations have shown that the hot spot will fail to ignite if large 
perturbations are present during the formation of the spark plug." The 
presence of long-wavelength perturbations (P < 8) can cause the 
internal energy of the fuel forming the hot spot to be converted into 
kinetic energy due to incoming, distorted, "cold DT from the main 
fuel layer. Calculations indicate that the mixing of cold and hot DT, 
due to the Rayleigh-Taylor instability during the deceleration phase of 
implosion, can preclude ignition. Experimental data are required to 
increase understanding of important processes in hot-spot formation 
and ignition. This issue is tied to all of the three key physics issues we 
have discussed. Illumination nonuniformity can cause secular or 
Rayleigh-Taylor unstable growth, which can adversely affect pellet 
performance during the acceleration phase and subsequently the hot- 
spot formation during the deceleration phase. Any error in our 
understanding of the absorption of the laser light and, eventually, the 
energy available to the fuel will have important effects on the required 
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energy to drive a given high-gain pellet. The high-gain design 
presented in this section was carried out using our current "best" 
theoretical understanding of these key physics issues. It is clear, 
however, that until our understanding is confirmed by experiments, 
there will always be some question about the validity of such designs. 

In order to obtain the experimental data base and theoretical 
understanding of the four key physics issues, any new direct-drive 
experimental facility will, in addition to carrying out well-diagnosed 
pellet implosions, have to be both a laser illumination uniformity and 
pulse-shaping "test bed." To estimate the amount of drive energy r 

required by this system, if all four of the key physics issues presented 
previously are to be addressed, we first examine the issue of hot-spot 
physicslignition scaling. The hot spot of a direct-drive, high-gain 4 

design is both hot (5 keV to 10 keV) and dense ( -  300 times liquid 
density). These conditions place constraints on the minimum energy of I 
the system. Using the definition of ignition put forth by Nuckolls30 
[ignition is defined to occur when the liberated alpha-particle energy 
redeposited back into the fuel equals the energy invested to compress 
the fuel (Eh,, = 115 EhSio,)], one can obtain an estimate of the 
required fuel temperature and areal density. This is shown in Fig. 38.6 
where the hatched region represents the fuel pR region between -0.2 I 
and 0.3 g/cm2. The driver energy can then be estimated as a function 

I 

of coupling efficiency (q ,  = qaqH, where qH is the hydrodynamic 

I 

Temperature (keV) 

1 
Fig. 38.6 

! 
Fuel areal density bR), temperature regime 
of ignition based on the definition in Ref. 
30. A: confinement time given as RIC,; 
B: confinement time given as Rl(2C,). 
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Fig. 38.7 
Incident laser energy versus compression 
for ignition at a temperature of 5 keV and 
confinement time given by RIC,. 
A:  coupling efficiency ( v c )  = 0.05; 
B: coupling efficiency = 0.10. 

efficiency) and compression for a given temperature, fuel pR, and 
disassembly time multiplier [Edriven oc l17c(Pfuel)2]. AS an example, the 
driver energy required for a fuel temperature of 7 keV and a 
disassembly time given by RIC, (where R is the fuel radius and C, is 
the sound speed) is shown in Fig. 38.7. For coupling efficiencies 
between that predicted for the 351-nm, high-gain, direct-drive designs 
presented in Sec. 1 and modest compressions, laser energies between 
20 kJ and 100 kJ are required to meet the Nuckolls definition of 
ignition. (One could reduce the laser energy by increasing the 
compression; however, hydrodynamic-stability issues could place 
severe constraints on achieving such high compressions.) These simple 
estimates indicate that, in order to examine physics issues related to 
hot-spot formation and ignition, laser energies in excess of 20 kJ on 
target will be required. 

Compression (XLD) 

Having identified an energy threshold for this facility, one can then 
investigate hydrodynamically equivalent pellet designs, that is designs 
whose physical behavior scales to those appropriate for high gain. If a 
target is described by its hydrodynamic behavior alone, it can be 
scaled in size by the following relations: 

Energy: E o: R3 
Power: P o: R2 
Time: t o: R 
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This scaling, while not strictly valid because of changes associated 
with transport processes during implosion and thermonuclear reaction 
and transport processes during the burn phase, serves as a starting 
point for a 30-kJ, high-gain, hydrodynamic-equivalent design obtained 
by scaling the 3-MJ design presented in the previous section. The two 
pellets are shown in Fig. 38.8 (note sizes are not to scale). Similarly, 
the pulse shape shown in Fig. 38.4(b) was scaled down resulting in the 
curve labeled S in Fig. 38.9. One- and two-dimensional simulations 
show that this energy-scaled pellet design has a similar in-flight aspect 
ratio s 40, a hot-spot convergence ratio 5 25, and the same uniformity 
requirements as the 3-MJ design. The solid, unlabeled curve in Fig. 
38.9 represents a pulse consisting of two Gaussian pulses truncated at 
-6.5 ns. This pulse shape, while not possessing all of the desired 
characteristics of the scaled pulse, has been shown numerically to be a 
good "initial" approximation to the pulse shape that the new facility 
should have. 

Fig. 38.8 
Schematic of energy-scaled, 30-kl, hydrodynamic-equivalent pellet design and 
initial 3-MJ pellet design. Note pellets are not drawn to scale. 

Current theoretical work associated with SSD has shown that, with 
further modifications and the use of 60 beams, illumination 
nonuniformities could be reduced to the level required to do relevant 
hydrodynamic-equivalent experiments ( - 1 % to 2 % a,,,). The facility 
should be designed with enough flexibility to allow for changes to be 

i 
made to the single-beam factor (principally the individual beam 
profiles) so that illumination-uniformity improvements could be 
incorporated as they become available. 

I 
I 

The energy-coupling issues presented in the first section would have 
to be addressed in two parts. The energy-scaled target presented in 
Fig. 38.8 would not have a scale length as large as that of the high- 
gain design. However, the experimental data associated with energy 
coupling obtained on the hydrodynamic-equivalent targets (which have 
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Fig. 38.9 
Energy-scaled pulse shapes. S represents 
the scaled 3-MJ pulse shape; the solid 
curve represents a pulse shape constructed 
of two truncated Gaussian pulses, which 
could serve as the initial pulse shape the 
system could produce. 

density scale lengths larger than those of present direct-drive 
experiments) would serve as an additional check of our understanding 
of how laser light couples to the target. Issues more relevant to the 
density scale lengthlintensity regime associated with high-gain designs 
could also be addressed using flat targets and a limited number of laser 
beams, similar to techniques successfully used on NOVA.3' Such 
experiments could generate long-scale-length plasmas using individual 
laser beams more characteristic of those of high-gain, direct-drive 
implosions. 

