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, 

Introduction 
Lawrence Livermore National Laboratorfs (LLNL's) 

Inertial Confinement Fusion (ICF) Program is a Department 
of Energy (DOE) Defense Program research and advanced 
technology development program focused on the goal of 
demonstrating thermonuclear fusion ignition and energy 
gain in the laboratory. During FY 1995, the ICF Program 
continued to conduct ignition target physics optimization 
studies and weapons physics experiments in support of the 
Defense Program's stockpile stewardship goals. It also 
continued to develop technologies in support of the perfor- 
mance, cost, and schedule goals of the National Ignition 
Facility 0 Project. The NIF is a key element of the DOES 
Stockpile Stewardship and Management Program. 

In addition to its primary Defense Program goals, the ICF 
Program provides research and development opportunities 
in fundamental high-energydensity physics and supports 
the necessary research base for the possible long-term appli- 
cation to inertial fusion energy (E). Also, ICF technologies 
have had spin-off applications for industrial and govern- 
mental use. 

included the following: 
Completed experimentation on Nova to fulfill the 

Highlights of ICF's FY 1995 Program accomplishments 

National Academy of Science WAS) Nova Technical 
Contradl ignition target physics goals for indired drive, 
and continued weapons physics experiments in support 
of stockpile stewardship. 
Received approval of Key Decision 1 0 1 )  for the NIF 
project. On odober 21,1994, Energy secretary Hazel 
CYLeary announced her endorsement of KD1, which 
affirms the Projds mission need and authorizes its tran- 
sition from conceptual design to preliminary engineering 
design. secretary O'Leary also stated that LLNL is the 
preferred site for the Project because of its resident techni- 
cal expertise and the existing technical infrastructure. 
Completed the initial Beamlet laser experiments to venfy 
the NIF design performance, and initiated aggressive 
developments in laser optics and target area technologies 
to support NIF Performance, cost, and schedule goals. 

Target Physics 
In FY 1995, the Target Physics Program completed a 

milestone in ignition physics and started a major change in 
mission and organization. For the past several years, the 
Program has been oriented toward completing the Nova 
Technical Contract (NTC) defined by the 1990 NAS rep0rt.l 
In particular, the report defined specific experimental goals 
that address fundamental issues of indirect-drive ICE 
Together with Los Alamos National Laboratory (LANL), 
we have made successful completion of the NTC our high- 
est priority. During the past year, the Inertial Confinement 
Federal Advisory Committee (ICFAC) concluded that the 
Target Physics Program achieved a major mission because: 
(1) the NTC is essentially complete, (2) there has been sig- 
nificant progress in establishing a robust target design for 
the NIF, and (3) major progress has been made in achieving 
adequate target surface finish of cryogenic ignition targets. 
Because of this success, we plan to inaase our efforts on 
directdrive ignition physics, ignitionless Science-Based 
Stockpile Stewardshp (SBSS) with lasers, and advanced 
ICF technologies, especially with short-pulse lasers. 

X-Ray Drive Ignition Physics 

drive ignition research that we explored during FY 1995: 
Target experiments using Nova to improve our 

NIF ignition design optimization, and 
Demonstrating that cryogenic targets with adequate 

This section discusses progress in three major areas of x-ray 

understanding of ignition target physics, 

surface finish can be built. 

Target Experiments Using Nova. During the year, success- 
ful experiments were conducted by LLNL in collaboration 
with scientists from LANL and the Centre d'Etudes 
Limeil-Valenton, France. Results from these experiments 
include: (1) demonstrating ways of reducing stimulated 
Brillouin scatter (SBS) and stimulated Raman scatter (SRS) 
from NIF-scale plasmas, (2) understanding and controIling 
symmetry shifts from those predicted by calculations in 
Nova implosions, and (3) understanding the difference 

ix 
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between predicted and measured yields on Nova implc- 
sions with hydrodynamic growth factors -150. In addition, 
we have demonstrated reduced hohlraum wall loss using 
material mixtures. 

In hohlraum and laser-plasma physics, investiga- 
tions have concentrated on reducing the levels of SBS 
and SRS from “gas-bag” plasmas and gas-filled 
hohlraums. For the gas bags over the range of NIF 
intensities (5 x lOI4 to 2.5 x 1015 W/cm2), the measured 
levels of SRS and SBS meet the NIF specifications of 
<15% for energetics. For more details, see the articles 
entitled “Laser-Plasma Interactions in Large Gas-Filled 
Hohlraums” on p. 97 and ”Laser-Plasma Interactions 
in NIF-Scale Plasmas (HLP5 and HLPG)” on p. 305 of 
this report. 

We have also measured that laser-beam smoothing 
and enhanced Landau damping in the Au-wall plasma 
reduce SBS and SRS to 1 to 2% levels in Nova scale-1, 
gas-filled hohlraums compared with higher levels 
originally seen without beam conditioning. These 
measurements were made with only one beam of 
Nova-only one beam is fully diagnosed for accurate 
backscatter measurements-but we expect that the con- 
clusion will not change for all 10 beams. 

Implosion symmetry studies on Nova have been 
extended in an effort to understand and control sym- 
metry shifts in gas-filled hohlraums similar to present 
NIF baseline designs. These experiments were performed 
by varying the hohlraum length and the beam together, 
similar to previous symmetry experiments. See the arti- 
cle entitled “Nova Symmetry: Experiments, Modeling, 
and Interpretation (HLP3 and HLP4)” on p. 293 of this 
report. The experiments demonstrate that the symmetry 
is reproducible, and for unsmoothed laser beams, the 
hohlraum length for a given capsule distortion is offset 
from the calculation and the empty hohlraums by -150 
* 25 pm. This offset is largely explained by a shift of 
the emission pattern at the hohlraum wall towards the 
laser entrance holes, as measured by directly observing 
the position of the soft x-rays produced by the laser 
with a gated soft x-ray framing camera. 

Experiments in gas-filled hohlraums to measure soft 
x-ray hot spot motion simply using a beam smoothed 
with a binary random phase plate (RPP) were in agree- 
ment with LASNEX modeling predictions. With a RPP, 
the x-ray wall emission patterns for gas-filled hohlraums 
were very similar to those for empty hohlraums. Three- 
dimensional (3-D) wave fluid calculations show that at 
-2 x lOI5 W/cm2, an unsmoothed laser beam in a trans- 
versely flowing plasma would be expected to filament 
and be deflected, whereas a smoothed laser beam would 
not filament nor be deflected. The experimental results 
are consistent with these calculations. We plan to imple- 
ment beam smoothing on all 10 beams of Nova for an 
integral test of these results on implosions. 

Nova implosion experiments have concentrated on 
implosions with hydrodynamic growth factors of -150 
[defined as the growth of a small pertubation on the out- 
side surface after Rayleigh-Taylor (RT) instability growth 
during acceleration, feed through the shell and inner-sur- 
face perturbation RT growth during deceleration]. These 
high growth factors are achieved by doping the plastic 
capsules with materials (Br or Ge) with high x-ray 
absorption coefficients that act as a preheat shield thereby 
increasing capsule performance. For high-growth-factor 
implosions (HEP4), calculations including the 3-D effects 
of low-order capsule wall thickness variations (P,) repro- 
duce the smooth capsule HEP4 experimental neutron 
yields. Without these effects, the calculated yields are a 
factor of 2 to 4 too high. These calculations also offer a 
possible explanation for the experimental yield variation 
since the effect of the P, variation depends on its orienta- 
tion relative to the intrinsic hohlraum asymmehy. See the 
article entitled ”High-Growth-Factor Implosions (HEP4)” 
on p. 271 of this report for more details. 

Modifications to Nova will make it possible to achieve 
NIF-like time-dependent symmetry control for HEP4 
experiments. Current experiments on Nova with a single 
ring of five discrete spots on each end of the hohlraum 
have an rn = 5 azimuthal variation in flux and cannot 
control the polar time-dependent flux variation in asym- 
metry. Kinoform phase plates, similar to those being 
developed for NIF? provide an approach that will allow 
us to obtain two rings on each side of a Nova hohlraum. 
Each ring will be much more wuform in the azimuthal 
direction than with current Nova illumination. The rings 
can have independent pulse shapes by using two oscilla- 
tors that produce different pulse shapes for different 
halves of each Nova beam. 

In addition, Nova experiments similar to those that 
verified wall loss of x rays in Au3 have shown that a mix- 
ture of Au and Gd results in a lower hohlraum wall loss 
of x rays than with Au alone. This reduction occurs 
because of the overlaps of peaks and windows in opacity 
for the two materials. Projecting these results to MF 
hohlraums made using these materials, the reduced wall 
loss is equivalent to 100- to 200-kJ reduction in laser 
energy required for ignition. 

NIF Ignition Design Work. For NIF, a broad set of tar- 
get designs has been established. The point design for 
NIF is a plastic ablator capsule, requiring 1.3 MJ of 
laser energy absorbed in the hohlraum. Designs have 
been developed that use a variety of other ablator 
materials and that ignite using significantly lower laser 
energy. In addition, many parameter variation studies 
have been done on the point design to study the effects 
of outer surface finish and inner cryogenic ice surface 
finish of the capsule and time-dependent drive 
asymmetry and their coupling. 
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Integrated calculations, in which the entire target is 
modeled from laser deposition through thermonuclear 
burn, have now been done with good ignition perfor- 
mance at laser energies as low as 900 kJ. For details, 
see the article entitled ”Ignition Target Design for the 
National Ignition Facility” on p. 215 of this report. 
These smaller targets are simple geometric scales of the 
point design at 1.3 MJ, with details of the design adjusted 
to recover symmetry and pulse shaping. 

The point design performs well in modeling that 
includes all of the following: 

Surface roughness perturbations of 20 nm rms on 
the CH ablator surface and 0.5 pm rrns on the deu- 
terium-tritium (DT) ice inner surface. 
Irradiation asymmetry as determined from inte- 
grated calculations. 
Additional irradiation asymmetry that is greater 
than would result from laser pointing and power 
balance specifications and is compatible with rea- 
sonable experimental precision in a campaign to 
measure the time-dependent asymmetry. 
Variations in the time-dependence of the total x-ray 
flux that, once again, are larger than would result 
from laser power balance specifications and are con- 
sistent with an experimental campaign to measure 
the time-dependent flux. 
A sensitivity study was done in which laser powers 

and pointing were varied in integrated calculations, 
including both the capsule and hohlraum (see p. 215 of 
this report). Generally, the tolerance is a factor of several 
larger than the expected deviations (which are dominated 
by expected experimental uncertainties-the deviations 
from laser power imbalance and pointing uncertainty 
are significantly smaller). 

For NIF targets, variation in beam pointing and 
cone-to-cone pulse shapes can be used to control P, 
flux variations. Using this control, the level of E’, iden- 
tified in earlier designs has been reduced. With this 
reduction, the tolerable pointing variations are increased 
a factor of 2 to 3 to about 200 pm for the NIF inner 
beams and 350 ym for the outer beams. This is well 
within the individual NIF beam pointing specifications 
of 50 pm. Average ring locations can be specified with 
even better accuracy because of the significant number 
of beams in each ring. 

NIF Target Fabrication. A smooth surface finish is 
required for the inner surface cryogenic ice to minimize 
growth of perturbations, which could degrade the 
implosion. For the NIF point design, an ice surface fin- 
ish of -3 pm rms is required if this is the only source of 
perturbation growth. When the effects of outer-surface 
roughness and time-dependent asymmetry are included, 
an ice surface firush of - 1-2 p rms is required. In FY 1995, 
an aggressive, collaborative program was conducted 

with LANL to demonstrate the NIF goal of -1 pm rms 
for surface finish of the inner ice layer in a curved 
geometry. During the past year, improved experimen- 
tal design and diagnostics have demonstrated surface 
roughnesses <1 pm produced by native beta layering. 
To increase the margin for ignition, we are developing 
several techniques to reduce the DT roughness even 
further. Three techniques to control DT roughness are 
(1) applying a heat flux across the gas-solid interface 
by resistively heating with microwaves the DT gas in 
the center of the target, (2) increasing the bulk heating 
rate of DT by pumping the collision-induced infrared 
(IR) absorption band of the solid, and (3) controlling 
the DT crystal size with a foam substrate. 

Native beta layering produces smooth, thick DT 
layers (with 1 pm rms surface roughness) because the 
tritium decay volumetricly heats the solid DT. This 
volumetric heating causes thicker parts of the layer to 
have a higher temperature than the mean, producing 
an increased sublimation, thereby reducing surface 
roughness. DT roughness is controlled by the increase 
in surface temperature with increasing layer thickness. 
The increase in surface temperatures with thickness 
competes with the anisotropic surface energy of the 
crystalline layer to determine the final surface finish. 
We can reduce DT surface roughness by increasing 
surface temperature gradient. This is done either by 
applying a heat flux across the gas solid interface or by 
increasing the volumetric heating rate. 

We have demonstrated that increasing surface heat 
flux can improve surface roughness in D2 experiments. 
Interferometric measurements of the surface roughness 
of D2 layers on flat substrates show that the surface 
roughness decreases rapidly with increasing surface heat 
flux, achieving smoothnesses of -5x less than obtained 
using native beta layering. We have also measured the 
surface roughness of D2 and DT layers in a curved 
toroidal geometry with the NIF-scale radius of curvature, 
using shadowgraphy. Again we find that the surface 
roughness decreases with increasing heat flux, precisely 
the same as in the surface roughness measurements on 
flats. These experiments show that D2 has the same sur- 
face roughness as DT when the heat flux is the same as 
the native DT value. We will apply this technique to NIF 
capsules by resistively heating the DT gas in the center 
of the target. An experiment to measure the DT rough- 
ness vs resistive heating is under way at LLNL. 

We have also shown by measurements and calcula- 
tions that IR heating reduces the surface roughness of 
solid hydrogen layers. By pumping the collision-induced 
IR absorption band in solid hydrogen, we convert IR 
light into bulk heating, which allows us to control sur- 
face temperature and layer thickness. This technique 
can also be used to smooth solid D2 layers as well as 
DT for the NIF. We have measured bulk heating up to 
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30x the DT value by native beta layering, limited only 
by IR laser power. Vibrational relaxation rates suggest 
we can generate up to 600x the volumetric heating rate 
in DT by IR heating. 

The final technique we are developing to improve 
surface finish is to control the nucleation and crystal 
size by using only a thin, DT layer above 100 pm of 
DT-filled CH foam. Interferometric measurements 
show that thin D, layers over foam are significantly 
smoother than without foam. A thin layer of DT over a 
fine cell foam will likely have a surface roughness less 
than 0.5 pm rms without any external heating. 
Calculations have shown that a CH foam-lined plastic 
target will perform as well as one without foam, as 
long as there is at least 10 pm of DT above the DT- 
filled foam for the ignition hot spot. 

A common feature of all NIF capsule fabrication 
technologies, except machined Be, is a 2-mm-diam, thin- 
walled polymer mandrel upon which ablator material 
is deposited. From ow study of Nova capsules, we 
have demonstrated that (1) the capsule surface finish 
rms is dominated by the lower (longer-wavelength) 
modes and (2) that the origin of these modes is the 
underlying polymer mandrel and not the ablator 
material. Thus, a key technical challenge for the pro- 
duction of high-quality NIF-scale capsules is the 
development of techniques that can produce high- 
quality, 2-mm-diam polymer mandrels. 

Current solution-drop-tower techniques that are 
used for Nova-scale polymer mandrels are limited to 
mandrel production in diameter sizes less than 1 mm. 
Thus, several different capsule fabrication technologies 
are being developed to meet the needs of NIF ignition 
targets. The most straightforward method is to extend 
the size range of microencapsulation techniques used 
currently for Omega targets at the Laboratory for Laser 
Energetics at the University of Rochester from 0.9 mm 
to 2 mm. These techniques have been shown to produce 
shells with very smooth outer surfaces, but, especially 
on larger, thicker-walled shells, there are often interior 
wall defects (voids). To solve this problem, we have 
developed a decomposable mandrel technique in which 
the flawed microencapsulated shell is overcoated with 
a thermally stable polymer and then heated. This heat- 
ing decomposes the mandrel to gaseous products that 
diffuse through the thermally stable overcoat, leaving 
a hollow shell whose quality depends only on the outer 
surface of the initial mandrel. We are also working 
with scientists at the Lebedev Institute in Moscow to 
adapt their drop-tower technique, which uses a solid 
polymer feedstock as opposed to LLNL's solution 
droplets, to the production of NIF-scale shells. The 
current size range using this technique is about 1 to 
1.5 mm. We are also examining interfacial techniques 
in which a 2-mm droplet of an oil phase is suspended 
in an aqueous phase, and mutually reactive components 
in each phase polymerize at the surface to form a solid 

shell. Comparison of the surfaces of shells produced by 
these techniques to the requirements for NIF capsules 
leads us to expect that one or more of these techniques 
will provide the needed 2-mm mandrels for NIF targets. 

For the CH point design, we are confident that the 
existing plasma polymerization techniques used for 
Nova capsules will meet the needs of NIF targets. As 
an alternative to hemishell machining and bonding for 
the Be point design, we are exploring the use of metal 
sputtering techniques. We have demonstrated that 
NIF-scale ablator thicknesses of Be can be sputter 
deposited on plastic mandrels. The surface finish of 
these coatings must be improved. To accomplish this, 
the sputtering techniques offer several options, such as 
substrate biasing or chamber pressure modification. 
One key advantage of the sputtering technique is that 
the overcoated shells are permeable to hydrogen. In 
addition, the technique is easily modified to allow 
graded inclusion of higher-Z metallic dopants such 
as Cu. 

Advanced Code Development 

workhorse for ICF 2-D design done at LLNL, LANL, and 
Sandia National Laboratories (SNL). To meet the more 
advanced needs for problems that are inherently 3-D in 
nature, new hydrodynamics codes (ICF3D and HYDRA) 
are currently under development. Recently, about half of 
this effort has been aided and accelerated by the DOE'S 
Accelerated Strategic Computing Initiative. In addition, 
we continue to improve our plasma-physics codes 
(e.g., bZOHAR and F3D) and others (WARP3D and BASIS). 

For more than 20 years, LASNEX has been the 

3-D Hydrodynamics Codes. ICF3D is radically different 
than LASNEX in that it is written in C++ and has 
entirely new treatments of hydrodynamics that are con- 
sidered to be more flexible and accurate. We envision 
that eventually it will include full physics, namely the 
usual high-energy-density physics of hydrodynamics, 
radiation flow, and burn product transport. This would 
also include laser transport, non-local thermodynamic 
equilibrium (LTE) atomic physics, material strength, 
electromagnetic fields, electron transport, ana eventually 
even approximate plasma-physics simulation capability. 

Increased accuracy will be achieved in three ways: 
replacing finite difference with finite element numerical 
methods, using the most optimal coordinate system for 
a given problem, and adaptively refining the mesh to 
better resolve important features4 Robustness and abil- 
ity to handle complicated geometries will be achieved 
by an unstructured grid with mesh reconnection and 
arbitrary Lagrange Eulerian methods. We have made 
considerable progress on this code in M 1995, including 
running its hydrodynamics package in massively paral- 
lel mode on up to 128 processors of the T3D machine. 
The tests performed to date on this parallelization have 
shown very efficient scaling and speed of the problem 

xii 



ICF PROGRAM OVERVIEW 

by going to the many processors in parallel. The chal- 
lenge will be to parallelize the other components of the 
code, such as radiation and electron transport. 