We believe that a 30-kJ, 35 1-nm, 60-beam laser system can provide 
the necessary experimental data base required to determine the role of 
direct-drive in future ICF planning. While the issues presented in this 
article were limited to direct drive, it is evident that the data base 
obtained from such a facility would also prove important in 
understanding processes associated with high-gain, indirect-drive pellet 
implosions. Subsequent articles in this and the next LLE Review will 
discuss in more detail the design of the OMEGA upgrade. 
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1.B Laser Design and Performance 

As discussed in article 1 .A, important ignition physics issues could be 
investigated with a laser system capable of uniformly targeting 30 kJ 
of ultraviolet (UV, 351-nm) light with the temporal pulse shape 
illustrated in Fig. 38.10. The design of such a laser system presents 
several challenges. The first challenge is to generate the required 
energy at the lowest possible cost. As discussed below, while the 
implosion experiment utilizes 30 kJ of UV energy on target, the 
overall laser output, because of inherent system losses and red-to-blue 
conversion efficiencies, must be in excess of 60 kJ in the infrared 
(IR, 1054 nm). Production of such energies will be facilitated by the 
design, testing, and implementation of the multisegmented amplifier 
(MSA). This new amplifier,' a joint effort between Lawrence 
Livermore National Laboratory (LLNL) and the University of 
Rochester Laboratory for Laser Energetics (LLE), will be discussed in 
detail below. 

The next important challenge is the generation of the desired on- 
target temporal pulse shape. The target design group has determined a 
set of basic requirements for the general pulse shape. The on-target 
pulse shape will be synthesized from two independent sub-pulses. 
Special attention must be given to minimize the damage threat 
associated with each of the sub-pulses. Such considerations will 
determine the location and size of certain optical components in the 
chain as well as many of the materials used. 

The final challenge is to meet the stringent uniformity requirements 
of the implosion dynamics. It has been shown that the overall 
illumination uniformity of a laser system improves significantly as the 
number of incident beams is increased.2 To take advantage of this, it 



LLE REVIEW, Volume 38 

Fig. 38.10 
Required on-target temporal pulse shape(s) 
scaled from MJ pulse shape and double- 
Gaussian approximation to it. 

is planned to increase the number of beams on the OMEGA system 
(currently 24 beams). By comparing the increasing cost associated with 
handling larger number of beams with the improving uniformity, it 
was determined that the OMEGA upgrade would place 60 beams on 
target. This decision is complicated by two additional issues. First is 
the issue of producing both sub-pulses in each of the 60 beams. 
Second is the requirement that maximum use be made of the existing 
OMEGA hardware and laser-bay floor space. The easy solution of 
building two independent, 60-beam laser systems and combining them 
on target was rejected because of prohibitive costs and insufficient 
laser-bay area. The solution we have adopted is the co-propagation of 
two pulses in physically separate regions of the same beamline. This 
concept is the most cost-effective method (one laser system that can 
occupy the existing laser bay) of achieving the given uniformity 
requirements while still providing for all other parameters essential to 
the upgrade. 

Laser Output Requirements 
Although the designed, on-target energy is 30 kJ, the losses 

associated with the laser components between the target and the final 
amplifier must be accounted for in determining the final amplifier 
output energy. An output-energy budget for the proposed system is 
shown in Fig. 38.11. The output of the amplifier must be transported, 
frequency converted, diagnosed, focused, and phase converted. 
Nonlinear effects in air and the paucity of high-damage-fluence, 
351-nm, high-reflector coatings dictate that frequency conversion take 
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spatial transport diagnostic red focus lens and 
filter mirrors tripler pickoff dump DPP debris shield 

Current 
OMEGA 
output  n n n n 

Transmission + 0.98 0.995 0.70 0.97 0.99 0.80 0.96 n = 0.50 
each 

50% of final amplifier output reaches target. 

Fig. 38.11 
Output energy budget. 

place at or near the target chamber. The collective transport losses of 
the final spatial filter, transport mirrors, diagnostic, and focusing lens 
at 1054 nm are typically 10%. The target is placed in the central focal 
spot of a distributed phase plate (DPP), a phase mask located after the 
focusing lens, which contains 80% of the energy incident on the DPP. 
The frequency-conversion process can achieve a theoretical maximum 
of 80% efficiency for these temporal shaped pulses. Since a number of 
effects can degrade tripling efficiency,3.4 a conservative 70% tripling 
efficiency has been assumed. The product of these effective 
transmissions is 50%, i.e., the energy output of the final amplifier 
must be twice the target requirement. If the foot and main pulses are 
delivered by separate beamlines, the energy per beam for the main 
pulse is 800 J and 200 J for the foot pulse, or 1000 J for a combined 
beamline. 

MSA Amplifier 
The MSA proposed for the OMEGA Upgrade is shown in Fig. 

38.12. Because of the very close packing of adjacent beams in the 
MSA architecture, magnification and injection into the next amplifier 
stage requires either special handling optics after the amplifier to 
separate the beams or a very large, clear-aperture spatial filter. This 
problem can be avoided by using the MSA in an angularly double- 
passed configuration. This configuration allows amplification of the 
output of a current OMEGA beamline to the required levels in one 
stage. The angular offset may be taken on the output beam to provide 
the necessary beam separation for subsequent magnification. An 
increase in the amplifier clear aperture is necessary in order to 
accommodate the beam offset. If the required beam separation at the 
end of the stage is set equal to the amplifier's (not the beam's) clear 
aperture, than a relation may be derived between the required 
propagation distance for beam separation and amplifier clear aperture 
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Individual apertures - 24 cm 
5 disks deep 
Double passing reduces cost 

f 

6 

Fig. 38.12 
Proposed MSA amplifier for the OMEGA Upgrade. It will be a 2 x 2 unit, 
5 disks deep, and double passed. 

parameterized in beam diameter. Since spatial filters and, 
consequently, propagation distance are relatively inexpensive compared 
to amplifier clear aperture, it is advantageous to use the maximum 
practical propagation distance. An upper limit of approximately 11 m 
is set by building-size limitations. Plan and elevation views of the I 

proposed booster stage are shown in Fig. 38.13. 

Pulse-Shape Requirements I 

The OMEGA upgrade must be capable of producing a shaped pulse I 

consisting of a long (Sns) ,  low-intensity "foot" smoothly transitioning 
into a short (0.5-ns) , intense, main pulse. While the main-pulse shape 
is fixed, the shape of the foot pulse must remain flexible [3 ns to 5 ns 
(FWHM) containing 2 W to 6 W] in order to accommodate various 
target designs under consideration. The foot pulse has rapid turn-on 
(0.1 ns) followed by a smooth rise to a peak power that is -4%-5% 
of the main pulse. "Frozen-wave," transmission-line-driven Pockel 
cells5 are capable of generating the system input required for the foot. I 

The main pulse contains 24 W of energy and is a simple truncated 
0.55-ns to 0.75-ns FWHM Gaussian. The truncation point can vary but I 

is envisioned to be at the 80% integrated energy time. Main-pulse 
truncation can be done at the main-pulse oscillator output using 
Si-switch-driven Pockel cells. 1 

Beam Modulation and Damage Fluences 
The peak expected beam modulation, damage fluences, and fill 

factor, regardless of amplifier geometry, determine the clear apertures 
of the system. A 1.8:l beam modulation is postulated for both the 

I 

I 
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Fig. 38.13 
Plan and elevation views of the double-passed amplifier stage. 