We developed HYDRA, a simplified 3-D radiation- 
hydrodynamics code to analyze Nova experiments, 
since 3-D issues are a challenge in interpreting capsule 
implosions. This code has had a tremendous amount 
of success explaining 3-D planar RT experiments and 
in discovering the 3-D effects on implosion capsule 
yield of the coupling of capsule low-mode asymmetries 
with Nova hohlraum low-mode drive asymmetries. 
See the article ”Three-Dimensional Simulations of 
Ablative Hydrodynamic Instabilities in Indirectly 
Driven Targets” on p. 168 of this report for one appli- 
cation of the HYDRA code. 

Plasma Physics Codes. We are actively developing a 
variety of plasma physics codes to help explain impor- 
tant phenomena at scales too small to be treated prop- 
erly or efficiently by the hydrodynamics codes. 
Currently, ZOHAR is our 2-D 3-velocity particle (electron 
and ion) in cell (PIC) code-used both for the funda- 
mental understanding of laser-plasma interactions in 
conventional ICF targets and for the fundamental 
understanding of high-intensity relativistic interac- 
tions for the fast ignitor concept5 Also, understanding 
the fundamentals of plasma physics is an important 
constraint on achieving high radiation temperature 
(T,) on NIF. Although a 3-D version of this code has 
not been developed, we have produced a hybrid 
plasma code, bZOHAR, for studying SBS and filamen- 
tation. In bZOHAR, the ions are treated as particles but 
the electrons as fluids, allowing the study to calculate 
for much longer times in the problem. We can there- 
fore investigate the nonlinear development of SBS, 
crucial in understanding the actual levels to expect of 
SBS in the NIF hohlraum targets. 

At yet another level of description, closer to the 
hydrodynamics scale, is F3D, a 3-D laser propagation 
fluid code that treats filamentation, beam steering and 
smoothing, and models for SBS and SRS. It has played 
a central role in understanding present Nova plasma- 
physics experiments and extrapolations to the NIF. 
Enhancements under way include a better nonlinear 
hydrodynamics package that will help us better model 
the startup phase (window and gas burn-through) of 
Nova and NIF gas-filled hohlraums, beam deflection 
in gas-filled hohlraums, and a variety of challenging 
tasks involving channeling for the fast ignitor. 

Other Codes. WARP3D is a 3-D PIC code used in the 
design of accelerators such as heavy-ion accelerators 
that could one day be the driver in a facility supersed- 
ing the NIF. For applications of this code, see the article 
entitled ”Progress Toward a Prototype Recirculating 
Ion Induction Accelerator” on p. 179 of this report. 
WARP has other stockpile stewardship applications as 

well. It is used to design accelerators for x-ray radiog- 
raphy for the Advanced Hydrodynamics Testing 
Facility. Furthermore, it has been identified as an 
important code in evaluating designs for the accelera- 
tor production of tritium. 

BASIS is a sophisticated computer science shell in 
which most of the above-mentioned hydrodynamics 
and plasma-physics codes reside. It makes each of 
these applications programmable by its user and sup- 
plies common facilities such as a portability layer, 
input/output, graphics, dump files, and time history 
collection. Nevertheless, it is becoming obsolete for 
current technologies, due to its limitations of running 
the large, monolithic Fortran 77 program on a single 
computer. In the future, programs are going to be writ- 
ten in a variety of languages, both standard and with 
experimental parallel extensions, and are going to run 
on a variety of different hardware, both distributed 
and massively parallel. Using object-oriented technol- 
ogy, we can respond to the need to make programs 
programmable by the users in a heterogeneous hard- 
ware and software environment. We are currently in 
the technology evaluation phase, which we expect to 
complete in FY 1996, having at least some form of the 
prototype working by the end of FY 1996, and moving 
to a production system in subsequent years. 

Direct-Drive Ignition Physics 
In November 1995, the DOE Office of Research and 

Inertial Fusion requested that the Office of the NIF 
include direct drive in the NIF preliminary (Title I> 
design. This coincided with the completion at the 
University of Rochester of the upgraded Omega facil- 
ity. As a result, the Target Physics Program at LLNL 
will play an increasing role in exploring the technical 
issues of direct-drive ignition targets. LLNL has main- 
tained a collaborative program with the University of 
Rochester on direct drive for several years. 

In FY 1995, we demonstrated and documented6 a 
way of simply modifying the NIF beam layout to 
achieve a low-mode asymmetry of illumination of 
direct-drive targets (-1 %). This modifies the target area 
illumination symmetry, which involves moving 24 of 
the 48 quadruplets of beams (16 from the outer rings 
and 8 from the inner rings) to rings close (-15”) to the 
equator. This modification could be made in a rela- 
tively short time. 

We continued efforts to understand the growth 
of RT instabilities with directly driven targets. 
Experiments demonstrated that the longer wavelength 
and increased brightness of an x-ray laser over x-rays 
from a laser-plasma can be exploited to measure small 
areal density modulations in the initial phases of laser 
imprinting. This is the second use of an x-ray laser as a 
tool to be used for diagnosis of a high-density plasma 
using either the coherence or high-brightness proper- 
ties of the x-ray laser. 

... 
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Ignitionless Science-Based Stockpile 
Stewardship (SBSS) 

For many years, the ICF Program has supplied Nova 
shots for LLNL‘s Defense and Nuclear Technology 
(D&NT) and Physics and Space Technology (P&ST) 
Directorates for experiments to benchmark weapons 
design codes. In FY 1995, this work continued with 
approximately 220 Nova shots supplied to scientists in 
D&NT and P&ST for experiments in hydrodynamics, 
equations-of-state (EOS), opacity, radiation flow, atomic 
microphysics, and x-ray laser diagnostic development. 

In FY 1995, the ICF Program identified experiments 
of direct relevance to weapons, where there is a natural 
overlap with ICF in which scientists from the ICF 
Program will participate with D&NT and P&ST 
scientists. The areas identified so far as the so-called 
ignitionless SBSS projects are the high-temperature 
hohlraums, the EOS of cryogenic hydrogen isotopes, and 
the growth of hydrodynamic instabilities in regimes of 
high pressure and relatively low temperature where the 
strength of material modifies growth rate. 

Advanced Technologies and Enhancements 
In addition to the conventional hot-spot ignition 

schemes, there are schemes that rely on a high-energy 
laser to form a core without a hot spot, and then a 
high-intensity laser to ignite the compressed plasma, 
i.e., the fast ignitor concept. 

Since 1992, we have pursued a laser technology 
development program to develop a petawatt capability 
for Nova. In FY 1995, the technology for large gratings 
developed sufficiently to install a 100-TW short-pulse 
laser, an engineering prototype of the Petawatt laser, on 
the Nova 2-beam target chamber (see discussion and 
Fig. 4 on p. xviii). Target experiments and diagnostic 
developments are ongoing to study the fast-ignitor concept. 

The Target Physics Program has a history of tech- 
nology transfer (the Micropower Impulse Radar was a 
direct result of diagnostic development for Nova7). In 
FY 1995, a program element was created within the 
Target Physics Program to pursue the dual goals of 
developing technology for ICF Target Physics as well 
as technology diversification. Also, a new program 
element (Target Area Technology) was established to 
coalesce technology development required for the NIF 
Target Chamber. This program element works on NIF 
cryogenic targets, first-wall survival issues, and NIF 
diagnostic development. The NIF diagnostic effort is in 
conjunction with SNL, LANL, and University of 
Rochester scientists and is coordinated through a joint 
central diagnostic team. 

National Ignition Facility 
On October 21,1994, the Secretary of Energy issued KD1 

for the NIF, thus reaffirmkg the Justification of Mission 
Need issued on January 15,1993, formally approving the 
NE Project and establishing LLNL as the preferred site. 
With this decision, the DOE and the Administration 
requested FY 1996 congressional line-item funding for the 
Project. The Justification of Mission Need emphasizes the 
importance of the NE to the mission of the National ICF 
Program-achieving controlled thermonuclear fusion in 
the laboratoy. This important goal, endorsed in a recent 
government-sponsored report by JASON? supports the 
DOE mandate of maintaining nuclear weapons science 
expertise in required areas for stockpile stewardship and 
for understandmg nuclear weapons effects. 

During the past year, the role of the NIF in supporting 
vital U.S. goals for national security was further strength- 
ened. On August 11,1995, the President announced the 
continuation of the nation’s moratorium on underground 
testing of nuclear weapons and the U.S. intention of signing 
a zero-threshold comprehensive test ban treaty in 1996.9 
(The current moratorium on underground testing of 
nuclear weapons, beginning in 1991, remains in effect.) The 
confidence expressed by the Secretaries of Energy and 
Defense in the ensemble of science-based stockpile stew- 
ardship facilities was referenced by the President as 
strengthening the confidence in his decision to seek a zero- 
threshold treaty. 

Consistent with KD1, DOE Defense Programs and the 
Laboratory Project staff began several activities in FY 1995 to 
support a Project start in FY 1996, including the following: 

Establishing a DOE Office of the NIF and a 
Project organization; 
Supporting the DOE study public process (with 
public participation) to determine nonproliferation 
impacts of the NIF and initiating the National 
Environmental Policy Act (NEPA) process for its 
siting, construction, and operation; 
Preparing the key industrial contracts to support 
preliminary and final design; 
Establishing interfaces with potential user groups 
outside the ICF community; 
Initiating specific advanced conceptual design work 
to optimize the NIF; and 
Drafting key Project documents required for a 
Strategic System Acquisition. 
During FY 1995, the NIF Project organization met all 

the milestones required to maintain the Project base- 
lines, described in ”The National Ignition Facility 
Project” on p. 110 of this report. 
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LLNL’s Role in Project Organization and 
Management 

In January 1995, DOE Defense Programs chose a 
Director of the Office of the NIF, reporting to the 
Assistant Secretary for Research and Development. A 
Memorandum of Understanding was signed in May 1995 
delineating the responsibilities of this Office and that 
of the Office of Research and Inertial Fusion-the 
Defense Program’s scientific, technical, and adminis- 
trative organization responsible for the ICF Program. 
In particular, the ICF Program has the responsibility of 
developing the laser, optics, and target area technolo- 
gies required for the NIF. 

The DOE national laboratories team is responsible 
to all stakeholders in executing the NIF Project. This 
team includes the Director of the Office of the NIF at 
DOE Headquarters in Washington, DC; the DOE Field 
Project Manager at DOE Operations in Oakland, CA; 
and the National Laboratories’ Project Manager and 
Project Deputies. The current Project organization is 
consistent with both the Project Charter originally issued 
in March 1993 and the Memorandum of Agreement 
signed in August 1993 between the participating ICF 
laboratories: LLNL, the lead laboratory; LANL; SNL, 
Albuquerque; and the Laboratory for Laser Energetics 
at the University of Rochester. As during the concep- 
tual design phase, the National Laboratory Project 
Manager, chosen by the LLNL Director, has other labo- 
ratory Project Deputies originally appointed by their 
respective ICF Programs. 

NIF’s Role in Nonproliferation and the 
NEPA Process 

To be responsive to the public, the Secretary of 
Energy initiated two public processes at KD1: 

To have the DOE Office of Arms Control and 
Nonproliferation review the impact of the NIF on 
the nation’s policy towards the nonproliferation of 
nuclear weapons. 
To incorporate the NIF site selection, construction, 
and operation according to NEPA as a part of the 
Programmatic Environmental Impact Statement 
(PEIS) for Stockpile Stewardship and Management. 

Nonproliferation and Key Decision One Prime 
(KD1’). This review has been referred to as the 
Dellums process because it was designed in response 
to inquiries made by the Congressman who initiated 
the Key Decision One Prime (KD1’) process. The 
Secretary made it a requirement for proceeding to the 
final design phase of the Project. During 1995, open 

meetings were held by DOE in Washington, DC and 
Livermore, CA to first seek public input on the scope 
of the study and then to receive public comment on the 
draft study. The schedule of these meetings was 
broadly announced in the Federal Register, and their 
formats were similar to those used in NEPA reviews. 
The DOE Draft Report was also reviewed by other gov- 
ernment organizations, such as the Defense Department, 
State Department, Arms Control and Disarmament 
Agency, and by a group of independent experts. The 
DOE Draft Report was issued for public comment in 
Octoh, and public meetings were held in Wiishington, DC 
on September 21,1995 and in Livermore, CA on 
September 28,1995. The two major conclusions 
reached by the DOE Draft Report were as follows: the 
impact of the NIF on proliferation is manageable, and 
the NIF can be made acceptable and can contribute 
positively to the U.S. policy on nonproliferation. The 
Secretary of Energy accepted these conclusions, issued 
the final document,1° and made a positive KD1’ deci- 
sion on December 20,1995.l’ 

Programmatic Environmental Impact Statement 
(PEIS). The PEIS Notice of Intent was published in 
June 1995,12 and Argonne National Laboratories 
was chosen by DOE as the NEPA document pre- 
parer for the NIF section of the PEIS. PEIS public 
scoping meetings were held at eight Defense 
Program sites across the country between June and 
August 1995 (Kansas City, Savannah River, Oak 
Ridge, Pantex, Los Alamos, Albuquerque, Livermore, 
and the Nevada Test Site). The Implementation Plan 
will be published in January 1996. NIF will be 
handled as a Project Specific Analysis (PSA) in the 
PEIS, reflecting the status of the Project. The NIF 
PSA contains the necessary information on all the 
proposed Defense Program sites-Livermore, Los 
Alamos, Sandia (Albuquerque), and the Nevada 
Test Site (in North Las Vegas as well as in 
Mercury)-for site-specific design, construction, 
and operation of the facility. Public meetings on the 
draft PEIS are scheduled to begin in April 1996. It is 
anticipated that the NEPA process will be com- 
pleted in the fall of 1996, and a Record of Decision 
for the siting of NIF to be announced at the end 
of 1996. 

Industrial Outreach 

held an Industrial Stakeholders’ Briefing Meeting in 
collaboration with the NIF Laboratory Project Office, 

In February 1995, LLNL’s Laser Programs Directorate 
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representing the participating ICF Laboratories. The 
meeting, paid for by the industrial participants them- 
selves, attracted 350 individuals from 240 companies 
representing 35 states. It offered a first-time opportu- 
nity for manufacturers and vendors to review NIF 
requirements with Project technical staff. Follow-on 
actions included source solicitation and preparatory 
procurement actions for the following: 

Architect/Engineering (A/E) firms-for the Laser 
and Target Area Building (LTAB) and the Optics 
Assembly Building (OAB), 
Construction Management Services, 
Master Task Agreements for Engineering Services- 
for preliminary and final design phases of the 
Project, and 

After a rigorous source evaluation process, 
Optics facilitization. 

Ralph M. Parsons of Pasadena, CA and A. C. Martin 
of Los Angeles, CA were selected as the A/Es for the 
LTAB and OAB, respectively. Similar processes are 
under way for the other procurement actions. Final 
contracts will be signed when the Project is formally 
funded in FY 1996. 

User Groups 
In concert with the NIF mission statement, a 

Project Scientist’s Advisory Panel was established to 
solicit input on the facility from a broad user com- 
munity. White papers were generated by the ICF 
direct-drive community, weapons physicists, the 
Defense Nuclear Agency and Defense Programs’ 
radiation scientists, IFE groups, and the university- 
dominated high-energy-density community. The 
Project is considering how to handle features desired 
by these communities beyond those required to 
achieve ignition and gain using indirect or x-ray 
drive as specified in the NIF Primary Criteria and 
Functional Requirements. In particular, DOE has for- 
mally requested the NIF Laboratory Project Office 
recommend a direct-drive option for the NIF 
(see Fig. 1). 

Advanced Conceptual Design 
In preparation for completing the advanced conceptual 

design by February 1996 and starting the preliminary 
design early in FY 1996, the Project reviewed key tech- 
nical areas, including structural-vibrational issues, 
amplifier configurations, beam isolation, and final optics 
design. A review was held in July 1995 and attended by 
key Core Science and Technology staff from the partiapat- 
ing ICF Laboratories and members of the French Program 
from Centre &Etudes de Limeil-Valenton, France. 

Project Documentation 
Many key Project documents were generated during 

FY 1995: a Fire Hazards Analysis, a Draft Environmental 
Safety and Health (ESG-H) Management Plan, a Draft 

Quality Assurance (QA) Project Plan, a Draft Project 
Execution Plan, and a Title I Design Plan. The QA Project 
Plan and ES&H Management Plan were approved by 
DOE in November 1995. In addition, work has pro- 
ceeded smoothly on the non-site-specific sections of 
the Prelimina y Safety Analysis Report, which is required 
before construction begins. 

Laser Science and Technology 
The mission of the Laser Science and Technology 

(LS&T) Program is to provide technical innovation and 
leadership for the Laser Programs Directorate and 
Laboratory in the core competencies of laser science 
and technology. 

Our primary activity in FY 1995 was in support of 
ICF by providing for laser development for the NIF 
Project. This year we began a four-year effort to develop 
critical components for the NIF laser, including the 
pulse generation system, large multi-aperture ampli- 
fiers, and multi-aperture plasma electrode Pockels cells. 
We continued to use the Beamlet laser, a full-aperture 
scientific prototype of one NIF beamline, which serves 
as an invaluable tool for learning more about large mul- 
tipass lasers. We developed many software design tools 
to optimize the NIF laser design. We also completed a 
study reviewing the status and projecting the laser 
requirement for direct-drive ignition on NIF and 
worked on associated laser technology development. 
For ICF experiments on Nova, in collaboration with 
Nova engineering staff, we completed the 100-TW laser 
and designed, ordered, and installed much of the hard- 
ware for the Petawatt (lOI5W) laser beam. These ultra- 
short (4 ps) pulse, high-energy lasers are used to study 
the fast ignitor approach to ICF, which could greatly 
reduce the laser energy required for fusion gain. In 
another advanced ICF project, we developed critical 
technology for a laser driver for high average power 
applications such as for an IFE plant. The LS&T 
Program continued to advance diode-laser and diode- 
pumped laser technology for NIF, advanced ICF systems, 
and other applications. Our proven expertise in building 
laser systems enabled us to become an important con- 
tributor for U.S. Air Force, Army, and Navy projects. We 
were also involved in several cooperative research and 
development agreements (CRADAs) with U.S. companies. 