351-nm and 1054-nm final stages. This modulation is conservative 
with respect to the OMEGA6 experience and comparable to experience 
elsewhere7. Calculations are underway to verify this modulation 
estimate. 

Damage fluences are a function of the type of coating, the 
wavelength, and the pulse width. The greatest damage threat for the 
main pulse occurs at the shortest pulse width. Because of the sliding 
energy scale for the foot pulse, it is not as clear where the greatest 
damage threat for the foot pulse occurs. The energy requirement for 
the foot varies linearly with the pulse width. The damage fluence for 
AR-coated optics tends to vary as the square root of the pulse width at 
1054 nm and the fourth root of the pulse width at 351 nm. Thus, the 
greatest damage threat for the foot occurs, counter-intuitively, at the 
longer pulse width. Since only AR coatings will be used in the 
frequency-converted subsystem and the beam size in this subsystem is 
constant, the most damage-threatened coating is the AR coating, which 
sees the greatest energy. For this system, this would be the AR coating 
on the output of the tripler. 
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In order to minimize the 1054-nm damage threat, the output of the 
final amplifier will go directly into an expanding spatial filter. The 
most-threatened, 1054-nm coating is on the input lens to this spatial 
filter. Because of the large decrease in damage fluences in going from 
1054 nm to 351 nm, the final spatial filter will have a minimum 
magnification of 1.4. 

Fused silica will be used exclusively for optics in the frequency- 
converted section. Because of the Pt-inclusion damage problem, any 
locations in the 1054-nm chain where the peak fluence exceeds 0.75 
J/cm2 in the main pulse or 3.75 ~ i c m ~  in the foot will also be fused 
silica. 

The base-line type of Ar coatings at both 1054 and 351 nm is the 
Sol-Gel technology. The damage fluences for these coatings8 are given 
in Table 38.1. 

Table 38.1 Sol-Gel AR damage fluences 

1054 nm on fused silica 35 1 nm on KDP 

0.62 ns 10 J/cm2 0.5 ns 3.8 J/cm2 
5.5 ns 15 ~ / c m ~  5.0 ns 6.8 Jicm2 

Note: Difference in pulse widths between 1054 and 351 nm is due to frequency 
conversion. 

-- - 

G2684 

Using all of the above data and a postulated 80% fill factor, the 
minimum calculated clear aperture for the final amplifier is 17 cm for 
the main beam alone. The minimum calculated clear aperture for the 
foot beam is 6.2 cm. For a combined beamline where both pulses 
share the same 351-nm optics with a 70% fill factor, the minimum 
calculated clear aperture is 20 cm. 

Coaxial Propagation: Co-propagation 
Very early in the conceptual design of the upgrade it was realized 

that the 60 beams required for uniform target illumination presented a 
major beam-transport and beam-timing effort. Separate foot- and main- 

1 

pulse beamlines doubled the difficulty. Propagating a shaped pulse 
through the laser system incurred an unacceptable conversion- , 
efficiency penalty. The solution to this dilemma is to coaxially 
propagate the two beams. Figure 38.14 illustrates the concept. The 
foot pulse propagates as the inner beam and the main pulse propagates 
as the outer, annular beam. There is an antimixing zone between the 
two beams, accounting for 10% of the clear aperture area, to prevent 
interference effects between the two beams. The ratio of beam areas is 
4.5: 1 and the intensity ratio is 5.5: 1 (main:foot). The two pulses are 
mixed on target by the DPP's located before each focus lens. 
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Reduces transport optic cost and complexity by a factor of 2. 

5.5-11s FWHM 
12 kJ, 1054 nm 

0.65-ns FWHM 
48 kJ, 1054 nm 

(annular) 

An area ratio of 4.5: 1 reduces the peak intensity ratio to 5.5: 1. 

DPP's "mix" the two pulses on target. 

Fig. 38.14 
Coaxial propagation: co-propagation. 

Physical separation of the two beams allows optimization of the 
tripler thickness for both beams as shown in Fig. 38.15. The slower 
variation of 3w damage fluences with temporal pulse width forces the 
two beams to operate at nearly the same fluence. Thus, there are only 
relatively minor differences in amplifier extraction between the two 
beams. 

prepulse 9 KDP 

15 mml 

M 

10 mm 

Fig. 38.15 
"Top hatn tripler shape allows efficient 
conversion of a co-propagated beam. 
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60-Beam Generation 
The remaining problem is how to generate the 60 beams initially 

from the existing 24-beam system. Each of the 60 beams generated 
must have the same performance as the current 1054-nm OMEGA 
beamlines. Current OMEGA beamlines have produced over 200 J in a 
0.8-ns pulse. It is desirable to perform the splitting at as small an 
aperture as possible to reduce costs and facilitate path-length 
equalization. The leading candidate staging is shown in Fig. 38.16. 
This staging, through the first 90-mm rod, is identical to the current 
OMEGA staging with the exception of the eight-way split being a six- 
way split. 

Since the length of the chain has been increased and the small-signal 
gain has been correspondingly increased, provision has been made 
after the first 90-mm rod for the inclusion of active isolation to prevent 
chain self-oscillation. The need for isolation will be experimentally 
verified during the prototype phase. 

eight-way four-way 
split split 

Fig. 38.16 
Proposed restaging of OMEGA to generate 60 beams which have the same performance 
as the existing beamlines. 

The staging shown in Fig. 38.16 has several advantages that are not 
immediately apparent. The saturated gain of the final 90 is 4.3, which 
is more than adequate to overcome the two-way split and the loss 
associated with the isolator. This means that the first 90 and splitting 
region can operate at relaxed fluence levels. Further advantage can be 
taken of the available drive in this configuration by including a slight 

1 
(-  5 %) magnification in the relay between the 90's. This allows the 
majority of the rod system to operate at a reduced fill factor (-  75%) 

r 
in order to reduce radial gain variations and avoid birefringent areas in 
the rods. 

Conclusion 
A number of new ideas and emerging technologies have been 

coupled with proven laser designs to achieve a cost-effective upgrade 
to the OMEGA laser system. The novel multisegmented amplifier 
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concept has been coupled with double-passing for high efficiency, high 
extraction, and concomitant lower cost. Co-propagation, combined 
with distributed phase plates, provides a compact method of generating 
the high-dynamic-range, 3w pulse required on target. Extensive use is 
made of 16,000-shot-proven OMEGA design hardware to drive the 
MSA. This combination of new technology and verified designs will 
allow generation of 60 beams, each with 500 J in the required 
temporal shape at 35 1 nm. 
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Section 2 
ADVANCED TECHNOLOGY 
DEVELOPMENTS 

2.A CASER - A New Code for Calculating the X-Ray 
Laser Emission from Line-Focus Plasmas 

X-ray laser gain due to collisional excitation has been observed from 
exploding-foil targets at Lawrence Livermorel-3 and from solid targets 
at NRL.4 Crucial to the interpretation of both experiments is an 
understanding of x-ray refraction in the density profiles produced by 
line-focus irradiation.5 In this article we describe a new code, CASER 
(combine amplified spontaneous emission with refraction), which 
solves the radiation-transport equation along all relevant three- 
dimensional (3-D) x-ray trajectories through a line-focus plasma, and 
performs whatever integrations of the emerging flux over space, angle, 
time, and frequency are necessary in order to replicate experimental 
observations. The capabilities of the code are illustrated with reference 
to exploding selenium foils irradiated under the conditions of 
Livermore x-ray laser experiments.'-3 While its present application is 
to x-ray laser experiments, the code has a broader potential application 
to a wide range of radiation-emission problems from multidimensional 
plasmas. 