NIF Laser Components 
The LS&T Program is responsible for developing the 

key components for the NIF laser on a schedule and at a 
cost that permits incorporation into the NIF design. 
Over a four-year period (1995-98), the following areas 
will be developed: optical pulse generation system (see 
Fig. 2), multisegment amplifiers, multipass laser compo- 
nents, frequency conversion, diffractive optics, pulsed 
power systems, laser diagnostics, lasers alignment and 
wavefront control, and wavefront control systems. A 
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Laser target 
indirect drive 

Reposition 24 of the 48 4-beam clusters 

Laser target 
direct drive 

FIGURE 1. The current NIF indirect-drive design can be simply reconfigured for direct drive without the costly addition of a second target 
area and chamber by repositioning 24 of the 48 4-beam clusters. (40-00-0495-0976Apb02) 

FIGURE 2. Prototype of the diode-pumped regenerative amplifier, 
which is part of the NIF optical pulse generation system. The proto- 
type has shown 5 2% gain stabihty, operating at an overall gain of lo6. 
(99-00-0595-1337pbOl) 

detailed plan, Cove Science and Technology (CSt3T) 
Development Plan for Indirect-Dvive Ignition,13 written in 
1994 and updated in 1995, describes the activities neces- 
sary to develop these components and shows schedules 
for their completion. The plan includes input from 
LLNL; LANL; and SNL, Albuquerque; and covers the 
laser, optics, target chamber, and target science develop- 
ment. In most cases, laser technology prototypes are 
being built to test the design concept. For example, an 
effort is under way to build a 4 x 2 multisegment ampli- 
fier and a new laboratory to test it. This laboratory, 
located in the former Shiva target bay in the Nova build- 
ing, will be used to prove the optical performance of the 
amplifier as well as to evaluate the new bottom-loading 
assembly procedures using a robotic transport cart. The 
4 x 2 amplifier could be coupled to a Pockels cell array, 
deformable mirror, or large beam diagnostics to evaluate 
their combined performance. 
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Many NIF concepts have been tested on the Beamlet 
using components that are predecessors of those antici- 
pated for NIF. The ICF Quartevly Report (95-1 issue, 
pp. 1-85) was devoted entirely to the Beamlet system 
and its components, which were developed over several 
years. The initial Beamlet performance demonstrations 
are discussed in this issue (see ”System Description 
and Initial Performance Results for Beamlet,” on p. 1 of 
this report). Beamlet has been remarkably successful in 
reaching its performance goals and has greatly 
increased our confidence in the NIF design. Also dur- 
ing the year, an alternative laser architecture (beam 
reverse architecture) was jointly tested with our French 
colleagues at Centre dEtudes de Limeil-Valenton, dis- 
cussed in the article ”Testing a New Multipass Laser 
Architecture on Beamlet,” on p. 142. This year we 
added a large vacuum chamber to Beamlet to evaluate 
focusing characteristics of the high-power output 
beam after conversion to the third harmonic and 
after passing through a phase plate, diagnostics, and 
debris shield similar to those planned in NIF. The ves- 
sel shown in Fig. 3 is 8 ft in diameter and 33 ft long 
and contains many large-aperture optics, including a 
front-surface reflecting mirror (1 m diam) to refocus a 
sample of the high power beam. Beamlet has provided 
invaluable information on operating a multipass laser; 
for example, the NIF spatial filter lenses were 
redesigned and a lens monitoring diagnostic developed, 
after an optically damaged lens imploded on Beamlet in 
May. We also performed smaller-scale experiments on the 
Optical Sciences Laser to resolve basic nonlinear optics 
issues and to evaluate NIF components. 

Many of the computer modeling codes needed to 
optimize the NIF laser design were written in 1995, as 
discussed in the article ”The National Ignition Facility 
Project” on p. 110. A network of 28 computer worksta- 
tions was purchased and linked together to provide 

rapid laser design and optimization. Design modifications 
to correct one issue in particular are being investi- 
gated-nonlinear growth of beam modulation which, 
in an extreme case, can lead to beam filamentation and 
optical damage. Final design optimization of the NIF 
laser is scheduled for completion by February 1996 to 
provide many critical design parameters such as the 
most cost-effective number and thickness of amplifier 
slabs, beam dimensions, spatial filter lengths, etc. 

A white paper study6 on direct-drive capability for 
NIF was completed, detailing the additional hardware 
required for direct drive and predicted laser and target 
performance. Direct-drive requires a spherical layout 
of beams entering the chamber to symmetrically radi- 
ate the targets and also requires more uniform (smoother) 
beams in a time-averaged sense than indirect drive. To 
meet beam smoothness specifications for direct-drive 
on NIF, we analyzed the technique of two-dimensional 
smoothing by spectral dispersion (SSD), which was 
invented by the Laboratory for Laser Energetics at the 
University of Rochester. A demonstration of SSD on 
Beamlet is planned for 1996. 

ated on the 2-beam chamber of Nova. This laser is a 
predecessor to the Petawatt laser and is capable of 
producing 40 J pulses at 400 fs (400 x s) in dura- 
tion. The 100 TW of peak power is comparable to the 
peak power normally available for the entire 10-beam 
Nova system. The 100-TW beam can be operated 
simultaneously with the primary Nova beams in the 
2-beam chamber, thus allowing flexible target studies. 
The Petawatt laser, expected to generate ten times the 
power of the 100-TW laser, is scheduled for completion 
in late 1996. However, because of the long-order times, 
most of the design work and planning had to be com- 
pleted in 1995. The Petawatt pulse compression chamber 
is a vacuum vessel several times larger than the Nova 

Figure 4 shows the 100-TW laser installed and oper- 

FIGURE 3. A vacuum test station added to Beamlet to evaluate the 
focusing properties of the beam after conversion to the third harmonic 
(70-50-0496-0721pb01) 

FIGURE 4. The 100-TW laser installed on the Nova 2-beam chamber. 
(70-60-0895-1969Apb01) 
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chamber and uses a pair of 1-m aperture, unsegmented 
gratings, the largest ever made. See the article entitled 
"High-Efficiency Multilayer-Dielectric Diffraction 
Gratings" on p. 187 for a discussion of advanced grat- 
ing development. The power and energy available 
from the Petawatt laser allow us to test the fast-ignitor 
approach to ICE 

NIF Optics Development 
The specifications for the large NIF optics are similar to 

those for the Beamlet laser (a scientific prototype of NIF) 
recently completed at LLNL. For all optics in transmission 
(except the crystals), the transmitted wavefront error speci- 
fication (peak-valley) is 3L/6 at 633 nm; for the crystals, the 
transmitted wavefront specification is L/4 .  The reflected 
wavefront specifications (peak-valley) for the mirrors and 
polarizer are 0.4 3L and 0.8 1, respectively confined to low- 
power aberrations. The reflectivities of the mirrors and 
polarizer (s-polarization) must exceed 99%; the transmis- 
sion of the polarizer must also be greater than 98% for 
ppolarized light. The damage threshold requirement for 
these optics is extremely demanding. For intracavity and 
transport optics (1 pm wavelength), the damage threshold 
requirement ranges from 15 J/cm2 to 20 J/cm2 for a 3 ns 
pulse, depending on location. The damage threshold of the 
harmonic conversion crystals, focus lens, and debris shield 
must exceed 12 J/cm2 at 351 run. For the NIF, we plan to use 
the IS0 10110 standard for optics drawings; we are in the 
pmess of converting the NIF optics drawings into this format. 

Production of most of these optics will begin in late 1998 
to early 1999, and continue into early 2002. Crystal produc- 
tion is expected to begin in early 1998. While the US. optics 
industry can manufacture optics meeting the technical 
specifications (and did so for Beamlet), it lacks the capacity 
to meet the production schedule. Furthermore, in some 
areas, such as laser glass, the present manufaduring tech- 
nology is not cost effective for the quantity of optics needed 
for the NIE LLNL has started a comprehensive multi-year 
development program with leading optics manufacturers 
to improve the U.S. optics industry's ability to meet the cost 
and schedule requirements for the NIF. This development 
program started in mid-1994, and will continue through 
late-1997. Toward the end of development, equipment will 
be purchased and installed at the optics manufacturing 
sites, production teams wiU be formed, and a pilot produc- 
tion campaign initiated to address any remaining issues 
prior to the start of production. 

Techno1ogesl4 and Hoya15 had sigruficant accomplish- 
ments in FY 1995. Hoya built and tested a subscale contin- 
uous melter for phosphate laser glass-the first time this 
glass has been melted continuously. Schott, taking a differ- 
ent development approach, demonstrated casting of con- 
tinuously melted glass at the NIF-scale using BK-7 as an 
analog to phosphate glass. The BK-7 also met the NIF spec- 
ification for homogeneity. In addition, Schott produced five 
slabs of LG-770 laser glass for testing on Beamlet; this glass 

In laser glass manufacturing, both Schott Glass 

composition has been engineered to improve the melting 
characteristics in Schott's melter design. 

Progress was substantial in the KDP crystal growth and 
finishing activities. We demonstrated high supersaturation 
levels (greater than 50%) and long-term stability in NIF-size 
growth tanks as needed for fast growth. We also demon- 
strated NIF optical specifications on 15-cm boules grown in 
our small tanks. A continuous filtration system to raise the 
damage threshold of these crystals was also designed and 
built. To help understand damage in KDP crystals, we 
built a dedicated test system with an in-situ scatter diagnos- 
tic for characterizing internal features in these crystals. 

In fused silica, the new Corning16 &terial7980, made 
from a non-polluting source material, yas qualified for use 
on N E  A requirement for low neutronJgamma induced 
damage from the NIF targets was also included in the qual- 
ification criteria. 

Finishmg and optics specification activities focused on 
initiation of the development work on det\rministic figur- 
ing processes for flats and lenses, high-speed polishing, and 
the use of power spectral densities (PSDs) fbr speclfylng 
mid-spatial length-scale errors. We completed a draft speci- 
fication package for NIF optics based on PSI3s and made 
provisions for describing these specifications \using the IS0 
10110 international optics standard. In crystal p h i n g ,  we 
completed an extensive characterization of the existing dia- 
mond turning machine at Cleveland Crystals1y to establish 
a baseline for planned improvements. The initial upgrades 
were completed, including building and installing an 
improved flexure coupling to better isolate the crystal sur- 
face from machine irregularies, and a NIF-size flywheel for 
mounting the diamond tool. 

In coatings development, we started upgrading the 
coating chambers to improve diagnostic capabilities for 
the damage threshold improvement campaigns in FY 1996. 
We also found that ion-beam sputtered coatings which 
have superior spectral properties, have defects that 
lower damage threshold to levels unacceptable for NIF. 
Although the density of these defects is quite small, full- 
area testing readily locates their position. As a result of 
this problem, this technology probably will not be pur- 
sued further in FY 1996. Transport mirrors coated using 
traditional electron-beam technology were successfully 
laser conditioned to the NIF baseline level. 

The NIF requires a full-aperture phase measuring 
interferometer. To accommodate this requirement, 
Zygo18 and WYKOI9 began worlung on conceptual 
designs that will be completed in early FY 1996. 

Diode-Pumped Solid-state Laser (DPSSL) 
We are developing the technology for upgrading 

solid-state lasers to provide for an efficient (-lo%), 
repetitively pulsed (-10 Hz) system, suitable for future 
dual-use ICF laser-fusion facilities for defense and 
energy research. The technology of this system has a 
strong connectivity with Nova and NIF laser technolo- 
gies. Furthermore, the natural modularity and scaling 
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laws of laser architectures reduce the physics risks and 
research costs associated with this effort. 

Our leading candidate for a laser driver is based on a 
diode-pumped solid-state laser (DPSSL), for which the 
gain medium [Ytterbiumdoped strontium fluorapatite 
(M0:SFAP)I is cooled by He gas, using the GCS or gascooled 
slab concept. We completed a conceptual study of a DPSSL 
in the power plant context in FY 1994 and wrote an exten- 
sive article on this topic?O The detailed laser physics is 
explicitly included in the model, while costs, target perfor- 
mance, and power plant phenomenology are handled using 
community-accepted paradigms. 

In FY 1995, we pursued an experimental campaign to 
construct and test a s m d  subscale DPSSL. Early experiments 
on this laser provide enhanced credibility for tlus type of 
novel cooling technology, which is scalable to high-repeti- 
tion rates and average powers in the megawatt range. The 
GCS cooling technology is unique, as compared with more 
conventional transverse water-cooled rod or zig-zag slab 
designs (the cooling and optical extraction simultaneously 
occur across the two large faces of the slab). See the sum- 
mary below for detads of this technology and the grapluc 
illustration shown in Fig. 5. 

These experiments were also conducted at a thermal 
flux (out of each face of the slab) up to 3.5 W/cm2. This 
is several times greater than that required for a large 
IFE driver operating at moderate rep-rates. The overall 
objective of this project was to convincingly show that 
the DPSSL driver offers adequate performance to serve 
in a fusion energy power plant. 

Advanced Technologies and Enhancements 
The LS&T Program also contributed to a DOE pro- 

ject supporting nuclear nonproliferation and delivered 
a 20 J/pulse laser to the U.S. Navy. For the Air Force, a 
4-beam laser for integration into a land-based, space- 
imaging system is being built, which has an output of 
60 J of green light at a pulse length of 600 ps-a unique 

regime for solid-state lasers. The laser is a flashlamp 
pumped Nd:glass zig-zag slab laser that uses a special 
technique of low-threshold phase conjugation. 

The CRADAs with several U.S. companies included 
developing laser driven x-ray light sources for making 
sub-micron resolution computer chips with x-ray 
lithography, lasers to remove port-wine stain birthmarks, 
efficient high-power lasers for cutting and welding, 
and a very compact three-color laser for incorporation 
into a prototype of a laser video projector. 

Heavy Ion Fusion (HIF) for IFE 
LLNL made significant progress in FY 1995 to 

advance the development of IFE and to initiate new 
applications of ICF Program technology for US. industry 
and for government-sponsored programs in addition 
to the ICF Program. The funding for much of this work 

Yb:S-FAP slab 
Diode 7-3 

relay lens 

FIGURE 5. A diode-pumped Yb:S-FAP gas-cooled slab laser. 
(70-00-0795-1 744Epb01) 
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is independent of ICF Program funds. The work is 
included here because it demonstrates some of the 
possible applications and spinoffs of capabilities devel- 
oped by the ICF Program. During FY 1995, a sequence 
of experiments in heavy-ion beam physics began with 
magnetically focused heavy-ion beam transport. This 
sequence will lead to later experiments in ion-beam 
bending, recirculation, and drift compression to be 
conducted during FY 1996. 

The U.S. Heavy Ion Fusion (HIF) Program is devel- 
oping the concept of using ion-induction accelerators 
as drivers for IFE and post-NIF ICF research. LLNL's 
HIF project made significant progress in FY 1995 on 
the accelerator physics and technology, target physics, 
and chamber propagation physics necessary to make 
HIF a reality. Our approach combines experiment, ana- 
lytic theory, and computer simulation to gain the 
required level of understanding in all of those research 
areas. A major new thrust was the initiation of an 
experimental research program in high-current ion 
beam dynamics. During the year, the first in a sequence 
of experiments was conducted in magnetically focused 
beam transport, beam bending, and ultimately recircu- 
lation. If successful, this series of experiments will lead 
to a small prototype recirculating induction accelerator. 

The recirculating induction accelerator is a promis- 
ing approach to a reduced-cost heavy-ion driver. A 
small, scaled ring was designed to explore this 
approach and to facilitate studies in beam bending, 
beam transport over long path lengths, and precise 
beam sensing and handling. The design uses perma- 
nent-magnet quadrupoles for beam confining and elec- 
tric dipoles for bending. To understand beam-bending 
effects, we first characterized magnetic beam transport 
in a linear channel. To achieve this, we installed an 
electrostatic-focusing "matching section," followed by 
a transport line, consisting of seven permanent-magnet 
quadrupole lenses at the output of the injector. 
Experiments in this beam line are ongoing; initial tests 
show a high-quality beam that has yet to be optimally 
"matched to the line. Associated with this work has 
been the development of novel beam-sensing diagnostics. 
The prototype recirculator design, the linear transport 
experiments, and the associated theory and modeling 
effort are described in "Progress Toward a Prototype 
Recirculating Ion Induction Accelerator" on p. 179 of 
this report. 

An important element of a recirculating induction 
accelerator, or of a multipulse linear accelerator, is an 
accelerating module capable of generating a series of 
pulses in rapid sequence, with a repetition frequency 
up to 100 kHz. We are developing an accelerator 
power source that is switched entirely by field-effect 
transistors (FETs). This approach is motivated by the 
need for an agile device that can afford pulse-to-pulse 
variability and excellent waveform control. The devices 
developed are made possible by recent advances in 

high-power FETs. This research is described in "Evolution 
of Solid-state Induction Modulators for a Heavy-Ion 
Recirculator" on p. 103 of this report. In another tech- 
nology area, we made major strides in understanding 
how to synthesize a variety of multipole fields using 
iron-free assemblies of permanent magnets.22 

LLNL played an important role in the support of the 
larger HIF experimental program at Lawrence Berkeley 
National Laboratory (LBNL), including the design of 
the first phase of the Induction Linac Systems Experiments 
Program, called Elise. The optimized design point for 
Elise was derived from a zero-dimensional Mathematica- 
based program. While the Elise project has not 
received approval for a construction start, the experi- 
ence gained will enable the U.S. HIF Program to propose 
a far more capable machine for construction, beginning 
in the next few years. 

LLNL 3-D, PIC modeling, using the WARP code, 
precipitated the successful fielding of LBNL's new 
driver-scale injector. This model uses a novel electro- 
static-quadrupole approach to beam acceleration and 
confinement and also played a critical role in the recir- 
culator physics effort (see Ref. 20 for more details). 
Other tools, including the Circe moment-equation 
code, played an important role in both the driver-scale 
injector and the recirculator physics effort as well. 
LLNL also provided support in control systems and 
diagnostic development to the LBNL program. 

The HIF group has continued to make progress in 
the study of IFE heavy-ion beam chamber propagation, 
target design, and power plant studies. Electromagnetic 
PIC simulations are being used to better understand 
transport in the target chamber. Recent results examining 
near-ballistic focusing through a low-density pre- 
formed plasma channel are encouraging-they show 
that with only half-percent ionization of the back- 
ground gas, lower-mass or higher-charge-state ions 
can be focused onto a small spot. In the area of target 
physics, detailed converter designs have been con- 
ducted and preliminary "integrated simulations 
using LASNEX are well under way. We recently initi- 
ated a LASNEX study of ion beam heating of Au foils, 
whereby high-energy densities in matter are achieved 
using highly focused heavy-ion beams. 

New Initiatives and 
Spin-off Technologies 

Spin-off laser program technology initiatives were 
pursued in medical technology and modeling, night- 
vision systems, plasma probing, laser pinhole closure, 
x-ray imaging for semiconductor defects, oil and gas 
exploration, enhanced surveillance, and Advance 
Design and Production Technology (ADaPT). A 
preliminary design was completed for an advanced 
radiography machine based on megahertz induction 
pulse rate technology, and work began on building a 
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test facility for Relativistic Klystron Two-Beam 
Accelerator (RK-TBA) tests at LBNL as a joint effort 
with LLNL. 