The general problem addressed by the code is illustrated in Fig. 
38.17, with respect to a line-focus plasma that is approximately 
cylindrical in shape. Under the Livermore conditions, the plasma 
would be a few hundred microns in diameter and up to 4 cm long. In 
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Fig. 38.17 
Geometry for determining the radiation 
emitted from a line-focus plasma. The total 
emission from the surface at z = 0 is the 
integral of the spectral intensity I, over 
space ( x , y ) ,  angle (O,,O,), frequency, and 
time. I, is calculated by solving the 
radiation-transport equation (including a 
gain term) along each trajectory. 

order to determine the total energy (E,,,) radiated across the exit 
surface at z = 0, it is necessary to perform the following 
multidimensional integral: 

E,,, = I, (x,y,8,,fly,v,t,L) cosOdxdyd0, dBy dvdt . i 
The integrand I, is the spectral intensity and has units 
ergs.~m-~.srad-l.freq-l.sec-l. It is assumed that all rays of interest 
emerge at small angles 8 to the surface normal, so that cose can be 
taken to equal unity. The integral is generally performed over the area 
of the exit surface in the x-y plane as shown in the figure. However, it 
is sometimes necessary to increase the area of integration to include 
contributions from rays emerging from the curved edge of the plasma. 
The integral over angle (Ox, 8,) is dominated by the contributions of 
rays whose trajectories encompass all or most of the length of the 
plasma in the z direction. The quantity 8, is defined to be the cosine of 
the angle between the direction of the emerging ray and the x axis. For 
small angles from the surface normal, 8, is the angular deviation of 
the emerging ray from the z axis, measured in the x direction. 

Integration over the spectral profile \k(v) is necessary because 
different portions of the spectrum see different gain in the plasma, and 
integration over time is required for all except time-resolved 
diagnostics. The spectral intensity I, at the exit surface (z = 0) is the 
solution of the radiation transfer equation 

along the trajectory, integrated through a plasma of length L. (Correc- 
tions to this equation due to a spatially varying refractive index6 are 
negligible in our application since the refractive index = 1.) 
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In Eq. (2), the term u represents spontaneous emission and a 
positive g signifies gain. (For most plasmas, g is negative and 
represents the opacity, corrected for stimulated emission.) For a 
spectral line, we can write g(v) = go\k(v- v,), where \k gives the line 
shape [normalized so that \k(o) = 11 and go gives the line-center gain. 
For the Livermore x-ray laser, we assume a Doppler line shape with 
width proportional to the square root of the ion temperature. We 
assume that g and u share the same line shape. 

The trajectories are calculated by integrating the 3-D ray equation,7 
simplified for the case of current interest where p = 1 and the path 
length s = z: 

where n, is the electron-number density and n, is the critical electron- 
number density corresponding to the x-ray wavelength (2.8 x 
cmP3 for 200 A). Each trajectory is calculated backwards starting 
from the emerging point (x,y) and direction (Ox,ey), and terminating at 
z = L unless the ray first enters across the curved boundary (as occurs 
in Fig. 38.17 at point P). If it is desired, the radiation-transport 
equation can then be integrated forward along the trajectory (i.e., in 
the direction of decreasing z )  for each frequency in the spectrum to 
include effects due to a spatially varying line shape. However, in some 
cases it is reasonable to assume that alg is independent of space and 
frequency; some computational time can then be saved by using the 
analytic solution5 to Eq. (2) at the line center: 

where 

The frequency dependence of I, can then be easily found since G has 
the same line shape as g. 

It should be noted that CASER does not calculate the quantities n,, 
g, and a. These need to be supplied from hydrodynamic and atomic- 
physics models. In the work presented here, n, is obtained from a 
simulation using the two-dimensional (2-D) hydrodynamics code 
SAGE, and g and a from an ad hoc model. 
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Fig. 38,18(a) 
SAGE simulation of an exploding CH/Se 
foil, for conditions corresponding to 
Livermore x-ray laser experiments. The foil 
is irradiated in line-focus geometry by a 
single beam, incident from the right in a 
450-ps pulse of 532-nm light at 5 x 1013 
Wlcm*. Just after the laser bums through 
the foil a region of small density gradient is 
established near the center, allowing 
propagation of x rays through long 
distances in the z direction. 

In order to illustrate its features, the code has been used as a 
postprocessor to a 2-D SAGE simulation of an exploding selenium foil, 
under conditions representative of the Livermore experiment reported 
in Refs. 1 and 2. The experiment (750 A Se on 1500 A of Formvar 
irradiated at 5 x 1013 W/cm2) was modeled using 750 A of Se+24 
(perfect gas) on the CH thickness (1770 A) equivalent to 1500 A of 
Formvar. Representative density contours at the peak of the (optical) 
laser pulse are shown in Fig. 38.18(a). The laser is incident from the 
right and has just burned through the foil; the plasma extent is 
therefore greater on the right (selenium) side of the figure. The plasma 
is assumed symmetrical about the plane y = 0. ~ineouts of electron 
density and temperature in this plane are shown in Fig. 38.18(b), 
including separate profiles for the CH and the Se. A problem with the 
current treatment of multiple materials in the Eulerian code SAGE is 
that separate equations are solved for each of the two densities, leading 
to some numerical diffusion. (The code contains no physical model for 
diffusion or mixing. The question of whether inter-material diffusion 
occurs to a significant extent in the experiment is not addressed here.) 
The extent of the numerical diffusion may appear to be exaggerated 
because the densities are plotted on a logarithmic scale; however, it is 
clear that the boundary between the two materials occurs just to the 
right of center, about 20 pm to the selenium side. This is consistent 
with the fact that, although the target initially contains 10% more 
selenium electrons (assuming neon-like ionization to Se+24), some of 
the selenium is ablated early in the interaction. In a comparison 
calculation using two-sided irradiation, the boundary appears a little to 
the left of center. 

h = 0.53 pm 

Y 
400 pm 

0 llm 
100 pm 

RUN 2191 
TC2366 
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Fig. 38.18(b) 
Lineouts of electron density and 
temperature along the x axis of Fig. 
38.18(a), including individual densities of 
the CH and selenium components. In spite 
of some numerical diffusion of the two 
components into each other, the boundary 
between the two is approximately in the 
center of the profile. 