ICF Program expertise and technology to capture a share 
of industrial and governmental markets in areas such as: 

Health care technology-Applications of our 
expertise/technology that are being applied to 
medicine include: (a) Modeled laser-tissue interac- 
tions, using a 3-D laser-tissue simulation code 
called LATIS to optimize benign prostate hyper- 
plasia treatment, laser thrombolysis of cerebral 
and cardiovascular clots, and laser-tissue welding 
for laparoscopic and endovascular applications. 
(b) Set up a medical photonics laboratory for 
developing a host of new medical technologies 
(e.g., optical sensors for tissue identification and 
blood and tissue analyte monitoring, Optical 
Coherence Tomographic imaging, and ultrashort 
pulse-laser drilling of hard tissue). (c) Developed a 
user-defined diode and DPSSLs for medical proce- 
dures (e.g., port wine stain removal, tattoo 
removal, and laser surgery). 
X-ray imaging and lithography-Developed laser- 
based debriless x-ray sources for x-ray lithography 
under contract to the Advanced Research Project 
Agency and in collaboration with AT&T, Motorola, 
Silicon Valley Group, and IBM. We are engaged in 
the development of collimating x-ray optics for 
minimizing feature sizes printed while maximizing 
system throughput. Another important technology 
is the development of x-ray imaging technologies 
for defect inspection, which is a program we are 
currently initiating. 

microchannel x-ray imaging technologies are now 
being applied to developing advanced night- and 
underwater-vision technologies for the Department 
of Defense. This work is being done in collabora- 
tion with key industrial partners such as Intevac 
and Litton. 
Oil and gas exploration-We have teamed with 
Shell Oil Co. to develop advanced imaging and image 
reconstruction algorithms for geostrata mapping. 
Plasma probing-X-ray laser technology has been 
applied to the probing of ICF plasmas, in particu- 
lar large-scale plasmas necessary for producing 
ignition with the NIF. The first x-ray laser-based 
Mach-Zehnder interferometer was developed as 
part of this effort. 

technologies are now being applied to the DOE’S 
enhanced surveillance initiative. This technology, 
similar to that developed for measuring ICF capsule 

In Ff 1995, we identified and initiated efforts to exploit 

Military visualization systems-Pulsed 

Enhanced surveillance-Advanced x-ray imaging 

performance, will be used to nondestructively 
inspect nuclear weapons in our nation’s stockpile 
to verify nuclear readiness. Modified medical tech- 
nologies of endoscopic imaging and noninvasive 
sensors are also being developed to verify the 
status of nuclear weapons components in the 
national stockpile. 
AdaPT-We are developing advanced sensor tech- 
nologies for monitoring laser materials processing 
associated with the ADaPT initiative (providing a 
means to manufacture nuclear weapons compo- 
nents when or if required in the future). 
Advanced high-energy particle accelerators- 
Three areas are being developed to support 
advanced accelerator technology. (1) A high-gra- 
dient dielectric-wall accelerator is being developed 
to demonstrate transport of electrons at 1 kA with 
a record gradient of 20 MeV/m using novel insu- 
lating materials. We demonstrated operation of 
novel pulse forming lines (Asymmetric 
Blumleins), which provides the accelerating volt- 
age to the dielectric wall. Additionally, we 
invented and successfully tested a high-gradient 
laser-induced surface-flashover switch, providing 
a subnanosecond rise time to initiate the pulse 
from the Asymmetric Blumlein. Proposed future 
work will involve tests of a stack of pulse forming 
lines with laser switches, operating at high gradi- 
ent. (2) We are supporting the development of a 
high-current electron-induction accelerator for 
B-Division’s Advanced Hydro-Test Facility pro- 
posal (a National Radiographic Facility). We built 
and tested a 15-kV, 3-kA induction modulator 
cell that runs at an extremely high repetition rate 
(300 kHz), necessary for multiple images of a 
single high-explosive shot. We are completing a 
second generation modulator that will run at 
15 kV, 4.8 kA, and at least 800 kHz. We are 
developing the beam switching and transport 
technology that will be required to produce mul- 
tiple lines of sight to the radiographic object. 
(3) We began construction during FY 1995 of the 
RK-TBA Test Facility at LBNL as a joint effort 
with LLNL. The facility will study physics, engi- 
neering, and costing issues of using RK-TBA’s as 
rf power sources for high-energy linear colliders. 
Important issues to be addressed by the test facil- 
ity are efficiency, longitudinal beam dynamics, 
beam stability, emittance preservation, and rf 
amplitude and phase control. Testing will be 
performed on a 25-m-long RK-TBA accelerator 
prototype that includes eight high-power rf out- 
put structures. Each structure will produce a 
180-MW, 250-11s rf pulse at 11.4 GHz. 
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Program Resources and Facilities 
Resources 

In FY 1995, financial resources for the LLNL ICF 
Program totaled $75.8M in DOE operating funds and 
$4.6M in DOE capital equipment allocations. Work-for- 
others funding increased slightly in FY 1995, with 
$30.8M coming from various sources within the DOE 
community, other federal sponsors, and international 
sources. At LLNL, the NIF Project received $4.1M in 
DOE operating funds for FY 1995. The average LLNL 
full-time employee equivalent count over the year was 
353.1. Supplemental contract labor personnel were used 
in clerical, design, and engineering positions and as Nova 
operators. The ICF Program employed approximately 
77.3 supplemental labor and other labor personnel 
in FY 1995. 

Figure 6 shows the resources available to the ICF 
Program over the past 12 years and compares the operat- 
ing funds provided by DOE in then-year-doLlars vs the 
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FIGURE 6. ICF program operating funds. (02-20-0396-0582pbOl) 

same funding discounted to reflect 1982 dollars. The fig- 
ure illustrates that the real purchasing power for the DOE 
funding, as related to FY 1982, has remained fairly con- 
stant and is expected to remain so in FY 1996. 

is becoming a significant part of the total resources 
available to the ICF Program, but is expected to 
decrease slightly in FY 1996. 

These resources enabled the ICF Program to con- 
tinue its support of research and development of 
high-energy-density physics, laser component devel- 
opment, optics technology, and IFE. A few examples 
of major projects accomplished during FY 1995 are 

Figure 7 illustrates Work-for-Others funding, which 
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FIGURE 7. LLNL ICF program funding. (02-20-0396-0583pbOl) 

the completion of the 100-TW modification to the 
Nova laser system, the addition of the focusing ves- 
sel to Beamlet, and the facilitization of the Optics 
Processing facility in Bldg. 392. The ICF Program 
also purchased equipment for video teleconferenc- 
ing, which will provide opportunities to maintain 
close collaboration with both national and interna- 
tional Program participants. 

Facilities 
In FY 1995, the ICF Program comprised 36 facilities- 

laboratories, offices, and specialized facilities in excess 
of 500,000 ft2. Figure 8 shows the locations of ICF facil- 
ities within the Laser Programs. 

The emphasis in facility upgrades during the year was 
in support of the core science and technology developments 
in lasers and optics. This included major modification 
upgrades, renovation, and special projects as summarized 
below. In addition, several facility maintenance projects 
were completed. 

Completed the $1.5M clean room installation and 
modifications to the Bldg. 392 Optics Processing 
facility to support the development of Nova, 
Beamlet, and the NIF. 
Completed the $200K Bldg. 165 facility upgrade 
to grow rapid-growth KDP crystals in support of 
the NIF. 
Completed a $150K Conceptual Design Report for a 
proposed Advanced Optical Technical Center. 
Completed the detail design for a $1.3M Bldg. 391 
basement upgrade for the new NIF amplifier devel- 
opment, flash-lamp development laboratories, 
capacitor bank, and control room. 
Finished planning and designing the major Bldg. 298 
$430K upgrade to house phase-plate development 
in support of the NIF. 
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FIGURE 8. A map of the 
Laser Programs’ area 
with facilities used by 
ICF shaded. 
(40-00-0794-2902ApbOl) 

Completed the Laser Programs’ first teleconferenc- 
ing facility in Trailer 3725. 
Installed two new 350-ton chillers in Bldg. 381 to 
support a major $700K AC upgrade to one of our 
key facilities. This installation accommodates 136 
offices, several experimental laboratories, and the 
Beamlet system. 
Allocated $140K to refurbish and paint the Iron 
Cross triplex-Trailers 3724,3725, and 3726. 
Finished the design for the Bldg. 481 
transformer upgrade. 
For FY 1995, the ICF Program continued a proactive 

management approach to environment, safety, and 
health (ES&H) issues. To support FY 1994’s ICF man- 
agement reorganization, the Assurances and ES&H 
managerial position (formerly the Building 
Superintendent) is now part of the ICF Program 
Operations office. Examples of the ES&H accomplish- 
ments are as follows: 

Completed the required documentation, according 
to the NEPA, for the Amplifier Development 
Laboratory to be built in Bldg. 391 in FY 1996. 
Replaced the Personal Protective Equipment (PPE) 
with reusable nylon suits, resulting in a consider- 
able savings to the Program. PPE was worn during 
the Nova Target Chamber clean out and was dis- 
posed of as low-level hazardous waste. 

Began two NIF-related experiments in Bldg. 298 
based on authorization under safety procedures coor- 
dinated by the ICF ES&H office. 
Received approval from the Environmental Protection 
Department (EPD) to allow discharge of Nova sol-gel 
rinse water to the sanitary sewer. Prior to this petition, 
all rinse water was sampled before discharge, requir- 
ing the sol-gel technical staff to collect rinse water 
instead of cleaning the Nova optics. 
Secured funding from EPDs Waste Minimization 
group to purchase and evaluate an ethanol distillation 
unit to reduce the ethanol waste from Nova’s sol gel. 
Coordinated the Preliminary Hazards Analysis per- 
formed for Bldgs. 381 and 391 in accordance with 
DOE Order 5480.23 to reduce their classification from 
low hazard to radiological/excluded. 
Set up the ICF Emergency Preparedness Plan, partici- 
pated in the Laboratory-wide earthquake evacuation 
drill, and located and treated pre-arranged “victims.” 
Completed the Self Assessment inspections, covering 
230 laboratories with 318 noted deficiencies, and their 
subsequent repair. 

Management District for wipe-cleaning operations in 
Bldgs. 174 and 381. 
Corrected 177 items from the ICF Def Track-the 
Laboratory-wide Deficiency Tracking System. 

Secured Air Permits from the Bay Area Air Quality 
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Introduction 
The Department of Energy has proposed to design 

and construct a National Ignition Facility (NIF) for 
Inertial Confinement Fusion (ICF) research. This facility 
will contain a frequency-tripled, Nd:Glass laser system 
capable of irradiating fusion targets at an energy and 
power of 1.8 MJ and 500 TW. The laser output pulse 
contains most of the energy, where the low-intensity 
leading foot is 15-20 11s long and the final high-intensity 
pulse is 3-4 ns long. The laser will have 192 independent 
’%eamlets,” each having a final square clear aperture 
of 40 x 40 cm2 and an output beam area slightly smaller 
than the clear aperture. A Conceptual Design Report 
(CDR),I prepared in May 1994, discusses the laser and 
facility design in detail. 

We have constructed and are now testing a scientific 

(a) Beamlet laser 

- 
prototype of a single beamlet of the proposed NIF laser 
(Fig. 1). The purpose of these tests is to show that the 
novel features proposed for the NIF laser design will 
perform as projected and that the laser is ready for final 
engineering design. The final dimensions and compo- 
nent arrangements for NlF will differ somewhat from 
our scientific prototype, but the differences are suffi- 
ciently small that tests on the prototype can be used to 
demonstrate performance essentially equivalent to a 
NIF beamlet. 

The project to build a scientific prototype beamlet 
(hereafter referred to as “Beamlet“) was begun in 1991 
and consisted of three main efforts: (1) development of 
laser components, (2) design and construction of the 
main laser system, and (3) adivation. Previous Quarterlies 
present the results of the component development 
a ~ t i v i t i e s ~ ~  and the laser design6 This article presents 
an overview of the constructed Beamlet laser system, 
and the results from the first integrated tests performed 
near the end of laser activation. These integrated tests 
culminated in a third-harmonic milestone shot on 

(b) Fully assembled system 

FIGURE 1. (a) Artist‘s rendering of the Beamlet laser showing the 
main subsystems. (b) A photograph of the fully assembledsystem. 
(70-50-0195-0181Pb01) 
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September 8,1994 that produced an average output 30, 
fluence of 8.7 J/cm2 in a 29.6 x 29.6 cm2 beam and a 3- 
ns square pulse. Table 1 summarizes the key energy 
and fluence performance results recently achieved on 
Beamlet at lo and 3 0 .  The fluence levels listed in Table 
1 (and discussed later in this article) are higher than 
the fluences projected for the NIF design.' 

Subsequent articles in this Quarterly present detailed 
design and test results for many of the major compo- 
nents on Beamlet. The final article compares the results 
of the performance of Beamlet with recent model cal- 
culations. 

The NIF Laser Design Compared 
with Current ICF Lasers 

Figure 2 shows the singlepass master oscillator/ 
power amplifier (MOPA) architecture; Fig. 3 shows the 
multipass architecture proposed for the NIF laser and 
contrasts that with the prototype Beamlet design.' 

Current ICF Laser Design-A 
Singlepass Architecture 

Most large glass lasers designed for inertial fusion 
experiments have the singlepass MOPA architecture: 
the Nova laser7 at Lawrence Livermore National 
Laboratory (LLNL), USA; the Omega lasers at the 

FIGURE 2. Singlepass 
master-oscillator, 
power-amplifier 
(MOPA) laser architec- 
ture commonly used 
by existing ICF lasers. 
(40-00-0294-0375pbOl) 

Laboratory for Laser Energetics, University of 
Rochester, USA; the Gekko XI1 laser9 at the Institute of 
Laser Engineering, University of Osaka, Japan; the 
Phebus laserlo at the Commissariat a l'Energie 
Atomique, Centre dEtudes de Limeil-Valenton, 
France; and the Helen laser at the Atomic Weapons 
Research Establishment, England. 

A master oscillator generates a few-nanosecond 
pulse of several millijoules that is then spatially and 
temporally shaped at about a 1-cm aperture and split 
into parallel chains of singlepass rod and Brewster's- 
angle slab amplifiers of increasing size. Gain isola- 
tion is provided at small aperture (<-lo cm) by 
ring-electrode Pockels cells and thin-film polarizers. 
Faraday rotators, driven by pulsed electromagnets, 
are used at large apertures to isolate pulses from 
propagating backward down the laser chain. Single- 
beam amplifiers with round apertures up to about 
32 cm are used in all of these facilities. In addition, 
Nova and Phkbus lasers have amplifiers with aper- 
tures of 46 cm using glass slabs that are split into two 
independent pieces. 

The singlepass MOPA is a familiar and well-proven 
design that can be assembled and tested in stages, so 
performance risk is low. Cost and complexity are high, 
however, because of the very large number and vari- 
ety of components required for a MOPA design. The 
Nova laser, for example, contains one rod amplifier 

Laser chains-singlepass amplifiers of increasing size 

Beamsplitters 

. . . . . . . (more laser chains) 

Master 
oscillator 

TABLE 1. Initial performance results for the NIF prototype beamlet at 1054 and 351 nm. 

Wavelength Zero-intensity beam Output" pulse Fluence Total energy Spatial intensity 
(nm) dimensions km2) length (ns) U/cm*) (kJ) modulation (pk-avg)b 

1054 34 x 34 3 12.5 12.1 1.45:l 
5 14.3 13.9 1.25:1 
8 16 15.5 1.25:l 

351 29.6 x 29.6 3 8.7 6.4 1.353 

aTemporally square output pulse. 
bPeak-to-average ratio. 
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and five sizes of elliptically shaped slab amplifiers 
(a total of 41 slabs) in each of ten laser chains. There 
are also eight additional rod amplifiers of several sizes 
between the oscillator and the chains. In addition, 
there are relay telescopes and isolators between all of 
these amplifier stages. 

The existing ICF MOPA lasers were all designed for 
maximum effective operation at pulse lengths near 1 ns, 
Fusion targets for the NIF, however, require effective 
pulse lengths typically in the range of 3-5 ns. If the 

1 

laser design pulse length increases above 1 ns then the 
corresponding increase in component damage thresh- 
olds allows the laser to operate at higher fluences. This 
significantly increases the efficiency of energy extrac- 
tion from the laser glass. In the case of the MOPA 
design, however, these high extraction fluences pro- 
duce significant gain saturation in the large amplifiers. 
This, in turn, requires that the successive MOPA ampli- 
fiers have increasingly larger apertures so they do not 
gain-saturate, since gain-saturation effects produce 

(a) NIF laser design 

requency phase plate 
converter 

4-pass rod 

7 Fiber link y 

Regenerative Beam 
\ -  

Waveguide 
modulators amplifier -+ shaping 

J 
Oscillator 

(b) Prototype Beamlet \ Calorimeter 

Frequency 
converter 

Fiber link 

Waveguide 
modulators Oscillator 4-pass rod 

from 
preamplifier 

FIGURE 3. (a) Schematic drawing of the multipass NIF laser design. (b) Prototype Beamlet design. (40-004I394-0789pbOZ) 
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severe temporal pulse distortion. (See "Beamlet 
Pulsed-Power System," p. 62). In contrast, a multipass 
amplifier uses the full aperture of the main amplifier 
as a preamplifier on early passes, such that the fluence 
increases monotonically during propagation, reaching 
a maximum of several times the saturation fluence in 
the last slab of the booster amplifier. Temporal pulse 
distortion is minimized in this configuration. 

NIF/Beamlet-A Large-Aperture, 
Multipass Laser Design 

In the NIF design [Fig. 3(a)l, the pulse-forming system 
uses a low-power oscillator to drive an array of single- 
mode optical fibers, one for each beamlet of the system 
(the prototype Beamlet oscillator drives only a single 
fiber). The output from each fiber is input to waveguide- 
amplitude modulators to temporally shape the pulse 
and then fed to phase modulators to add the required 
bandwidth (bandwidth is required to suppress stimu- 
lated Brillouin scattering, or SBS, in the output optics 
when driven at high intensities). These integrated optical 
modulators are derived from the low-voltage designs 
used in high-speed fiber communications networks, 
and ultimately could be operated under direct computer 

(a) Polarization 4 output 

Rotator / /  / 
Input 

Amplifier Polarizer 

03) Near-field angle 

Input 

(c) Far-field angle 

FIGURE 4. Three generic schemes for separating the input and out- 
put beams for a multipass laser architecture: (a) polarization rotator 
and polarizer, (b) near-field angle separation, and (c) far-field angle 
separation. NIF and the prototype Beamlet use a combination of far- 
field angle separation and polarization rotator. (70-50-0195-0020pb01) 

control, although Beamlet has not yet implemented 
this option. The pulse output from the modulator is 
then fed to a single-mode, regenerative amplifier that 
amplifies the pulse to -10 mJ.3 A beam-shaping section 
forms the appropriate spatial intensity profile that is 
injected into the preamplifier section of the laser ampli- 
fier chain. A four-pass, single-rod preamplifier ampli- 
fies the pulse to about 1 J and injects it into the main 
four-pass slab amplifier, where it reaches approximately 
10 kJ. The four-pass configuration permits us to make 
the preamplifier section small enough that the cost 
savings from any further reduction would be negligi- 
ble. The prototype Beamlet uses 16 rectangular slabs in 
the final amplifier stage that have a pumped aperture 
of 39 cm. The pulse that exits the laser amplifier section 
proceeds to a frequency converter and, in the case of 
the NIF, to the target chamber. 

A multipass amplifier requires a method for sepa- 
rating input and output beams in the amplifier, which 
is not necessary in a singlepass system. There are three 
generic techniques for accomplishing this: (1) a polar- 
ization rotator can be used to separate beams at a 
polarizer [Fig. 4(a)]; (2) the beams can be separated in 
angle in the near field [Fig. 4(b)l; or (3) they can be 
separated in angle in the far field near a focal plane 
[Fig. 4(c)l. Near-field angle separation has been used 
with large laser systems.ll It requires either a very long 
propagation distance, leading to difficulties with 
diffraction, or a beam size much smaller than the 
amplifier aperture to accommodate the beam motion, 
leading to poor utilization of the amplifier volume. 
Therefore, near-field separation has not been considered 
for the NIF design. 

Far-field angle separation has several desirable fea- 
tures for this application. There is no closed path in the 
laser cavity, so parasitic oscillations are less of an issue 
than for a configuration in which there are closed reso- 
nant feedback paths. Each pass through the focal plane 
goes through a separate aperture in that plane, so the 
propagation of later passes is not affected by plasma 
generated in the aperture by earlier passes. Any leakage 
out of the cavity on early passes is at an angle to the 
final output beam, so it is easily occluded in a transport 
spatial filter and cannot disturb the laser target. Finally, 
far-field angular separation gives a convenient location 
for injecting a low-energy input pulse near the focal 
plane without requiring additional full-aperture 
optical components. 