R U N  2191 
TC2400 

In the CASER calculations presented here, the x rays are bent 
according to the gradients of total electron density n,. A very simple 
ad hoc formula is used for the intrinsic line-center gain go: 

whenever the following three conditions are all satisfied: selenium 
must be the dominant material (nSe > nCH), the inversion must not be 
destroyed by collisions (n, < 1O2I ~ m - ~ ) ,  and the plasma must be 
sufficiently hot to be in the neon-like state (T, r 300 eV). If any of 
these conditions are not satisfied, go is taken to be zero. 

The exact position of the plasticJselenium interface is important 
because optimum x-ray lasing from long plasmas requires that the 
intrinsic gain be high in the central region of gentle electron density 
gradient. For the case of one-sided irradiation presented here, this 
requirement is clearly not met because the material in the center is 
plastic. For the case of two-sided irradiation the requirement is met, 
because the material in the center is selenium and the gain (assumed 
proportional to selenium density) is maximum there. This difference 
may partially explain the following experimental observation: 
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Fig. 38.19 
Ray trajectories used to perfornl the spatial 
integration (over x and y) at one specific 
time (the peak of the pulse) and in one 
direction (8, = 10 mrad, 8, = 0). 
Trajectories with values of y greater than 
20 pm are omitted for clarity. Gain exists 
in the plasma on the selenium side only (x 
h 420 pm), and peaks at x = 450 pm. 
The integration algorithm selects those rays 
providing the dominant contributions. 

(a) In the original NOVETTE experiments,' the signal up to a 
plasma length of 1 cm grew exponentially and was not greatly 
different for one- or two-sided irradiation; 

(b) In the same experiments,' the rate of growth of signal for one- 
sided irradiation fell off between 1 cm and 2 cm; 

(c) In later experiments on NOVA3 with two-sided irradiation, 
exponential growth was maintained up to 4 cm. 

However, the actual spatial and temporal dependence of the intrinsic 
gain go is far from certain. It has been inferred from experimental 
observations that go is low in the center for at least a significant 
portion of the disassembly time of the f0i1.~25 

In the integral of Eq. (I),  the code typically integrates over all 
points x and y emerging in a specified direction. It can alternatively 
integrate over all angles 0, and By emerging from a specified point. In 
either case, just a small subset of possible rays provides the dominant 
contribution to the integral. This problem was recognized by Londons; 
in order to obtain a convergent integral within reasonable computation 
time, it is necessary for CASER to select the most important rays 
automatically. How this is achieved is illustrated in Figs. 38.19 and 
38.20. 

Gain proportional to Se density 
800, I -- I 

Laser 

0 

RUN C5 11 
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Figure 38.19 shows ray trajectories used in the integration through 
the profile of Fig. 38.18(a) to obtain the signal seen by a detector 
placed at 10 mrad to the z axis, for a plasma of 3-cm length. [Strictly 
speaking, it is the projection of the trajectories in the (x,z) plane that is 
shown.] Rays travel to the left, and emerge from the plasma at z = 0 
with an angle 8, of 10 mrad. The top half of the figure O, z 400 pm) 
is selenium and contains all the gain. For clarity, the figure shows just 
those trajectories emerging with 0 5 y 5 20 pm. The dominant rays 
emerge across a small portion of the exit surface at x 3 500 pm, 
having experienced a turning point around x = 450 pm about halfway 
along the line focus. If gain were permitted on the CH side, we would 
observe a more symmetric clustering on the right-hand edge of the 
figure; i.e., at z = 3 cm, the dominant rays would start with 200 5 x 
5 600 pm rather than with 400 s x 5 600 pm. 

Laser 

RUN CSll  

Fig. 38.20 
Subdivision of the (x ,y )  plane corresponding to the trajectories of Fig. 38.19. Cells with large- 
percentage contributions to the total integral have been successively subdivided. The dense por60n 
indicates the small region responsible for the bulk of the gain. 

Figure 38.20 shows how the (x,y) plane is successively subdivided 
during the integration. Cells with large fractional contributions to the 
total integral are subdivided into four smaller cells, whose 
contributions are then recalculated. Simpson's Rule in two dimensions 
is applied to each cell, necessitating trajectory computations at each 
cell center and corner. In order to avoid redundant trajectory 
computations, the integrand is actually a 2-D matrix of spectral I 

intensities I. corresponding to various frequencies and plasma lengths, I 
with the subdivision pattern illustrated in Fig. 38.20 determined by the I 

I 
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largest element in the matrix (the line-center signal from the longest 
plasma length). The algorithm also necessarily includes means to 
ensure that if the region to one side of an interface is subdivided more 
than once, then the cell to the other side is subdivided regardless of its 
current contribution. The algorithm may be thought of as a numerical 
analog to a saddle-point integration. The large memory of the LLE 
Cyber 990 and its vector capability enable the integration to be 
performed efficiently. 

The space- and time-integrated spectrum from a plasma of 1.2-cm 
length, as used in Ref. 1, is shown in Fig. 38.21 for a viewing angle 
8, of 7 mrad (with 8, = 0). The intrinsic (Doppler) profile, 
corresponding to the constant Ti = 500 eV used for this calculation, is 
shown for comparison. (For this plasma, where Ti varies much slower 
spatially than go, a constant value of Ti is a reasonable approximation.) 
An inspection of the FWHM's of these two profiles indicates a 
narrowing by a factor of 2.9. This narrowing occurs because the line 
center experiences the strongest amplification. For an amplifier with a 
gain-length product G, it is easy to show that the narrowing factor is 
G" in the limit of large G.8 If we were to define an "average" intrinsic 
gain g by equating (gL)% to 2.9, we would find g = 7.0 cm-l, a 
value close to the experimentally inferred gain1 of 5-6 cm-'. 
However, this procedure is not strictly justified since the spectrum of 
Fig. 38.21 does not correspond to a single intrinsic gain but is an 
integral over space and time. 

Fig. 38.21 Wavelength (mA) 
Spectrum for a plasma of length 1.2 cm, 
integrated over space and time. Narrowing 
of the signal relative to the Doppler line 
profile intrinsic to the plasma is an 
indication of gain. 
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Fig. 38.22 
Dependence of the integrated x-ray signal 
on plasma length. Simulation results (solid 
line) are compared with Livermore data for 
two lasing transitions. The dashed and 

The most dramatic indication of x-ray lasing is seen when the signal, 
integrated over time, space, and wavelength, is plotted against plasma 
length (see Fig. 38.22). Here, the experimental points reported by 
Matthews et al. [Ref. 1, Fig. 4(a), two-sided illumination] are 
superposed for comparison. The calculation is normalized at 1.2 cm by 
an appropriate choice of u/g. The factor 1.25 X of Eq. (6) was 
chosen in order to provide a good fit to the data; a substantially poorer 
fit was obtained with this factor equal to 1.0 x The dashed 
and dotted curves of Fig. 38.22 are fits of the form exp(gL)-(gL)-" 
used by Matthews et al.,' with g = 5 and 6 cm-I respectively. The 
square-root term in this formula takes into account spectral narrowing; 
its origin is easy to understand since the integral over frequency is 
approximately the line-center gain times the width, and the width 
scales as (gL)-" in the limit of large gL. However, use of this 
formula is not justified since similar square-root terms could arise 

Plasma Length (cm) 

RUN C511 
TC24 19 

dotted lines are fits to the Livermore data 
of form exp(G)/G;l. 

from the integrals over time and two spatial dimensions assuming (as 
is reasonable) that the gain is not uniform in space and time. Also, of 
course, the formula ignores refraction. A calculation such as is 
presented here is necessary to relate the gain inferred from 
observations integrated over time, space, and wavelength to the 
intrinsic gain in the plasma. I 

I 

The angular dependence of the calculated signal, with respect to the 
angle 6, and for the greatest length used in Fig. 38.22 (i.e., 1.2 cm), 
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is shown in Fig. 38.23. The signal is seen to be quite peaked off- 
normal and strongly increasing from 0 to 10 mrad. This is due 
primarily to the selenium density (and therefore the intrinsic gain) 
falling off in the center of the plasma. A very similar curve to Fig. 
38.23 was reported in Fig. 8 of Ref. 3, albeit for a 3-cm plasma and 
two-sided irradiation. It is possible that the large scatter in the 
experimental data seen in Fig. 38.22 for lengths around 1 cm is related 
to the strong dependence of signal on detector angle. 

Fig. 38.23 
Dependence of the integrated x-ray laser signal on the viewing angle Ox of the 
detector, for a 1.2-cm plasma. The peak at Ox = 13 mrad is a consequence 
of the deficit of selenium in the center of the plasma. 

Finally, the time evolution of the x-ray laser signal is shown in Fig. 
38.24 for two viewing angles, 6, = 0 and 7 mrad. As discussed, the 
signal at 7 mrad is the stronger signal. Both signals occur just before 
the peak of the driving laser pulse, with the 7-mrad signal peaking 
slightly earlier, qualitatively in agreement with Fig. 1 of Ref. 9. The 
FWHM's are 190 ps and 150 ps, respectively, somewhat less than the 
290 ps observed in Fig. 3(a) of Ref. 1 for a 1-cm target displaying 
"moderate amplification," but consistent with the observation of Ref. 1 
that the pulse width decreases with increased amplification. 

In summary, the code CASER should prove useful in predicting 
experimental observations of x-ray lasing, given models of intrinsic 
gain within line-focus plasmas. The primary purpose of this article has 
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Fig. 38.24 
Streaked x-ray laser emission from a 
1.2-cm plasma, as viewed from two 
different directions. The 7-mrad signal 
emerges slightly earlier in time when 
refraction is more important. Later in time, 
when the density gradients have relaxed, 
there is no significant difference. 

RUN C511 

T i m e  (ns) 

been to illustrate some of the capabilities of CASER. A more thorough 
analysis of the large data base of Livermore and NRL experiments is 
in progress, and depends in part on using a more realistic gain model. 
Given a reasonable gain model, the code will enable proposed new 
configurations for x-ray laser targets10 to be evaluated and optimized 
with respect to refraction. This could permit useful gain to be obtained 
from lasers of modest energy. 
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2.B Time-Resolved Spectroscopic Measurements of 
High Density in Ar-Filled Microballoon Implosions 

In current high-density, laser-driven implosion experiments the 
determination of core conditions at stagnation is of great importance. 
This is particularly true of fusion experiments (D2- or DT-filled 
targets) where nuclear diagnostics have been developed to estimate 
final core conditions.',* A complementary approach, relying on x-ray 
spectroscopy of high-Z gases (as total fill gas or as dopant), provides 
values of the electron density and temperature.3-6 This technique has 
the added advantage that, with the inclusion of x-ray streak-camera 
technology, these parameters can be followed in time during the 
implosion. In addition to providing a valuable fusion diagnostic, this 
approach offers the opportunity to study the spectroscopy of many 
different highly stripped ions under extremely high-density conditions. 
In this article, we report time-resolved spectroscopic analysis of 
compressed, high-Z gas-filled targets. 

In a series of experiments supported by the NLUF, C. F. Hooper, 
D. P. Kilcrease, R. C. Mancini, and L. A. Woltz of the University of 
Florida, in collaboration with laboratory scientists, studied the 
implosion of Ar-filled plastic microballoons of dimensions 420 pm x 
6 pm (diameter x wall thickness).' These experiments used the 
24-beam, UV (A = 0.35 pm) OMEGA laser system, operated with the 
maximum illumination uniformity afforded by new distributed-phase- 
plate technology.8 The total incident laser energy was 1700 J within a 
Gaussian pulse of duration 680k50 ps (FWHM). The targets were 
filled to pressures of 2 or 10 atm of Ar. A broad array of diagnostics, 
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Fig. 38.25 
Series of time-resolved spectra for the 
2-atm case. Spectrums (c) and (d) 
correspond to implosion stagnation. 
(- - - -) inner-shell ' transitions in C-, B- 
and Be-like Ar; (+) broad "blue satellite" 
feature. These spectra have been shifted 
vertically by arbitrary amounts for the 
purpose of suitable display in the same 
picture. 

including time-resolved, x-ray line spectroscopy with the SPEAXS 
curved crystal streak spectrograph9 and time-integrated x-ray imaging 
of the compressed core, was deployed. Figures 38.25 and 38.26 show 
spectra recorded on two shots for different target pressures. The x-ray 
energy range shown covers emission from the He, and Ly, transitions 
of He- and H-like Ar and their associated satellite structure. Emission 
from the Hep and Lyp lines was too weak for spectroscopic analysis 
(higher members of the helium and Lyman series either were not seen 
or lie beyond the energy range covered by the spectrograph). Spectra 
recorded from the implosion of an empty target were used to 
determine the extent of instrument-generated structure in the 
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Fig. 38.26 
Same as in Fig. 38.25, but for the 10-atm 
case. In this case, spectrum (c) is 
characteristic of the stagnation. Note that 

Energy (eV) 

after the stagnation (d), only continuum 
emission is seen. 

continuum background. Figures 38.25 and 38.26 show time sequences 
of spectra obtained during the implosion. The He-like satellites 
(2P2P'-ls2P) of Ly, are very intense and, together with the Ly, line, 
give rise to the spectral feature located around 3300 eV, whose low- 
energy side is dominated by satellite transitions and high-energy side 
by the Ly, line. Since the line shapes of the satellite and resonant 
transitions have been broadened sufficiently to cause merging, it is not 
possible to resolve the separate spectral features as was possible in 
previous implosion experiments.10-12 As the implosion progresses, the 
overall shape of this composite spectral feature broadens further and 
shows varying degrees of asymmetry. While this line persists after the 
implosion for the low-pressure target (Fig. 38.25), only continuum 
emission is observed for the high-pressure target (Fig. 38.26). The 
spectral feature associated with the He, line and its Li-like satellites 
also shows an interesting evolution; as time advances we see the onset 
of an unusual emission feature (- 3160 eV to 3220 eV) on the blue or 
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Fig. 38.27 
He-like satellite line profiles for Ar+16 for 
an electron temperature T, = 800 eV and 
densities of N, = 5 x 1023 (a); 1 X 1024 (b); 
2 x 1024 (c): and 5 x 1024 (d) in cm-3. 