The Beamlet test series presented here uses a combi- 
nation of far-field angle plus polarization separation. 
Polarization separation is achieved using a full-aperture 
Pockels cell plus a polarizer in the large final amplifier 
stage. The far-field angle separation gives the advantages 

4 UCRL-LR-105821-95-1 



SYSTEM DESCRIPTION A N D  INlTIAL PERFORMANCE RESULTS FOR BEAMLET 

just mentioned, while the Pockels cell gives gain isolation 
and isolation from back reflections. The full-aperture 
Pockels cell also allows the off-axis angle in the far-field 
to be very small since, at that point, the energy handled 
on the injection optics is only about 1 J. The small angle 
allows efficient use of the amplifier aperture with a 
relatively short laser cavity. It is possible to configure 
the system to do separation using a far-field angle only, 
using a smaller Pockels cell for isolation purposes only. 
This alternate configuration requires handling the beam 
near the far field and at energies up to 100 J, but avoids 
the cost of the full-aperture Pockels cell and polarizer. 
Both configurations will be tested on Beamlet. 

The NIF laser design groups beamlet amplifiers 
into large arrays stacked four high and twelve wide to 
minimize the number of components and flash lamps 
(see Fig. 1 in “Design and Performance of the Beamlet 
Amplifiers,” p. 18). The individual beamlets are opti- 
cally independent, though supported by common 
mechanical hardware and pumped by common flash 
lamps. This full array of 48 apertures is too large and 
expensive to test in a small scientific prototyping effort. 
Therefore, on Beamlet we constructed the amplifier as 
an array of four apertures stacked two high and two 
wide to study many of the major issues of this type of 
amplifier assembly. (See “Design and Performance of 
the Beamlet Amplifiers,” p. 18.) Only one of the four 
beamlet apertures contains high-quality laser glass and 
is used for the tests discussed here. The amplifiers are 
constrained to have an odd number of slabs, since this 
cancels asymetric gain gradients in the two end slabs. 

A state-of-the-art adaptive wavefront control system 
is used on Beamlet to correct for static and dynamic 
optical aberrations. The Beamlet adaptive optic system 

consists of a deformable mirror (DFM), two Hartmann 
wavefront sensors, and a closed-loop controller. This 
adaptive optic technology was developed and demon- 
strated on the large dye laser systems that are part of the 
LLNL Uranium-Isotope Separation project.12 The 
Beamlet adaptive optics system is discussed further in 
”Beamlet Pulse-Generation and Wavefront-Control 
System,” p. 42. 

The amplifier stages are separated by relay telescopes 
or spatial filters that reimage a beam-forming aperture 
at several places through the amplifier chain. This 
reimaging reduces the diffractive growth of spatial 
intensity noise and provides Fourier transform planes 
at the focal planes in the telescopes where high-spatial- 
frequency intensity noise can be reset to zero. The 
noise level needs to be kept low because nonlinear 
propagation effects cause it to grow exponentially at 
high intensi9.l 

Beamlet Test Configuration 
Figure 5 is a plan view of Beamlet as configured for 

the test series presented here. We use a prototype3 of 
the pulse generation and preamplifier system proposed 
for NIF to produce an approximately 1-J pulse that is 
injected into the main four-pass laser cavity. The injected 
pulse is temporally shaped to compensate for gain sat- 
uration effects and is designed to produce a 3-ns square 
pulse output. To compensate for gain roll-off near the 
edges of the amplifier slabs, the intensity profile is shaped 
using a transmission filter with a parabolic transmission 
profile (see ”Beamlet Pulse-Generation and Wavefront- 
Control System,’.’ p. 42). Also, all laser experiments 
reported here use input pulses that are phase-modulated 

-50 m H 

Cpass rod amp I 
p - - - - - - - e - - - - = l  

\ 

I t*-f Master 
Fiber optic oscillator and 

Front end Regen Beam 
amp shaping waveguide 

modulators 

FIGURE 5. Plan view of Beamlet as configured for the tests described in this article. (02-30-1091-3760Epb01) 
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by the front end at a single modulation frequency of 5 
GHz to provide a total bandwidth of about 30 GHz. 
This additional bandwidth reduces the net SBS gain, 
thus eliminating the damage threat posed by trans- 
verse SBS. The output pulse from the front end is 
injected using a small 2 x 2 cm2 45’ mirror, and the 
pulse comes to a focus at an aperture in the focal plane 
of a vacuum spatial filter. The pulse expands past focus 
to fill a recollimating lens and a multisegment ampli- 
fier, containing eleven Brewster’s-angle slabs. (See the 
article ”Design and Performance of Beamlet 
Amplifiers,” p. 18.) It then reflects from a cavity end 
mirror M,, and makes a second pass through the mul- 
tipass amplifier, emerging with an energy of about 100 J. 

At the other end of the laser cavity is an optical 
switch, consisting of a plasma-electrode Pockels cell 
(PEPC) and a polarizer. (See Ref. 4 and ”Design and 
Performance of the Beamlet Optical Switch,” p. 29 for a 
discussion of optical switches; see ”Large-Aperture, 
High-Damage Threshold Optics for Beamlet,” p. 52 for 
a discussion of polarizers.) As the pulse is injected for 
its first two passes through the multipass amplifier, the 
Pockels cell is switched on to rotate the polarization so 
that the pulse passes through the polarizer and strikes 
a second mirror, M,. It then returns to the multipass 
amplifier for a third and fourth pass, emerging with an 
energy near 6 kJ. By the time it returns to the Pockels 
cell, the cell has switched off, so the pulse then reflects 
from the polarizer and makes a single pass through a 
second so-called ”booster” amplifier containing five 
Brewster’s-angle slabs. A transport spatial filter relays 
the pulse to the frequency converter. At this point, the 
10 energy is 12-15 kJ, as shown in Table 1. 

Pockels 

Mirror T~~~ Lens 

Pockels 

from preamplifier 

Figure 6 is a schematic of the array of pinhole aper- 
tures at the focal plane of the cavity spatial filter. Mirror 
MI is positioned such that the pulse injected at pinhole 
1 returns to a position at pinhole 2. Similarly, mirror 
M, is aligned so that the return pulse from M, is at pin- 
hole position 3. The return from the second pass then 
automatically lies at pinhole 4. Any energy not switched 
out of the cavity strikes mirror M2 and returns to the focal 
plane at position 5 where it is intercepted by an absorbing 
glass beam dump. For this series of experiments, we 
used 3.6-mm-diam pinhole apertures, giving a spatial 
frequency cutoff wavelength of 7.2 mm in the near field, 
or an angular acceptance of +200 prad in the far field. 
The separation between pinhole apertures is 3 cm. 

The clear aperture of the potassium dihydrogen 
phosphate (KDP) crystal installed in the Pockels cell 
for the 10 tests is 37 cm, which sets a beam hard aper- 
ture of about 35 cm. The beam must be smaller than 
the smallest clear aperture because of the vignetting 
allowance for beam motion due to off-axis propagation 
plus an allowance for full-beam alignment. The edge 
of the beam is apodized to suppress edge diffraction, 
as discussed later. The 39-cm amplifier aperture is not 
completely filled under these conditions, and could 
support slightly larger beam dimensions. 

9 m. The separation between MI and M, is 36 m and 
these mirrors lie at relay image planes of the system. 

the switch polarizer and then routed to the booster 
amplifier using three turning mirrors. After passing 
through a second spatial filter identical to the one in 
the multipass cavity, the beam then passes through an 
uncoated fused silica beamsplitter. The beamsplitter 
reflects a small portion of the 1-pm output beam to a 
diagnostics package. This package captures near- and 
far-field images on charge-coupled device (CCD) cam- 
eras, determines the energy using a calorimeter, and 
measures the temporal pulse shape using a vacuum 
photodiode with a transient digitizer or a streak camera. 
It also includes a 77-element CCD-based Hartmann 
sensor to measure wavefront distortion and to control 
the figure of the 39-actuator DIM. 

The 10 output beam enters a dual crystal frequency 
converter. The frequency converter uses a Type 1/11 
third-harmonic generation scheme (Fig. 7), consisting 
of a 1.05-cm-thick KDP doubler crystal and a 0.95-cm- 
thick KD*P tripler crystal. In the experiments described 
here, 32 x 32 cm2 crystals were used and the KD*P was 
80% deuterated. The 32 x 32 cm2 crystals will support 
about a 30-cm beam size. Crystals 37 x 37 cm2 are cur- 
rently being manufactured and will be used in future 
experiments. (Due to the long time required to grow 
the 37 x 37 cm2 crystal boules, these larger crystals 

The cavity spatial filter lenses have a focal length of 

The beam is reflected out of the multipass cavity by 

FIGURE 6. Pinhole array layout at the focal plane of the Beamlet 
multipass cavity. (70-50-0393-0724BpbOl) 
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were not available during our initial frequency conver- 
sion tests.) Finally, the output beam is absorbed by a 
74 x 74 cm2 calorimeter/beam dump after first passing 
through a biconcave expansion lens to reduce the 
fluence onto the calorimeter below the damage thresh- 
old of the absorbing glass in the calorimeter. 

Measurement of Laser 
Performance at 1.05 pm 
Optical Transmission with 
Unpumped Amplifiers 

with long pulses where the laser amplifier gain is 
highly saturated. It is important to quantify these 
losses to match the measured laser output to theoreti- 
cal models. We measured transmission through the 
system with unpumped amplifiers from pinhole to 
pinhole of the spatial filters, and also measured indi- 
vidual components to determine what these optical 
losses are for the Beamlet. 

The transmission for a double pass through the 
eleven-slab-long cavity amplifier section is 84%, which 
consists of 22 laser slabs having an average transmis- 
sion of 99.3%, one mirror with 99.6% reflection, and 
two lens transmissions at 99% each. The 0.5% loss per 
lens surface is typical of sol-gel antireflection coatings 
applied to fused silica, although coatings as good as 
99.8% transmission have been prepared. The loss in 
laser slab transmission is dominated by absorption 
from the Boltzman population in the lower Nd:Glass 

Optical losses reduce the laser output, particularly 
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laser level, and illustrates that bulk and surface losses 
due to contamination or defects in the laser glass are 
extremely small. 

The double-pass transmission through the Pockels 
cell (in its "on" position) plus the polarizer is 71%. The 
crystal in the Pockels cell is 1-cm-thick undeuterated 
KDP (KH2P0,), so it has an absorption of 6%/cm at 
1.053 pm, giving a double-pass transmission of 88%. 
The polarizer singlepass transmission for p-polarized 
light is 97.3%. This includes 1.1% loss due to the 9-cm- 
thick BK-7 substrate and 1.5% loss in the coating. If we 
assume 1% loss per surface for 16 antireflection coated 
surfaces (a lens, two windows, and a KDP crystal) and 
a mirror reflection of 0.995, the net transmission would 
be 71%, which is consistent with the measured value. 
(See "Design and Performance of the Beamlet Optical 
Switch," p. 29 for a more detailed discussion of the 
optical performance of the Pockels cell.) 

lenses in the output spatial filter are consistent with the 
measurements for the cavity amplifier and spatial filter 
discussed earlier. The polarizer reflects 99.6% of the 
s-polarized light that strikes it when the Pockels cell is 
switched to its "off" configuration. At an output energy 
of -12 kJ after the booster amplifier, the polarizer 
reflects 6 kJ out of the multipass cavity and the energy 
transmitted through the polarizer is less than 30 J 
(polarizer s-polarized leakage plus any light rotated to 
p-polarization by birefringence in the system). 

The transmission of amplifier slabs in the booster and 

Gain Compensation 
Figure 8 shows the singlepass, small-signal gain 

profile of a five-slab-long Beamlet amplifier pumped to 

1; Doubler (KDP) 

FIGURE 7. Type 1/11 frequency conversion scheme used on Beamlet. 
(70-lo-0494-1827pbOl) 
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FIGURE 8. Gain profile for a five-slab-long amplifier. Amplified 
spontaneous emission causes the gain to roll off near the edges in 
the horizontal direction of the slabs. (02-30-1093-3495pbO1) 
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its nominal operating point, 20% of the flash-lamp 
explosion energy. The gain peaks in the center of the 
aperture and is about 15% lower in the extreme corners 
of the aperture. Most of the gain roll-off is in the hori- 
zontal direction, which is the long dimension of the 
Brewster’s-angle slab. Amplified spontaneous emission 
trapped by total internal reflection within the slab 
depletes the stored energy in the glass and causes this 
gain roll-off. (See ”Design and Performance of the 
Beamlet Amplifiers,” p. 18.) 

To produce a flat intensity profile at the output of 
the laser requires that the input intensity profile to the 
multipass amplifier stage be shaped to compensate for 
the nonuniform gain profile in the horizontal direction 
(the effect of the vertical gain profile is insignificant). 
The input intensity profile used for the results pre- 
sented here is parabolic in the horizontal direction 
with the edges of the aperture twice as intense as the 
center. Figure 9 shows the output intensity profile in 
the horizontal direction from the multipass stage only 
(without the booster amplifier) showing the effect of the 
gain compensation on the horizontal intensity profile. 
Note that without compensation for the gain distribu- 
tion, the intensity near the edges of the beam rolls off 
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FIGURE 9. Effect of gain compensation on the horizontal intensity 
profile after four passes through the main multipass cavity. By 
compensating for the horizontal gain roll-off in the amplifier, the 
extracted energy increases 30%, and the output has the desired flat- 
top shape. (70-50-0494-2115pbO2) 

dramatically. However, with gain compensation, a nearly 
flat, top-hat-shaped intensity profile is obtained. This 
is very important because the performance is limited 
by the peak laser fluence on the optical components. 
Therefore a flat beam profile allows a higher output 
energy at equal peak fluence: the gain-compensated 
profile has nearly 30% greater energy extraction for the 
same peak fluence. 

Edge Apodization and Fill Factor 
It is important to fill the beam aperture as fully as 

possible to maximize the flat-top portion of the beam 
area and hence the laser output energy. A 1-cm margin 
around the edge of a nominal 34 x 34 cmz beam contains 
11 % of the beam area, so changes of only a few millime- 
ters in beam dimensions can have a noticeable impact 
on the output energy of the system. Edge diffraction 
from sharp beam edges causes intensity peaks on the 
beam, however, so the beam intensity at the edge must 
be apodized. (That is, the intensity must decrease 
smoothly to zero over a region occupying at least a few 
Fresnel zones over the propagation distances for which 
these intensity peaks are not acceptable.) 

inverted Gaussian profile with the lo-* intensity point 
at a square aperture of 34 x 34 cm2.I3 (For the 30 tests, 
we used a smaller square beam size of 29.6 x 29.6 cm2.) 
The intensity point is considered the ”zero inten- 
sity” level and is the maximum intensity allowed to 
strike the edges of the clear aperture of optical compo- 
nents. The corners of the beam are rounded with a 
radius of 5 cm to suppress diffraction from these 
regions; this subtracts 20 cm2 from the beam area. 

34 cm has a half-power width of 31.5 cm when the 
laser is operated under heavily saturated conditions. 
The flat-top, high-intensity region in the center is 30.6 cm 
wide. The experimental data show no growth of 
diffractive intensity peaks around the edge of the 
beam, though simulations suggest that there is some 
growth under high-fluence and high-B conditions near 
the end of the pulse. We project, from simulations, that 
it should be possible to steepen the edge profile and 
reduce the edge apodization region by approximately 
half a centimeter with acceptable diffractive intensity 
growth. (This will be tested during future experiments 
on Beamlet.) The effective beam area at half power is 
971 cm2 after allowing for the 20 cm2 loss in the corners, 
and we use that value to calculate fluence and inten- 
sity in the flat-top portion of the beam. The “fill factor” 
is 84% (defined as the ratio of the beam energy to the 
energy if the entire 34 x 34 cm2 hard aperture were 
filled at the fluence of the flat central area of the beam). 

The edge apodization used in the 10 tests is an 

The lo output beam with a zero intensity width of 
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Energy Performance 
Figure 10 shows the Beamlet la output energy that 

goes to the frequency converter as a function of energy 
injected into the main four-pass amplifier cavity. The 
solid line is the calculated performance from a model 
that includes measured gains and optical transmissions 
of the system. The maximum la energy and fluence 
demonstrated at 3,5, and 8 ns are listed in Table 1. 

The gain-performance curve shown in Fig. 10 does 
not depend on the temporal pulse shape. However, for 
this shot series, the input pulses were temporally 
shaped to give nearly square output pulses. Figure 11 
shows an example of input and output temporal pulse 
shapes under highly saturated conditions with an out- 
put of 15.5 kJ in an 8-ns pulse. Under these conditions, 
the intensity of the leading edge of the input pulse is 
shaped to be 12.5 times the intensity of the trailing 
edge to maintain a square output pulse shape. 

Near-Field Beam Features 
All large glass lasers have intensity noise in the near 

field as a result of diffraction from small obscurations 
and flaws in the many optical components through 
which the beam passes. The operating limit of ICF 
glass lasers is often set by the peak of the near-field 
intensity noise because of the threat for optical dam- 
age. However, the output power of the laser is deter- 
mined by the average intensity. Therefore it is desirable 
to have a peak-to-average intensity ratio as near to 
unity as possible. 

Figure 12 shows the la near-field image of the 
Beamlet output at 8 kJ and 3 ns. This represents the 
quality of the beam that is sent toward the frequency 
converter. The peak-to-average fluence modulation, 
due to diffractive noise sources, is about 1.3 to 1. For 
comparison, the Nova laser, when operated at high 
fluence, typically has a peak-to-average fluence 
modulation of about 1.5 to 1. 

Some of the prominent patterns shown in the near- 
field image (Fig. 12) originate from identified sources. 
For example, the small obscurations near the center of 
the image are originally from optical breakdown in air 
paths caused by ghost reflections. Ghost reflections refer 
to the small reflections from antireflection (AR) coated 
optics. Because AR coatings are not perfect, some very 
small portion of the incident light is reflected. If these 
reflections originate from curved surfaces such as 
lenses, they will either diverge or come to a focus. The 
focused ghosts can be intense enough to cause optical 
breakdown in the air path of the beam or even optical 
damage if the focus occurs at or near an optical compo- 
nent. Ghost reflections from the Beamlet cavity spatial 
filter lenses come to a focus in air between the lens and 
the amplifier or Pockels cell where they cause small air 
breakdown plasmas to form. When the laser pulse 
returns through that region on a later pass, these ghost 
foci appear as small obscurations on the beam. The 
obscurations are much less apparent after the booster 
amplifier since they fill in due to unsaturated gain in 
that amplifier stage. Other features faintly visible in the 

16 
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Injected energy 0)  
FIGURE 10. Measured 10 output energy vs energy injected into the 
large multipass cavity. These tests were carried out with eleven 
amplifier slabs in the four-pass cavity and five in the singlepass 
booster amplifier (with a flash-lamp pump explosion fraction of 0.2). 
(70-50-1094-3626pb01) 
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FIGURE 11. Comparison of lw input and output temporal profiles 
for a full-system shot (eleven- and five-amplifier slab configuration). 
The input energy is 1.2 J and the contrast ratio (ratio of the leading 
to trailing edge intensities) is about 12.5 to 1. The output energy 
is 15.5 kJ at 8 ns. (70-50-0195-0024pb01) 
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near-field image (Fig. 12) include multiple Airy patterns 
caused by small opaque defects. Nearly all of these orig- 
inate from tiny particulates on some of the small optics 
of the diagnostic camera system. 

Figure 13 shows the cumulative intensity distribu- 
tions for image pixels within the flat-top area of the 
Beamlet output beam under several different conditions, 
illustrating the effects of saturation and modulation 
growth due to the nonlinear index of refraction in the 
optical components. Each pixel corresponds to a beam 
area of 1.4 x 1.4 mm2. The 8-ns pulse at 15.5 J/cm2 or 
1.94 GW/cm2 has a steeper distribution function than 
the other shots plotted, particularly in the high-inten- 
sity regions. This shows the effect of gain saturation 
for high-intensity peaks, coupled with the absence of 
any significant nonlinear effects at this long pulse 
length and low intensity. The 3-11s pulse at 12 J/cm2 or 

(a) Near-field image 

4.0 GW/cm2 shows some growth of intensity peaks 
due to nonlinear index; at high intensities, this nonlin- 
ear effect tends to amplify light scattered at small 
angles by defects in the optics. 