high-energy wing of the He, line in addition to the usual red satellites 
(ls2P2Pf - ls22P) found on the low-energy wing. This feature is 
observed in both Fig. 38.25 and Fig. 38.26. These broadened blue 
satellites achieve their highest intensity at the time of stagnation, when 
the maximum density is reached. For the target with the lower fill 
pressure, these features disappear when the system begins to 
decompress. A similar qualitative behavior has been observed in time- 
resolved spectra from other high-density implosion experiments.13 In 
Fig. 38.25 we notice, between 3040 and 3100 eV, three emission 
peaks corresponding to the inner-shell transitions in C-, B- and Be-like 
argon. The evolution of their intensity can be observed before and at 
the implosion's stagnation. In Fig. 38.26 we see the red wing of the 
He, line partially truncated as the implosion approaches stagnation. 
We interpret this as an incipient absorption feature due to transitions in 
lower-ionization stages. 

These spectra are compared to both Stark- and opacity-broadened 
theoretical line profiles to provide a history of the electron density and 
temperature during the implosion. The Stark-broadened line profiles, 
for different densities and temperatures, were computed for the Ly, 
line of H-like Ar and its He-like satellite transitions using a recently 
developed rnultielectron line profile code.l4 In previous spectroscopic 
diagnosis, based on analysis of He-like satellites of the Ly, line, the 
satellite line profile was approximated by a set of Lorentzian or Voigt 

Energy (eV) 
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line profiles whose individual widths were determined by instrumental 
broadening. However, we find that as the density increases, Stark- 
broadening and field-mixing effects become more important and can 
introduce substantial changes to the Voigt satellite line shapes. For 
example, in Fig. 38.27, we show a series of Stark-broadened satellite 
line profiles computed for increasing values of the electron density. 
The calculation involves all the transitions between the He-like double- 
excited 2P2P1 states, the relative distribution population assumed to be 
in local thermodynamic equilibrium (LTE), and the single-excited ls2P 
states. The Stark broadening is treated by the Smith-Hopper relaxation 
theory with the static ion approximation.10 The relative distribution of 
population among doubly excited states was taken to be in LTE. As 
the density increases, the line shape loses the detailed structure that 
reflects the set of transitions involved in its calculation and turns into a 
rather broad and smooth line profile. Yet, at higher densities, the 
features of the shape still resemble the broad characteristics of the 
profile at low density (see Fig. 38.27). The fitting of the spectral 
feature associated with the Ly, line and its related satellite emission is 
done using an intensity model that combines the calculated line profiles 
of satellite and resonance transitions. Opacity broadening is simulated 
in each line profile by means of the uniform slab model and is 
characterized by the optical thickness at line center T,, (satellite) and 
T,, (resonance).lo Doppler and instrumental broadening are also 
included. Before the experimental spectra are compared with the 
theoretical calculations, the continuum background, estimated from the 
spectrum over a broader range, is subtracted from the data. For a 
given spectrum and value of the electron density N,, we pick T,, and 
T ~ ,  for the best possible fit to the experimental data; this is done 
automatically by a program that minimizes the sum of the square 
differences between experimental and theoretical (log intensity) points 
(e2). This procedure is repeated for different values of N, allowing us 
to see the changes in e2 and the values of T,, and T,, as a function of 
N . We find for each spectrum that there is a range of N, over which 

5 Q has a minimum and the quality of the fit is very good. Next, the 
ratio of optical thickness T,,/T,,, obtained from Q2 multiplication, can 
be checked for consistency with the values computed using kinetic 
modeling. This ratio minimizes any uncertainty in the assumption of a 
characteristic geometrical length and is proportional to the ratio of 
populations in the lower state of each transition (ground-state H-like 
Ar and first, single-excited state in He-like Ar). Independently, a 
collisional-radiative kinetic code was also used to compute this ratio.14 
We have, therefore, examined the sensitivity of this ratio to different 
modeling assumptions such as optically thin, optically thick, LTE, or 
changes in the number of excited states. For electron densities above 
1 x this ratio is rather insensitive to modeling details and 
becomes a function of only N, and T,. This is because at these high 
densities the n = 2 level of He-like Ar gradually comes into LTE with 
the ground state (n = 1) of H-like Ar, although, for example, this 
level is not in LTE with the n = 2 level of H-like Ar. Comparison 
with kinetic calculations also lets us estimate values of the electron 
temperature T,. An analysis of the data in Figs. 38.25 and 38.26, 
based on the above procedure, allows us to infer N, and T,. Table 
38 .I1 summarizes our findings. 
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Table 38.11 Density and temperature results for the analysis of data in Figs. 38.25 and 
38.26. Time is measured with respect to the peak of the laser pulse 
(1 x - 4 g/cm3) 

Figure Time Electron Temperature 
Spectrum Interval (ps) Density ( ~ m - ~ )  (ev) 

1, (a) 109-171 4.0-6.0 x 600-900 
1, (b) 171-233 4.0-6.0 x 600-900 
1, (c) 202-264 4.0-7.0 X 600-800 
1, ( 4  233-295 6.0-8.0 x 500-600 
1, (e) 295-357 2.5-6.0 x 450-600 
1, (f) 357-4 19 2.5-4.0 X lQ4 450-600 
2, (a) 312-375 5.0-7.0 x 600-900 
2, (b) 348-405 3.0-6.0 X 600-800 

2, (c) 375-427 6.0-8.0 x lo24 500-800 
E5096 

A similar analysis of the spectral feature associated with the He, line 
and its Li-like satellite transitions was performed and provides 
consistent results. An example of the level of agreement between the 
theoretical fits and the experimental line profiles of both the He, 
(3100-3170 eV) and Ly, (3260-3340 eV) spectral features is illustrated 
in Fig. 38.28. As can be seen for this particular spectrum, the best fit 
to both features corresponds to that computed for an electron density 
of 5 x ~ m - ~ .  The continuum background level is also shown. 
We estimate that effects of temperature and density gradients can 
introduce uncertainties of less than 50 % in our density inferences. '5 

It is important to note that the values of 70, (5-20), deduced in the 
fitting procedure, are significantly smaller than those required to fit the 
spectra from previous experirnents.lO~l1 Before stagnation we find 
70r > rO, ,  while at, and after, stagnation T,, s 7,,. One-dimensional 
hydrodynamic simulations of these experiments indicate that close to 
stagnation a central region of about 25% of the Ar mass is sufficiently 
hot to populate the K-shell ions, while the remaining Ar has a 
temperature in the range 200 eV to 600 eV.15.16 Ionization balance 
calculations performed in this temperature range for densities greater 
than 4 g/cm3 indicate that the C-, B-, Be-, and Li-like ions share 
almost all the population and that the population of excited states 
becomes comparable to, or even exceeds, that for the ground states.17 
These results support the finding of a low opacity effect on resonant 
transitions and increases the likelihood of opacity effects on satellite 
transitions. 

The analysis of the time-integrated, x-ray pinhole (2 keV to 4 keV), 
images of the compressed core, showing a spherically imploded Ar 
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Fig. 38.28 
An example of the fittings obtained. This case corresponds to spectrum (b) 
in Fig. 38.25. Experimental spectrum ( - ); fitting (- -- 1. 
N, = 1 x 1024(  ); 5 x 10?4(---  ); and 8 x 1024 

(. . . .) in cm-3. 

plasma of 35-pm diameter, is also in reasonable agreement with our 
spectroscopic analysis. Assuming mass conservation, this would 
indicate average mass densities of 20 to 40 g/cm3. 

In conclusion, the electron densities recorded here are the largest 
observed directly through spectroscopic means. Furthermore, the low 
opacity of the resonance lines, which is consistent with our modeling, 
implies the existence of radiation "windows" in very dense, hot 
plasmas. Since the spatial extent of the excited-state orbitals at these 
densities is comparable to the average interatomic spacing, the onset of 
the blue satellite features may indicate the initiation of a plasma-solid 
phase transition.I8 However, additional analysis is required to verify 
this speculation. 
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Section 3 
NATIONAL LASER USERS FACILITY 
NEWS 

During the second quarter of FY89 NLUF activity consisted of 
supporting future experiments on the GDL laser, the determination of 
the new deadlines for submission of FY90 proposals, a steering 
committee meeting, and notification of principal investigators. These 
activities should make it easier for current and future investigators to 
conduct their experiments smoothly. The changes to the proposal 
process will allow the Department of Energy San Francisco Office 
(DOEISFO) to fund approved experiments at the beginning of the 
appropriate fiscal year. 

R. Whitlock from NRL visited LLE to start planning for his 
experiment on GDL. This experiment will measure the effect of high- 
fluence x rays incident on a single crystal. The experiment is being 
done in collaboration with J. Wark and will use the GDL laser as the 
source of x rays. The x rays will be used to generate shock waves in 
the crystal and to probe the effect of these shock waves on the 
crystalline properties. This initial visit was meant to familiarize the 
visiting scientists with the GDL target chamber and operations. A final 
review of the experiment will be conducted when the planning is 
completed. The experiment will be scheduled for GDL time after the 
final review. 

On 17 February 1989, J. Krupa and E. Schalin from DOEISFO 
visited LLE. The NLUF proposal process was discussed and a 
preliminary schedule for the proposal process was completed. The 
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current deadline for submission of FY90 proposals to DOEISFO will 
be 31 May 1989. The proposals will be sent to LLE for review by the 
NLUF Steering Committee. The recommendations of the steering 
committee will be sent to DOE. They will then notify the principal 
investigators who submitted proposals as to the results of the selection 
process. Thus, many of the administrative functions will shift to DOE 
allowing the LLE office to concentrate on the technical aspects of the 
NLUF program. This should provide better support for both 
administrative and technical problems encountered by scientists doing 
experiments at LLE. DOEISFO will handle the announcements and 
call for NLUF proposals. 
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Section 4 
LASER SYSTEM REPORT 

4.A GDL Facility Report 

During the second quarter of FY89, laser time in GDL was split 
between maintenance and interaction experiments in the Beta target 
facility. In addition, the GDL operation and engineering staff spent a 
portion of their time in support of OMEGA during part of the 
experimental program. The experiments concentrated on the effects of 
early-time transmission of laser light through fusion targets. 

X-ray laser experiments were also conducted during this quarter. 
Work continued on the collisional excitation laser in germanium; for 
this study a polarizer and quarter-wave plate assembly was installed in 
the GDL beam to allow for the infrared irradiation of targets. GDL 
now has the capability to irradiate targets with any of three 
wavelengths: 1054 nm, 527 nm, or 351 nm. In addition, experiments 
were conducted on the photo-resonant pumping of Li-like iron with the 
H-like Ly, of aluminum. 

The various maintenance tasks performed included oscillator 
alignment, oscillator etalon-change/pulse-width studies, q-switch 
studies, and the replacement of the existing q-switch device. Work was 
also carried out on the oscillator mode-locker, including the installation 
of flow meters, fine tuning the mode-locker, and studies relating 
mode-locker performance to pulse width. 
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A summary of GDL operations this quarter follows: 

Beta Shots 
Pointing 
XRLIFocus Study 
Shine-through 

Laser and Crystal Tuning 
TOTAL 
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4.B OMEGA Facility Report 

During this quarter, laser operations completed the implementation of 
SSD on OMEGA. Integrating several new technologies and converting 
the main laser to broadband operation has given much-improved, on- 
target intensity distributions. In addition, progress continued in power 
balancing all of OMEGA'S 24 UV beams. Using a new cw ratiometer 
system, characterization of transport optics can now be accomplished 
to a much higher accuracy than has been previously achieved. Finally, 
the experimental programs of high-density and high-yield implosions 
have been supported by target shots with power-balanced SSD beams. 

The concept of bandwidth generation and dispersion for frequency 
conversion, combined with distributed phase for the SSD effect, was 
first demonstrated on OMEGA on 12 January 1989. The impact of 
SSD on the main portion of the laser system was minimal, requiring 
less than two weeks to implement. Conversion of broadband light 
required the addition of two holographic diffraction gratings and an 
electro-optic bandwidth modulator to the low-energy portion of the 
driver line. The main amplifier chains did not require any 
modifications other than a minor adjustment to the spatial filter pinhole 
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sizes. Many shots were taken for diagnosis of temporal and spatial 
profile characterization followed by and mixed in with target 
experiments. 

Further improvement in laser performance has come with the advent 
of a new laser-transport diagnostic. The transmission characteristics of 
the seven UV optics after frequency conversion can now be measured 
to within +0.3%. This is accomplished by sequentially injecting a full- 
aperture, cw, 351-nm laser into each beamline after the frequency- 
conversion crystals and measuring the overall transmission at the 
center of the target chamber. A schematic of the OMEGA transport 
integrating sphere (OTIS) system appears in Fig. 38.29. 

Fig. 38.29 
The optical transmission at 0.35 pm of each OMEGA beamline is characterized by means of the 
OMEGA transport integrated sphere (OTIS)-a compact, remotely controlled integrating sphere located 
at the center of the OMEGA vacuum system. A 0.35-pm ~ r + +  laser, co-aligned to the OMEGA 
beams, provides the laser illumination for this measurement. The overall accuracy of the transmission 
measured with OTIS is + 0.3 % . 
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A synopsis of laser shots for this quarter follows: 

Software 
Driver 
Laser 
Target 

TOTAL 
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