Nonlinear Effects at High Intensity 
At very high intensities, the intensity-dependent 

part of the refractive index becomes important. This 
nonlinear effect causes growth of noise (small angle 
scattering) by energy transfer from the main beam 
through a second-order wave mixing process.14 The 
gain of noise growth depends on its spacial frequency. 
This process limits the laser performance, because 
excessive growth of noise components can lead to 
damage of laser components. In Beamlet, beam 
breakup (due to small-scale self-focusing of noise 
spikes) limits the performance at and below 3 ns. 
Quantifying this effect on Beamlet is very important to 
confirm the theory and modeling, which also have 
been applied to establish the NIF performance. 

These studies are hazardous for the laser compo- 
nents, however, because the intensity modulation can 
grow very quickly to damaging levels. To minimize the 
risk to the laser, we chose to study the growth of inten- 
sity modulation with short pulses (200 ps) and with 
the booster amplifier unpumped. Note that by using 
short pulses, we can propagate high-intensity beams at 
fluences far below the damage thresholds of the optical 
components. For these shots, the unpumped booster 
amplifier served as merely an array of nonlinear com- 
ponents in which we could study the growth of beam 
modulation. 

The onset of significant small-scale self-focusing 
usually occurs when the intensity-driven, nonlinear 

(a) - 1.6 J/cm2 at 3 ns 

(C) 

loo - (b) ....... 
(d) ̂ q_ - 12 J/cmL at 3 ns 

(b) Horizontal and vertical lineouts 
1.25 1 

-20 -1 0 0 10 20 
Position (cm) 

FIGURE 12. (a) Near-field image of the lo output from Beamlet for 
a 5.9-kJ shot at 3 ns, (b) Horizontal and vertical lineouts through 
the image. (70-50-0494-2124pb01) 
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FIGURE 13. Cumulative lo intensity distributions determined 
from near-field image profiles for Beamlet shots at various pulse 
lengths and mean fluences. (a) 0.53 GW/cm2, (b) 1.94 GW/cm2, 
(c) 5.5 GW/cm2, and (d) 4.0 GW/cm2. (70-50-0195-0017pb01) 
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phase shift reaches about 2 rad. There is a noticeable 
growth of the intensity modulation in the 4.0-GW/cm2 
image, and serious beam breakup has begun at 
5.5 GW/cm2. Figure 14 shows the near-field appear- 
ance of the output beam at this intensity. The nonlinear 
phase shift through the Pockels cell and booster ampli- 
fier amounts to 3 rad for this shot. These shots were 
taken using the original KDP Pockels cell crystal that 
had a poor-diamond-turned surface and imposed a 
6.4-mm period modulation on the beam. (See “Large- 
Aperture, High-Damage Threshold Optics for 
Beamlet,” p. 52 for a detailed discussion.) It is clear 
that this modulation serves as the noise source that 
seeds the nonlinear intensity growth and beam breakup. 

la Far-Field Beam Quality 
The nominal NIF ignition target design requires a 

0.5-mm-diam spot at the focus of a 7-m focal length 
1ens.l Energy lying much outside this +35-prad angle is 
not useful and can be harmful if it strikes the wrong 
area of certain targets. Some experiments planned for 
NIF require smaller spots, so a smaller beam divergence 
is desired. The diffraction limit of a normal 35-cm beam 
is k5 prad, so a NIF beamlet should be roughly 
3 to 7 times the diffraction limit, as usually defined, at 
the fundamental 1.053-pm wavelength (this divergence 
is preserved when the beam is converted to the third 
harmonic). Efficient frequency conversion also sets a 
beam divergence specification; but it is less stringent 
than this spot size requirement for NIF (+35 prad). 

As mentioned earlier, a DFM is used on Beamlet to 
correct for low-order static and dynamic wavefront 
aberrations. (See ”Beamlet Pulse-Generation and 
Wavefront-Control System,” p. 42.) Figure 15 shows a 
recent Beamlet lo far-field profile obtained using pre- 
correction for static and pump-induced aberrations on a 
4.5-kJ 3-ns shot. The rms wavefront aberration is reduced 
to 0.17 waves, which leads to a calculated Strehl ratio of 
0.4. The central spot is diffraction limited and approxi- 
mately 10-prad wide. Most of the energy is contained 
well within the NIF requirement of k25-prad divergence 
angle. The booster amplifiers were not yet installed at 
the time this shot was taken. For comparison, the beam 
without wavefront correction by the DFM would almost 
fill the entire image plane shown in Fig. 15. 

(a) Far-field image 
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(b) Horizontal and vertical lineouts 
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FIGURE 15. (a) lo far-field image and (b) horizontal and vertical 
lineouts of a 4.5-kJ 3-11s Beamlet shot. The wavefront of the 35 X 35 cm2 
beam was fully precorrected for static and pump-induced aberrations 
using a 39-element DFM. (70-50-0195-0022pbOl) 

FIGURE 14. Near-field image of the lo output beam for a 5.5-GW/cm2 
shot at a 200-ps pulse width. The white dots are hot spots with an 
intensity nearly twice the average intensity. Figure 13(c) shows the 
cumulative intensity distribution for this shot. (70-50-0195-0023pbOl) 
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Table 2 summarizes preliminary results obtained 
using the Beamlet Hartmann wavefront sensor and 
adaptive optics control system. The DFM corrects for the 
static aberration in the beamline, such that the output 
wavefront is nearly flat before a shot. The pump- 
induced wavefront aberration during a shot is largest 
near the edges of the beam and amounts to 1.65 waves 
peak-to-valley (p-V) for a 34-cm beam size. 

Preliminary attempts to precorrect the injected 
wavefront for this dynamic distortion showed a reduc- 
tion of the output aberration by a factor of two. The 
large and slowly decaying thermally induced aberration 
in the amplifier slabs after a shot can again be corrected 
in real time. These results clearly demonstrate the value 
of the adaptive optics system to increase the brightness 
of ICF lasers. 

Harmonic Generation 
Experiments 

Beamlet Frequency Conversion 
System 

Third-harmonic generation on Beamlet was achieved 
by the sequential application of collinear sum-frequency 
mixing in two nonlinear crystals. A beam at the funda- 
mental laser frequency is incident upon the first nonlin- 
ear crystal in which second-harmonic generation takes 
place via degenerate sum-frequency mixing (a2 = 20,). 
Two copropagating beams, one at the fundamental and 
the other at the second harmonic, emerge from this 
"doubling" crystal. They are incident upon the second 
nonlinear crystal in which the fundamental and the 
second harmonic again interact through sum-frequency 
mixing to create a wave at the third harmonic. To effi- 
ciently transfer power from the incident waves to the 
higher harmonic requires that both waves traverse the 
crystal in phase. Two methods of phase matching are 

possible-Type I phase matching, where the two input 
waves have the same polarization; and Type I1 phase 
matching, where the two input waves are orthogonally 
polarized. Details of the harmonic generation process 
are described e l ~ e w h e r e . ~ ~ , ~ ~  

converts a large fraction of the 1054-nm light to the 
second harmonic at 532 nm. The Type I1 KDT 
"tripling" crystal then converts this residual funda- 
mental and the second-harmonic beam to the third 
harmonic at 351 nm. The efficiency with which the 
third harmonic is generated is very sensitive to the 
ratio of the intensities of the fundamental and the sec- 
ond-harmonic beams incident on the tripler. This mix 
ratio is controlled by the length of the doubling crystal 
and a slight mismatch between the propagation direc- 
tion of the beam inside the doubling crystal and the 
perfect phase matching direction. 

designed to hold two different sizes of square crystal 
plates (32 and 37 cm). These crystals can accommodate 
maximum beam sizes up to about 30 and 34.5 cm, 
respectively. We activated the frequency converter with 
32-cm crystals, although 37-cm crystals will be installed 
and tested in early 1995. The smaller crystals were used 
in our initial tests because they became available about 
6 months before the larger ones. This is simply due to 
the longer time needed to grow the 500-kg single-crystal 
boules from which the 37-cm plates were cut. (See 
"Large-Aperture, High-Damage Threshold Optics for 
Beamlet," p. 52 for more details on the crystals.) The 
crystals are installed in two 61-cm-diam optical mounts 
that allow x and y translation, rotation about the axis of 
beam propagation, and tilt about two orthogonal axes in 
the plane of the crystal (Fig. 16). The crystals and their 
mounts are contained within an insulated housing that 
maintains the temperature to within kO.1 K and +lo% 
relative humidity. 

The Type I KDP second-harmonic generation crystal 

The Beamlet frequency conversion system is 

TABLE 2. Measured lw static and dynamic beam aberration on Beamdt. 

30-cm beam 34-cm beam 
Measurement Conditiona p-Vb r m S  P-v rmS 

Static aberration (cold cavity) 1.4 0.2 2.6 0.4 
Dynamic aberrations starting with a corrected wavefront in a cold cavity 

*Preshot (-10 min) 0.11 0.03 0.13 0.04 
*Shot without correction 0.69 0.22 1.65 0.39 
*Shot with partial correction 0.50 0.17 0.72 0.20 
*Post shot (-+lo min) 2.4 0.85 3.6 1.3 

aMeasured distortion (in waves at 1.05 pm). 
bPeak-to-valley. 
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The input and output surfaces of the conversion 
crystals were coated with a single-layer, quarter- 
wave-thick, SiO, sol-gel AR coating. To simplify the 
crystal AR-coating process, both the input and output 
faces of the doubler have an AR coating with optimum 
transmission at 700 nm. This provides a very good 
compromise for optimal transmission at both 1054 and 
527 nm when using a single-layer AR coating. The 
output face of the tripler has an AR coating optimized 
at 351 nm, whereas the input face has an extra coating 
layer applied to produce the lw/2w compromise 
coating thickness. 

The tripling crystal was deuterated to reduce the 
potential for damage from stimulated Raman scatter- 
ing (SRS). The intense spontaneous Raman band that 
occurs in KDP near 915 cm-l (and seeds the SRS growth) 
is split into two weaker bands in KD"P.17 In addition to 

Diagnostic 
focusing lens 

m i 

using KD*P, we also beveled and AR-coated the edges 
of the crystal to prevent parasitic oscillations from SRS 
within the plane of the crystal and orthogonal to the 
beam propagation vector. 

Second-Harmonic Generation 
The frequency conversion system was activated in 

two stages. The 32 x 32-cm2 x 1.05-cm-thick Type I 
doubling crystal was installed and the second-harmonic 
conversion efficiency was measured as a function of 
input intensity at the phase matching angle (Ak = 0). 
Experiments were carried out with increasing 
l w  input intensities up to about 5.3 GW/cm2 using 
1-ns square pulses. The second-harmonic conversion 
efficiency increased monotonically with drive inten- 
sity, reaching a maximum value of 83%. These results 

Main converted output Diagnostic 
beamsplitter 

Y 
Type I doubling crystal and mount 

FIGURE 16. Layout of the third-harmonic frequency-conversion system showing the location of the crystals in the ophcal mounts. The crystals 
can be independently moved in and out of the beamline. (70-50-0494-1913pbOl) 
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(Fig. 17) were compared with plane-wave model 
calculations and were found to be in excellent agree- 
ment. This attests to the nearly flat wavefront quality 
(i.e., low distortion) of the Beamlet 10 drive beam. 

The plane-wave model assumes a 1% loss at each 
AR-coated surface of the crystals and 6%/cm absorp- 
tion at 1054 nm by the bulk KDP. As noted earlier in 
this section, the second-harmonic generation crystal is 
slightly ”detuned” from the phase-matching angle to 
achieve the proper mix ratio of the fundamental and 
second-harmonic beam that drives the tripler. Theory 
predicts that a detuning angle of +250 prad from the 
phase matching direction in the crystal will give the 
correct mix ratio to achieve maximum 30  conversion 
at incident fundamental intensities between 3 and 
3.5 GW/cm2. 

During the course of the doubling experiments, we 
also measured the conversion efficiency at detuning 
angles of +250 and 350 prad and compared the results 

11 I 

Input intensity (GW/cm2) 

FIGURE 17. Second-harmonic conversion efficiency vs 10 drive 
intensity using a 32 x 32 x 1.1 cm3 KDP Type I doubling crystal. The 
conversion efficiency agrees well with the plane-wave model at 0, 
k250, and 2350 prad detuning angles. (70-50-1094-3625pb01) 

with the plane-wave model (Fig. 17). Again, the agree- 
ment between the model and experiment was very 
good. To do these conversion tests, the doubling crystal 
was first tilted (detuned) to one side and the conver- 
sion efficiency measured. This experiment was then 
repeated with the crystal tilted an equivalent amount 
in the opposite direction. Thus, the two points shown 
in Fig. 17 at each of the detuning angles represent two 
separate experiments where the crystal was detuned 
by either ”plus” or “minus” the respective angle. 

Third-Harmonic Generation 
Table 3 summarizes the results from third-harmonic 

generation experiments carried out with a 3-ns square 
pulse shape. These results are compared with both the 
NIF requirements and the Beamlet performance goal 
established at the beginning of the project at the recom- 
mendation by the National Academy of Sciences (NAS). 

Beamlet is judged against three key third-harmonic 
performance criteria: (1) fluence, (2) beam quality? and 
(3) conversion efficiency. For all three criteria, Beamlet 
either exceeds or meets the goals of the NIF (see Table 
3). The difference in total output energy proposed for a 
NIF beamlet vs that achieved on the prototype Beamlet 
is due to the difference in aperture size. The prototype 
Beamlet aperture was set at the beginning of the project 
in 1991 and supports a maximum beam size of 35 cm. 
On the other hand, the somewhat larger NIF aperture 
reflects the more recent thinking that apertures near 
40 cm, rather than 30 cm, are a better compromise 
between performance and cost. 

Perhaps the most critical performance criteria is the 
3co fluence, because of the lower optical-damage limits 
at shorter wavelengths. Specifically, the optical material 
most at risk is the tripling crystal, because the laser 
output is set to be near the damage threshold of this 
material. Beamlet has operated at a 3 0  fluence that 
exceeds the NIF performance requirement by about 
10%. During these initial tests, we carried out 17 shots 

TABLE 3. Comparison of Beamlet 30 performance with NIF and the NAS technical contract specifications. 

Parameters Beamlet 
Phase Ia NIF 

NAS 
technical contract 

Mean 3w fluence J/cm2 
Quality: 
*Beam size (cm2) 
Effective beam area (cm2) 

030 energy (kJ) 
.Beam divergence (prad) 
*Bandwidth (GHz) 
Conversion efficiency: 
3 0  peak conversion efficiency 

8.7 

29.6 x 29.6 
736 
6.4 
5 +25 
90 

80% 

8.0b 

38 x 36 
1280 
10.2 
< +35 
90 

80% 

6.4-7.6 

30 x 30 
784 
5-6 
5 +50 
90 

70% 

aSee Ref. 18. 
bat 3.6 ns. 
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in excess of 7.5 J/cm2 at 3 ns without sustaining any 
damage to the K*DP tripling crystal. 

The third-harmonic converter was activated by first 
”laser conditioning” the KD*P tripling crystal at 30. 
Laser conditioning refers to the process of increasing the 
damage threshold of an optical material by exposing it to 
a series of laser shots with monotonically increasing 
fluence. (See ”Large-Aperture, High-Damage Threshold 
Optics for Beamlet,” p. 52 for a detailed discussion of 
laser conditioning of Beamlet optics.) Following condi- 
tioning, a series of experiments was conducted to 
characterize the 30 conversion performance. One of our 
major goals was to demonstrate >70% conversion effi- 
ciency at high peak power (2.5-3.5 GW/cm2). These 
experiments were carried out using temporally square, 
3-ns pulses. Figure 18 shows the results where the third- 
harmonic conversion efficiency is plotted vs the l w  input 
intensity delivered to the harmonic converter system. At 
the highest drive intensities (>3.25 GW/cm2) conversion 
efficiencies of 80% were achieved. The results were in 
good agreement with plane-wave model predictions. 
The model calculations include the effects of the 30-GHz 
bandwidth (90-GHz at the 30 output) that we add to the 
drive pulse to suppress SBS in the output optics. The 
added bandwidth reduces the conversion efficiency 
about 3% at the highest drive intensities. The model cal- 
culation shown in Fig. 18 does not include the effects of 
the spatial and temporal edges of the real beam, but 
instead assumes a perfect top-hat-shaped profile. 
Including these effects would tend to slightly reduce the 
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- Ideal plane wave 
Plane wave, 30 GHz bandwidth 
Beamlet data, 3 11s square pulse 
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lo input intensity (GW/cm2) 

FIGURE 18. Third-harmonic conversion efficiency vs lo drive 
intensity achieved with 3-ns square pulses with 30-GHz lo (90-GHz 
at 30) bandwidth. The Type I1 tripling crystal was 80% deuterated 
KD*P 32 x 32 x 0.95 cm3 with 0 prad detuning. The doubling crystal 
was detuned at -250 prad to achieve optimum 3 0  conversion. 
(70-50-1094-3624pbOl) 

4 

conversion efficiency, giving even closer agreement with 
the experiments. 

The maximum average 30  output fluence achieved 
during this series of shots was 8.7 J/cm2, about 10% 
greater than the NIF performance goal of 8.0 J/cm2. At 
the Beamlet beam aperture area of 736 cm2, this gave 
6.4 kJ 30 output and corresponds to over 11 kJ at the 
NIF beam area of 1280 cm2 (Table 3) .  

The input beam quality and fill factor were main- 
tained during the 30  conversion process as shown by 
the 30  near-field image and lineout in Fig. 19. These 
data were taken during a 3-ns shot at 2.56 GW/cm2 
producing 7.7 J/cm2 (5.6 kJ) output at 3 0 .  The peak-to- 
mean intensity modulation is about 1.4 to 1 at 3w 
compared to about 1.3 to 1 at 10. 

(a) Near-field image 

(b) Horizontal and vertical lineouts 

-100 0 100 
Horizontal/vertical (mm) 

FIGURE 19. (a) Near-field image and (b) horizontal and vertical 
intensity lineouts of that image for a 3a output pulse from the 
Beamlet harmonic generator. The peak-to-mean intensity modula- 
tion is about 1.35 to 1. (70-50-0195-0021pb01) 
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Figure 20 further illustrates the similarity in the flu- 
ence modulation observed for the 1 and 30  near-field 
images at high drive intensities. Plotted is the normal- 
ized probability distribution of fluences observed at 
1 and 3 0  for a 3-ns shot. The avera e pulse intensities 

tively. The wings of the two curves compare the p-V 
intensity distribution for the 1 and 30 pulses. The data 
clearly show that there is no significant growth in near- 
field fluence modulation during the conversion process. 

During the course of our 30  tests, we also demon- 
strated frequency conversion for shaped pulses roughly 
similar to NIF ignition target drive pulses. The proposed 
NIF ignition target pulse shape consists of a low-intensity 
"foot" about 15 ns long followed by a higher intensity, 
3-3.5-ns, main drive pulse. The harmonic conversion 
process depends strongly on the product of the beam 
intensity and crystal thickness and therefore has a lim- 
ited intensity range over which it is fully optimized. 
This is illustrated by the data in Fig. 18, where the con- 
version efficiency is shown to drop-off dramatically at 
low-drive intensity; in this case, the crystals are opti- 
mized for intensities in the range of 2-5 GW/cm2. In 
both the NIF and prototype-Beamlet design, the con- 
version efficiency of the foot will be lower than the 
main pulse. The NIF requirement is 60% conversion 
efficiency for the nominal ignition pulse shape. 
Because the Beamlet preamplifier section was designed 
to handle a maximum pulse length of 10 ns, we simu- 
lated a complex pulse shape (similar to what might be 
used on NIF) using a 7-ns foot and a 3-ns main pulse. 
The lo input to the harmonic converter had a foot-to- 
main pulse contrast ratio of 9:1, giving the desired 
30:l contrast ratio for the 30  output pulse (Fig. 21). The 
10 beam had an equivalent pulse length of 3.9 ns and a 
mean fluence of 12.4 J/cm2 compared with 3.2 ns and 
8.2 J/cm2 for the output 30 pulse. The measured foot 

are 3.3 GW/cm2 and 2.65 GW/cm B at 1 and 30, respec- 
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FIGURE 20. Comparison of normalized probability distribution 
of intensities for the lo drive pulse and corresponding 3 0  output 
observed during a 3-ns shot at a l w  input drive intensity of 
3.3 GW/cm2. (70-50-0195-0019pbOl) 

and peak pulse conversion efficiencies were 23 and 
77%, respectively. The average 30  conversion efficiency 
was 64%, which compares quite favorably with our 
model predictions. 

The above 30  experiments also gave us the added 
opportunity to more fully test the capability of the inte- 
grated optical-pulse forming and preamplifier section 
of our front end. To create the desired 9:l 103 NIF-like 
pulse shape that was used to drive the harmonic con- 
verter requires nearly a 75:l intensity contrast for the 
shaped pulse at the injection to the main laser cavity 
[Fig. 21(b)]. The injected pulse was shaped to compensate 
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FIGURE 21. (a) Shows a "NIF-like" 301 pulse shape with a 30:l 
contrast ratio generated using a 9:1 lo drive pulse to the harmonic 
converter. (b) An injected pulse with a 75:l contrast and a complex 
temporal shape was generated using the new front-end architecture 
to achieve the desired lo drive-pulse shape. (70-50-1094-3622pbO1) 
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for effects of gain saturation in the main laser cavity 
and booster amplifiers. This pulse shape was easily 
synthesized using the low-voltage waveguide modula- 
tors in the pulse generation system. 

Summary 
We recently completed construction and preliminary 

testing of the NIF prototype Beamlet laser, a large-aper- 
ture flash-lamp-pumped Nd:Glass laser. The laser uses a 
multipass architecture that represents the first attempt to 
employ such a design at this scale. The main laser cavity 
is unique in that it uses a full-aperture plasma-electrode 
Pockels cell and an angular multiplexing scheme to 
execute four passes through a group of eleven large 
phosphate glass amplifiers contained in the cavity. The 
output from the main laser cavity then makes a single 
pass through a booster amplifier section comprised of 
five more amplifiers. The 1054-nm output from the laser 
is converted to the third harmonic (351 nm) using a 
Type 1/11 KDP/KD*P frequency conversion scheme. 

We have successfully demonstrated Beamlet‘s 1 o 
and 30  performance at its 3-ns design point. Good 
beam quality is maintained as defined by the low peak- 
to-average fluence modulation and small wavefront 
aberration. We demonstrated several new pre-compen- 
sation techniques in the preamplifier that allow control 
over fill factor, wavefront, and temporal shape of the 
output beam. Key lo performance parameters have 
been investigated at high lo fluence (15.5 J/cm2), and 
high intensity (5.5 GW/cm2). Similarly, at 3 0  we 
demonstrated damage-free operation at fluences in 
excess of those required for NIF and third-harmonic 
conversion efficiencies S O %  for 3-ns pulses and 64% 
for NIF-like pulse shapes. The conversion efficiencies 
mentioned exceed NIF requirements. The results from 
current and future Beamlet performance tests will be 
used to validate the NIF laser design. 
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DESIGN AND PERFORMANCE OF THE BEAMLET AMPLIFIERS 

A. C. Erlandson 

M. D. Rottev 
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R. W. McCracken 

Introduction 
In future laser systems, such as the National 

Ignition Facility (NIF), multi-segment amplifiers 
(MSAs) will be used to amplify the laser beam to the 
required levels. As a prototype of such a laser architec- 
ture, we have designed, built, and tested flash-lamp- 
pumped, Nd:Glass, Brewster-angle slab MSAs for the 
Beamlet project. 

Nd:Glass amplifiers, describe the MSA geometry, dis- 
cuss parameters that are important in amplifier design, 
and present our results on the characterization of the 
Beamlet MSAs. In particular, gain and beam steering 
measurements show that the Beamlet amplifiers meet 
all optical performance specifications and perform 
close to model predictions. 

in MSA mechanical design: hermetically sealed blast 
shields to protect the laser slabs from contamination 
generated by the flash lamps; hermetically sealed flash- 
lamp cassettes to protect the lamp envelopes from 
outside sources of contamination; modular slab cassettes 
to reduce the size of the amplifier parts that need to be 
handled; and flash-lamp cassettes that can be installed 
and removed without disturbing the laser slabs. These 
features will be included in the amplifiers for the NIF. 

In this article, we review the fundamentals of 

The Beamlet amplifiers also demonstrate advances 

Background 

The Amplifier Pumping Process 
Many energy transfer steps occur during the ampli- 

fier pumping processll which begins when the switch 

in the flash-lamp discharge circuit is closed and current 
begins to flow through the flash lamps. Typically, cir- 
cuits transfer 70-90% of the bank energy to the flash 
lamps, with the remainder lost as heat to the circuit 
elements. Flash-lamp plasmas convert about 80% of 
the delivered electrical energy to photons, with 
approximately half the optical output energy falling 
in the 400-1000-nm region of Nd3+ pumping bands. 
As these photons circulate in the pump cavity, some 
are reabsorbed by the flash-lamp plasma, which in 
turn re-emits a fraction of this reabsorbed energy; some 
are absorbed by the metal reflectors or slab holders; 
and some are lost through the ends of the amplifiers. 
The remaining photons (about 10% of those emitted by 
the plasma) are absorbed by the laser slabs. 

The photons absorbed by the laser slabs produce 
stored energy in the form of excited Nd3+ ions. However, 
due to quantum defects between the absorbed photons 
and the upper laser level, about half of the absorbed 
energy is immediately converted to heat, depending on 
the spectral distribution of the flash-lamp light. Energy 
transfer from excited ions to ground-state ions (con- 
centration quenching) produces additional heating. 

tion arise from two main sources: (1) The laser slabs 
are warped when pump light deposits more heat on 
one side than the other. This warping causes beam 
steering and wavefront distortion that is distributed 
over the entire aperture. (2) Amplified spontaneous 
emission (ASE) heats the absorbing edge claddings 
that are used to prevent parasitics. The resulting thermal 
expansion produces significant wavefront distortion 
within approximately one slab thickness of the edge 
claddings. This edge distortion can be avoided by 
setting the beam aperture appropriately. 

Pump-induced beam steering and wavefront distor- 
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Parameters Governing 
Amplifier Performance 

In Brewster-angle slab amplifiers, the three most 
important parameters for describing laser performance 
are a, the average gain coefficient; g, the small signal gain 
per slab; and a, the hard aperture area. Both a and g are 
related to the stored energy density, p, by the relations 

and 

g = exp [ a(n2 + 1)1” ( t / n ) ]  , 

where o is the stimulated emission cross section for 
excited Nd ions, hv is the laser photon energy, n is the 
refractive index of the laser glass, and t is the caliper 
thickness of the laser glass. The term ( ~ ~ + l ) ” ~ ( t / n )  is the 
beam path length through the Brewster-angle laser slab. 

Generally, high values of a, g, and a are desired: as 
a increases, the desired beam fluence is achieved with 
less laser glass and, as a result, with smaller nonlinear 
phase shifts; as g increases, the desired fluence is 
achieved with fewer slabs; and as a increases, the 
desired laser energy can be achieved with fewer 
beamlets. However, it is difficult to attain the desired 
values for all three key amplifier performance param- 
eters simultaneously. For example, increased ASE 
causes both a and g to decrease as a is increased. The 
gain per slab can be increased by making slabs thicker, 
but, as a result, a falls because flash-lamp light is pref- 
erentially absorbed near the slab surfaces. The sophis- 
ticated amplifier model2 that Lawrence Livermore 
National Laboratory (LLNL) has developed to predict 
a and g is essential for characterizing tradeoffs 
between parameters and for arriving at cost-effective 
fusion laser designs. 

Other important amplifier parameters are gain uni- 
formity across the aperture, pump-induced wavefront 
distortion, and storage efficiency. A measure of gain 
uniformity is the parameter U, defined as the peak-to- 
average ratio of the gain coefficient evaluated over the 
beam aperture. Good gain uniformity, i.e., U close to 
unity, is desired because gain variations produce fluence 
variations in the output beam, thereby reducing the 
damage-limited output energy. Low pump-induced 
wavefront distortion is desired for good beam focus- 
ability and high harmonic-conversion efficiency. To 
some degree, both gain variations and pump-induced 
wavefront distortion can be compensated for, albeit at 
additional cost and complexity to the system. For 
example, the Beamlet preamplifier section uses a variable 
transmission filter to tailor the fluence distribution and 
a deformable mirror to precorrect the wavefront. To 
evaluate pump cavity designs, models for predicting 

gain distributions3 and pump-induced wavefront dis- 
tortion4 are being developed at LLNL and at the CEA 
Laboratory in Limeil, France. 

extractable energy stored in the laser slabs divided by 
the total electrical energy delivered to the flash lamps. 
High storage efficiency is desired to reduce the size 
and therefore cost of the pulsed power system. 

Storage efficiency, q, is defined as the total 

Multisegment Amplifier (MSA) 
Development 

Prior to Beamlet, all flash-lamp-pumped Nd:Glass 
fusion lasers have used one-beam-per-box amplifiers. 
MSAs, in which several beams are contained in the 
same amplifier box, were first proposed in 1978 as a 
way to reduce the cost of flash-lamp-pumped, 
Nd:Glass fusion laser systems? MSAs cost less than 
the one-beam-per-box amplifiers in three ways: (1) by 
making amplifiers more compact, thereby reducing the 
size and cost of the building; (2) by increasing pumping 
efficiency, thereby reducing the size and cost of the 
pulsed power system; and (3) by reducing the number 
of internal amplifier parts. 

Figure 1 shows the MSA design currently envisioned 
for the NIF. Optical gain at the 1.05-pm wavelength is 
provided by Nd-doped, phosphate glass, rectangular 
laser slabs oriented at Brewster’s angle with respect to 
the beam to eliminate reflection losses. The amplifier 
hard apertures are 40 x 40 cm2. The slabs are stacked 
four-high in holders that are arranged in 12 columns. 

Maintenance cart 

Support structure 

FIGURE 1. The MSA design currently envisioned for the NIF uses 
48 apertures arranged in a 4-slab-high x 12-slab-wide matrix. 
(40-00-0294-0535pbOl) 
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The columns of slabs are separated by arrays of central 
flash lamps that emit radiation to both sides. The outer- 
most columns are also illuminated by arrays of side 
flash lamps that have large silver reflectors to redirect 
the flash-lamp radiation toward the slabs. In this 
respect, the side flash-lamp arrays are similar to the 
arrays used in one-beam-per-box amplifiers on Nova 
and other previous fusion lasers. Glass blast shields, 
placed between the flash lamps and the laser slabs, 
serve two purposes: (1) They prevent acoustic waves 
generated by the flash lamps from propagating into 
the beam path and causing wavefront distortion; and 
(2) they provide a contamination barrier between the 
flash-lamp cavity and the critical slab cavity. The blast 
shields also form a channel that could potentially be 
used for flowing cooling gas around the flash lamps. 
To simplify assembly and maintenance, the NIF MSAs 
would be assembled from one-slab-long, one-slab-wide, 
four-slab-high modules. In addition, the flash lamps 
would be mounted in 6- or 8-lamp removable cassettes. 

Since 1989, LLNL has built and tested three MSA 
designs: MSA-1(2), MSA-2(6), and the Beamlet ampli- 
fiers. Although MSA-1 and MSA-2 contained only four 
apertures, in a one-slab-long, 2 x 2 array, they were 
large enough to permit us to study important MSA 
performance issues. In particular, we discovered that 
central flash-lamp arrays pump more efficiently than 
side flash-lamp arrays. In side arrays, the large reflec- 
tors return a portion of the flash-lamp radiation to the 
lamps, where it is absorbed by the plasma. Furthermore, 
the reflectors themselves absorb a significant fraction of 
the flash-lamp radiation. In contrast, central flash-lamp 
arrays allow the lamps to radiate freely in both direc- 
tions, and the only reflectors are small diamond-shaped 
reflectors between the lamps that effectively reduce the 
transfer of radiation from lamp to lamp. Although 
MSA-1 had high storage efficiency (about 3.5%) and 
high average gain coefficient (5.5%/cm) at the normal 
operating point (lamps fired at 20% of the single-shot 
explosion energy), gain varied significantly across its 
aperture. MSA-1 was not versatile enough to permit us 
to explore solutions to the gain uniformity problem or 
to study how MSA performance is affected by changes 
in pump cavity design. 

MSA-2, also called the Beamlet prototype amplifier, 
was used to develop pump cavity designs for the 
Beamlet amplifiers. MSA-2 had a flexible pump cavity 
that enabled us to study the effect of different designs 
on gain uniformity and cavity transfer efficiency. Gain 
gradients in the vertical direction were reduced by 
installing reflectors at the tops and bottoms of the 
flash-lamp cassettes to reduce the loss of pump radia- 
tion through the gaps between the flash lamps, and by 
installing dimpled silver reflectors with raised surfaces 
on the slab holders so that the reflected light illumi- 
nated the facing slabs more uniformly. Gain gradients 
in the horizontal direction were reduced by replacing 

the cylindrical silver reflectors in the side lamp arrays 
with flat reflectors. These changes lead to an extremely 
uniform gain distribution, with a gain uniformity 
parameter U = 1.025 k 0.004. Pumping was balanced 
between the 12-lamp central array and the less efficient 
side arrays by increasing the number of lamps in the 
side arrays from six to eight. Balanced pumping is 
desired to reduce wavefront distortions caused by slab 
warping due to preferential heating of one side of the 
laser slab by pump radiation. 

Beamlet Amplifiers 
Although testing MSA-1 and MSA-2 greatly 

enhanced our understanding of MSA performance, 
their 29 x 29 cm2 apertures had only about 50% of the 
area of the 40 x 40 cm2 apertures proposed for the NIF, 
and serious concerns remained regarding the feasibil- 
ity of manufacturing large laser slabs and the effect of 
increased ASE on efficiency and gain uniformity. In 
addition, it remained to be demonstrated that MSAs 
could be cleanly assembled and operated. These issues 
were addressed by designing, building, and testing the 
Beamlet amplifiers. 

Amplifier Description 
The Beamlet amplifiers use the MSA architecture in 

which four apertures are arranged in a 2 x 2 matrix. 
Figure 2(a) shows an assembled Beamlet amplifier, 
with one end open. Beamlet contains two large ampli- 
fiers: a four-pass, eleven-slab-long cavity amplifier and 
a singlepass, five-slab-long booster amplifier. The posi- 
tions of these amplifiers in the laser chain are discussed 
in "System Description and Initial Performance Results 
for Beamlet," p 1. The hard apertures of the Beamlet 
amplifiers are 39.5 x 39.5 cm2, larger than the apertures 
used for any previous Nd:Glass amplifiers and 
approximately the same size as the amplifiers envi- 
sioned for the NIF. 

The measurements described below show that at 
the standard operating point, for which the lamps are 
driven at 20% of their single-shot explosion energy (in 
air), the amplifiers have the following characteristics: 
the average gain coefficient is 5%/cm, the storage effi- 
ciency is 3%, and pump-induced wavefront distortion is 
4 . 5  waves at 1.053 pm for the entire system. The ratio 
of peak gain coefficient to average gain coefficient, 
evaluated over the central 95% of the amplifier hard 
aperture, is 1.06:l. The gain distribution is influenced 
by ASE, which preferentially depumps the edges of 
the aperture. . 

The Beamlet amplifiers were designed modular, which 
facilitates assembly and maintenance. The basic amplifier 
assembly units (BAUs) are one slab long, one slab wide, 
and two slabs high. Each BAU consists of an aluminum 
frame, blast shields mounted on the sides, and a slab 
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holder mounted internally, as shown in Fig. 203). The alu- 
minum frame is nickel-plated, for cleanliness. The BAUs 
are assembled in a class-100 clean room, bagged, and 
transported to the laser bay. In the laser bay, a crane lifts 
the BAUs onto rails, which allows the BAUs to be easily 
positioned along the direction of the laser beam. The 
BAUs are installed in pairs and bolted together side by 
side to form oneslab-long 2 x 2 units. The flash-lamp cas- 
settes are slid into place fiom the top, using the crane. All 

(b) Center 
flash-lamp 

cassette %. 0 PxYBAU 
Side 

flash-1amp cassette / 

T 60 in. 

1 
Side 
flash-lamp 
cassette 

T 40 in. 

Space frame 

FIGURE 2. (a) Photograph of assembled 2 x 2 Beamlet amplifiers 
with 39.5 x 39.5 cm2, hard-edged apertures (this supports about a 
35 x 35 cm2 beam size). (b) Schematic drawing showing key 
elements of the design: the shaded square represents the active 
beam aperture. (02-30-1093-3491Apb01) 
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amplifier assembly is performed under portable class-100 
clean rooms. 

The laser slabs are made of Schott glass (composi- 
tion LG-750), doped at a Nd ion concentration of 
3.5 x 1020 ions/cm3. The finished slab dimensions are 
4 x 42.4 x 76.4 cm3, excluding the 1.2-cm-thick edge 
claddings glued onto the perimeter to absorb ASE. The 
edge claddings are made of Cu-doped LG-750, which 
has an absorption coefficient of 2.8/cm at the peak gain 
wavelength of 1.053 pm. The volume of the Beamlet 
laser slabs is 12 L, nearly twice the volume of the largest 
laser slabs fabricated previously. Further details about 
the laser slabs are contained in the article "Large- 
Aperture, High-Damage-Threshold Optics for 
Beamlet," p. 52. 

To reduce costs, only one of the four Beamlet aper- 
tures has real laser slabs. The other three apertures have 
dummy slabs consisting of two panes of Greylight-14, a 
relatively inexpensive architectural glass. These dummy 
slabs are indistinguishable from the real laser slabs in 
the degree to which they absorb flash-lamp light. The 
pumped regions of the slabs measure 39.5 x 75.6 cm2. 
The vertical separation between the hard apertures is 
5.5 cm. Like MSA-2, the slab masks use dimpled, silver 
reflectors, to improve gain uniformity. 

Figure 3 shows a plan view of the pump cavity, the 
design of which is based on the MSA-2 results. The 
bore diameter of the flash lamps is 2.5 cm and the arc 
length is 91.4 cm. The flash lamps are made of 
UV-absorbing Ce-doped quartz to protect the pump 

Inactive side Active side 

10-lamp 
side array 

2 6-lamp side array 

16-lmp 
central array 

FIGURE 3. Plan view of the Beamlet pump cavity showing flash-lamp 
and slab locations for two one-slab-long, one-slab-wide modules 
joined side by side. (02-30-1093-3490Apb01) 
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cavity from solarization, and are filled with 200 Torr 
of Xe gas. The flash lamps were manufactured by 
EG&G, Inc. The 16 flash lamps in each central flash- 
lamp array are spaced 3.94 cm apart, corresponding 
to a lamp packing fraction (defined for central arrays 
as the bore diameter divided by the center-to-center 
distance) of 0.64. Like MSA-1 and MSA-2, silver dia- 
mond-shaped reflectors are placed between the lamps 
to increase efficiency. 

The ten lamps in each side array are spaced 6.29 cm 
apart, corresponding to a lamp packing fraction 
(defined for side arrays as half the bore diameter 
divided by the center-to-center distance) of 0.79. As in 
MSA-2, a higher lamp packing fraction is used in the 
side arrays than in the central arrays to better balance 
pumping on the two sides of the laser slabs. 

To further reduce costs, especially for the pulsed 
power system, only six flash lamps are installed in the 
side arrays on the inactive side (the side opposite the 
real NdGlass laser slabs) of the amplifiers. Experiments 
previously performed on MSA-1 showed that very lit- 
tle of the pump light produced by the flash lamps on 
the far side is transmitted by the central flash-lamp 
array under normal operating conditions. 

tion the Beamlet flash lamps remain essentially free of 
the C ”brown spots” that commonly appear on Nova 
lamps. The improved cleanliness is partly attributed to 
the use of O-ring seals on the lamp bases that protect the 
lamp envelopes from outside sources of contamination. 

During the amplifier activation tests, which were 
conducted when the Beamlet cavity amplifier was one, 
two, and five slabs long, the ends of the amplifiers 
were covered with hard-anodized panels. These panels 
kept the amplifiers clean and absorbed flash-lamp 
light. The panels had adjustable slits permitting gain 
measurements at any location in the amplifier aper- 
ture. To reduce the risk of contaminating the laser 
slabs, either with particles from the laser bay or parti- 
cles that might have been generated when the panels 
were moved, each end panel was separated from the 
amplifier by an empty BAU. 

Inspections show that after nearly one year of opera- 

Pulsed Power Description 
The Beamlet pulsed-power system is described more 

fully in ”Beamlet Pulsed-Power System” on p. 62 of this 
Quarterly. In brief, we use single-mesh LC circuits (cir- 
cuits with inductance and capacitance) to drive pairs 
of flash lamps connected together in series. Each circuit 
has a 208-pF capacitor and a 140-pH inductor, and the 
3(LC)1/2 pulse length is 500 ps. The measured capacitor- 
to-lamp transfer efficiency is 71 %. To improve pumping 

efficiency, the flash lamps are preionized with 0.2-J/cm2 
pulses (electrical energy per unit of bore area) delivered 
200 ps before the main  pulse^.^^^ 

The flash-lamp pulse energies, expressed in explosion 
fraction units, range from 0.075 to 0.30. Flash-lamp 
explosion fraction, f,, is defined as the total electrical 
energy delivered to a flash lamp divided by the electrical 
energy required to explode the flash lamp on a single 
shot. Using the standard formula? the single-shot 
explosion energy for the Beamlet flash lamps is 60.0 kJ 
per lamp. 

Amplifier Gain 
Characterization Method 

An important parameter in amplifier design is the 
gain of the amplifier. In this section, we describe the 
experimental layout to characterize gain, and how the 
gain measured on a one-slab-long amplifier may be 
used to obtain the gain for a chain of amplifiers. 

13-Beam Gain Probe 
To measure gain distributions over the entire aper- 

ture width on a single shot, we generated thirteen 
5-mm-diam probe beams using beam splitters, rattle 
optics, and an 8-W continuous-wave (cw) Nd:YLF 
laser. The probe beams, which measure gain distribu- 
tion by tracking changes in their own intensity, were 
centered in the aperture horizontally. The beam-to- 
beam spacing was 3 cm except for the two probe beams 
nearest the middle, where the spacing was 6 cm. To 
measure gain distributions over the entire aperture, the 
probe beams were moved to different vertical locations 
using a motor-driven stage to translate a turning mirror. 

After passing through the amplifier, the probe 
beams struck an array of 13 PIN-44 photodiodes. To 
reduce the sensitivity of the gain measurements to 
lateral translations of the probe beam, we illuminated 
the photodiodes indirectly, using cavities made of 
diffusely reflecting material. Background flash-lamp 
radiation was reduced by the use of narrow-band 
interference filters and by placing the photodiodes 
4 5  m away from the amplifiers. Neutral-density filters 
protected the photodiodes from saturation. The 
remaining flash-lamp contributions were eliminated 
by subtracting the signal produced by a 14th diode, 
which was physically close to the other diodes but had 
no incident probe beam. Scale factors for the subtracted 
signals, which were different for each channel, were 
obtained by firing the amplifiers with the probe beams 
turned off. 

The photodiode signals were digitized at 0.5 MHz 
with 10-bit resolution. The shot-to-shot variations in 
the measured gain coefficients were about kl%. 
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Predicting Amplifier Performance 
The symmetry of the Beamlet (and NIF) amplifiers 

leads to a simplified method for predicting their per- 
formance. Figure 4 illustrates this method schematically. 
Here an amplifier N slabs long (in this case N = 7) is 
displayed in plan view [Fig. 4(a)I. Because of the system 
symmetry it can be shown6 that the gain for an N-slab- 
long amplifier is a linear combination of three simple 
amplifier pump configurations: "X," "V" and "diamond 
[Fig. 4(b)l. This observation greatly simplifies the testing 
needed to predict the performance of a Beamlet or NIF 
MSA consisting of an arbitrary number of slabs. Rather 
than having to build the complete N-slab-long ampli- 
fier, we can simply test one- and two-slab-long modules 
and extrapolate the performance of the N-slab-long 
unit. Note that if a mirror is placed on one end of a V 
configuration module, a diamond is formed, and if the 
mirror is placed on the other end of a V configuration 
module, an X is formed [see Fig. 4(b)l. Thus, by using a 
flat silver reflector at the end of the one-slab long mod- 
ule, one can also simulate the diamond and X pump 
configurations without having to build separate two- 
slab-long test modules [Fig. 4(b)]. This is the approach 
we have used successfully on Beamlet and will also 
use for the NIF amplifier development. 

(a) N modules 
r 

I 
I 

7 

I 
I 

The basic assumption in this method is that the main 
pumping contributions are additive.6 This assumption 
leads to an expression for ai, the gain coefficient for an 
internal slab that is a function of gain measured in the 
three test configurations: 

where a d ,  a ,  and a, are the gain coefficients measured 
in the diamond, X and V configurations, respectively. 
Similarly, aN, the average gain coefficient for an ampli- 
fier N slabs long (where N is odd), is given by 

(4) 

Generally, an odd N is desired to achieve good gain 
uniformity. This is because of gain gradients in the two 
end slabs. These gradients can be rather large and are 
caused by the loss of pump light out the ends of the 
cavity. By using an odd number of slabs, the gradients 
can be made to run in opposite directions and there- 
fore tend to cancel each other out. 

To test the above extrapolation technique for pre- 
dicting amplifier performance, we compared measured 
and predicted gain distributions for a five-slab-long 
Beamlet amplifier. The gain measurements were made 

T T 

"Diamond "Interior" modules "x" 
module module 

(b) " V  "Diamond Flat " X  - silver 
Sidelamp 0 0 
array 

Probe 
Di Central beam 

lamp 
array 

FIGURE 4. (a) Schematic 
drawing of an N-slab- 
long amplifier. (b) The 
three simple amplifier 
modules ( X ,  V, and 
diamond) that were 
tested and used to 
predict the performance 
of the N-slab-long 
amplifier. 
(70-50-1294-3979pbOl) 

UCRL-LR-105821-95-1 23 



DESIGN AND PERFORMANCE O€ THE BEAMLET AMPLIFIERS 

horizontally across the aperture and at the vertical 
middle using five different lamp explosion fractions 
ranging from 0.075-0.25. Figure 5(a) shows the hori- 
zontal gain distributions measured at f, = 0.2 for the 
diamond, X, and V test configurations. From these 
measurements, we predicted the gain performance of a 
five-slab-long Beamlet amplifier and then compared it 
with actual measurements, shown in Fig. 5(b). The 
predicted and measured gain distributions for the five- 
slab-long amplifier have about the same shape, but the 
predicted value is about 5% higher. This discrepancy is 
because the predicted gain-Eq. (3)-does not take 
into account the nonlinear effect ASE has on the gain 
distribution. The slabs interior to the amplifier have 
higher gain coefficients, and therefore higher ASE decay 
rates, than the slabs in the X, V, and diamond configu- 
rations. For the NIF amplifier development, these and 
other results taken at different lamp explosion fractions 
will be used to validate an improved technique for 
predicting amplifier performance that takes ASE 
into account. 

(a) 
6 

Diamond -, 

5* 4 

1 Side array 

-20 -15 -10 -5 0 5 10 15 20 
Horizontal position (cm) 

FIGURE 5. Horizontal gain distributions for (a) the V, diamond and 
X amplifier test configurations, and (b) the five-slab-long Beamlet 
amplifiers at f, = 0.20. For comparison the predicted "extrapolated 
performance for the five-slab-long Beamlet amplifier is also shown. 
(70-50-1 294-3978pbO1) 

The gain coefficient profiles in Fig. 5(a) illustrate 
two other points about the amplifiers. First, note that 
the slopes in the gain distributions of the two slabs in 
the X and diamond configurations do not cancel out, 
because they have an even number of slabs (i.e., 2). 
Second, the one-slab-long amplifier (V) has a gain dis- 
tribution similar to that of the five-slab-long amplifier 
(because N is odd), but the gain for the V is much 
lower due to large end-loss effects. The end losses also 
cause the two-slab-long amplifiers to have a lower 
average gain than the five-slab-long case. 

Beamlet Amplifier 
Characterization Measurements 

In addition to the gain, the storage efficiency and 
pump balance are important amplifier parameters. In 
this section, we discuss the results of our gain mea- 
surements and how they may be used to compute 
storage efficiency and pump balance. 

Horizontal Gain Distributions vs f, 
Figure 6 shows horizontal gain distributions for the 

five-slab-long amplifier, which were measured at six 
different values off,. These gain distributions are rela- 
tively flat at low f, and become more peaked as f, 
increases. We attribute the higher gain at the center of 
the aperture to two effects: (1) ASE, which preferentially 
depumps the edges of the aperture and becomes more 
important as the average gain coefficient in the slab is 
increased; and (2) changes in the pump distribution as 

1 -f- Centralarray 321 Side array 4 
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energy to the flash lamps is changed. It appears that 
ASE is the stronger of the two effects, based on MSA-2 
experiments that showed that pump distributions pro- 
duced by similar flash-lamp arrays varied only slightly 
with changes in how hard the lamps are driven (i.e., f,). 

Temporal Variations in the 
Horizontal Gain Distributions 

Figure 7(a) shows the horizontal gain distributions 
that were measured on the five-slab-long amplifier at 
different times after initiation of the main pump pulse. 
In the figure, time increases from bottom to top for the 
rising edge of the pulse, and from top to bottom for the 

(a) 
n n7 

Peakgain 7 -0- Rising edge I 
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0.02 - 

-I 
-- ' 6  0 - 
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4 2  Horizontal position (cm) 6 
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.- 
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FIGURE 7. (a) Horizontal gain distributions of the five-slab-long 
Beamlet amplifier at different times during the main flash- 
lamp pulse, shown vs time in (b). (70-50-1294-3977pbOl) 

falling edge. The times were chosen to facilitate com- 
parisons between gain distributions measured on the 
rise and fall of the gain, at comparable values of the 
average gain coefficient, as may be seen in Fig. 7(b). 
The gain distributions measured at the peak and on the 
fall of the pump pulse show the gain-peaking near the 
middle of the aperture that is attributed to ASE. The 
gain distributions measured on the rise lack this peak- 
ing effect, but show other types of variations that are 
attributed to nonuniform pumping. It appears that the 
pump distribution is not as uniform early in the pulse 
as it is later, after the arcs in the flash lamps have 
become better developed. These curves are indicative of 
the complexity that must be included in ray-trace codes 
to accurately predict gain distributions, as well as the 
wealth of Beamlet amplifier data now available for 
rigorous validation of such codes. 

Full-Aperture Gain Distributions 
Knowledge of the gain distribution over the full 

aperture is also required for rigorous validation of 
amplifier performance models. Full-aperture gain 
distributions were measured for the diamond, X, and 
five-slab-long amplifiers, at flash-lamp explosion frac- 
tions of 0.15 and 0.20. Figure 8 shows a contour plot of 
the full-aperture gain distribution measured on the 
five-slab-long amplifier at f, = 0.20. Except for regions 
near the top and bottom of the aperture where the slab 
is partially shadowed by its mask, the gain gradients 
were larger in the horizontal direction than in the 
vertical direction because of ASE. For this gain 
distribution, in the central 95% of the aperture, the 
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FIGURE 8. Gain distribution across the aperture of the five-slab-long 
Beamlet amplifier. (02-30-1093-3495pbOI) 

UCRL-LR-105821-95-1 25 



DESIGN AND PERFORMANCE OF THE BEAMLET AMPLIFIERS 

4 

3 3.5 
\ 
s3 

a .s 

8 2.5 

v 

.d u- u- 

G .r 

cc 
% c 2 1.5 

peak-to-average ratio of the gain coefficient (U) was 
1.06 ? 0.004. In comparison, the MSA-2 amplifier, 
which had a similar pump cavity design, attained a 
U value of 1.025 f 0.004. We attribute most of this dif- 
ference to the higher ASE rates because of the Beamlet 
amplifier’s larger pumped aperture (39.5 x 39.5 cm2 
compared to 29 x 29 cm2 for MSA-2). 

- 
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Storage Efficiency 
Figure 9 shows storage efficiency vs gain per slab 

for the five-slab-long Beamlet amplifier and the Nova 
31.5- and 46-cm amplifiers. At fx = 0.20, the normal 
operating point for all three amplifiers, the Beamlet 
amplifier has a storage efficiency of 3.0%, compared to 
1.8% for the Nova amplifiers. The principal factors 
causing the Beamlet amplifiers to attain higher storage 
efficiency are lower lamp packing fraction, shorter 
flash-lamp pulse length, and the use of more efficient 
central flash-lamp arrays in the 2 x 2 MSA architecture. 
Because of the large size of the Beamlet slabs and 
higher ASE decay rates, the efficiency curve for the 
Beamlet amplifier decreases faster than for the Nova 
amplifiers as gain per slab increases. 

Pump Balance 
Balanced pumping helps to reduce pump-induced 

beam steering. To determine how well balanced the 
pumping is between the central and side flash-lamp 
arrays, we measured horizontal gain distributions in 
the two-slab-long amplifiers while firing the central 
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FIGURE 9. Storage efficiency vs the small signal gain per slab (and 
stored fluence per slab) for the five-slab-long Beamlet amplifier and 
the Nova 31.5-cm and 46-cm amplifiers. (70-SO-0494-19589pb01) 

and side flash-lamp arrays separately. End losses were 
minimized by firing the central flash-lamp array in the 
diamond configuration and by firing the side flash- 
lamp array in the X configuration. Figure 10 shows the 
average gain coefficient plotted vs flash-lamp explosion 
fraction, for both central- and side-array pumping. We 
calculated average gain coefficients by integrating the 
measured horizontal gain distribution across the aper- 
ture. We found that over the entire explosion fraction 
range, from fx = 0.075-0.25, pumping by the two flash- 
lamp arrays was balanced to within 5%, with the central 
array achieving slightly higher average gain coeffi- 
cients than the side array. 

Pump-Induced Wavefront Distortion 
In the MSA geometry, the front and back of the laser 

slab gets heated unequally by the pump radiation. As 
a result, thermal stresses build up and cause the slab to 
deform. This deformation results in wavefront distor- 
tion of an initially plane beam. In this section, we 
describe our work in measuring pump-induced wave- 
front distortion. 

Local Beam-Steering Probe 
During the Beamlet amplifier activation, we charac- 

terized pump-induced wavefront distortion in the 
Beamlet amplifiers by measuring local pump-induced 
beam-steering angles using three 5-mm probe beams, 
generated with the cw Nd:YLF laser described earlier. 

10-lamp side array f 

0.05 0.1 0.15 0.2 0.25 0.3 
Flash-lamp f, 

FIGURE 10. Average gain coefficient vs flash-lamp explosion frac- 
tion for two cases: (1) only the central array was fired (in the dia- 
mond configuration); and (2) only one of the side arrays was fired 
(in the X configuration). Central and side pumping were balanced 
over a wide range of explosion fractions. (70-50-1294-401Spb01) 
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The wavefront distortion in waves, Q, is related to the 
local beam-steering angle, A@, by 

1 Q(x)  = -JXA@(x’)dx’ I 

1 0  
(5) 

where x and X’ are positions in the aperture and 1, is the 
wavelength. The three probe beams were arranged in a 
column, with a 9-cm vertical separation between adjacent 
probe beams. A motor-driven stage was used to move 
the three probe beams to different aperture positions. 

The method for measuring local beam-steering 
angles has been described previously.1° After passing 
through the amplifier, each probe beam was split, with 
one part directed to a lateral-effect photodiode and the 
other part to a conventional photodiode. Lateral-effect 
photodiodes produce output voltages proportional to 
the product of the beam power and the displacement 
of the beam centroid from the center of the detector. 
Each lateral-effect photodiode was placed at the focus 
of a 2-m-focal-length lens to ensure that the output 
voltages were proportional to changes in the propaga- 
tion direction of the probe beam, and were insensitive 
to lateral translations of the probe beams. The lateral- 
effect photodiodes produced two beam-steering signals, 
one for the horizontal direction and one for the vertical 
direction. The effects of variations in probe beam 
power were removed by dividing the output voltages 
from each lateral-effect photodiode by the output voltage 
from the corresponding conventional photodiode. 
Integrating spheres ensured that the conventional 
photodiode signals were insensitive to lateral beam 
translations. The apparatus was calibrated absolutely 
by placing in each probe beam a rotating wedge with 

I I I 
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FIGURE 11. Pump-induced horizontal beam-steering angle vs 
horizontal position in the aperture for the four-pass 11-slab-long 
amplifier at f, = 0.2. Values extrapolated from the diamond, X, and 
5-slab-long amplifier data are in good agreement with values 
measured directly using a Hartmann sensor. (70-50-1294-3976pb01) 

208 yradian of angular deflection. Beam-steering and 
gain signals were digitized at a 200-kHz rate with 
10-bit resolution. 

removed by subtracting the beam-steering angle mea- 
sured during the pump pulse from the beam-steering 
angle measured 50-100 ps prior to the flash-lamp 
preionization pulse. The shot-to-shot variations in the 
beam-steering angles measured at the time of peak gain 
were approximately k0.25 pradian. This reproducibility 
was achieved by placing the laser, amplifiers, and 
diagnostics under a class-100 HEPA filter hood to 
shield the beam paths from air turbulence. The blowers 
in the hood and the N2 gas flow in the amplifiers were 
turned off during shots. 

The effects of static and quasi-static distortions were 

Results from Pump-Induced 
Distortion Measurements 

We measured pump-induced beam-steering angles 
A@,, A@, , A@, on the diamond, X, and five-slab-long 
amplifiers, respectively. Using the formulas 

and 

A@,,, =4[9AOi +(A@, +AOX)/2] , (7) 

we obtained the pump-induced beam steering angles 
AOi for an interior slab and A@,,, for a four-pass 
eleven-slab-long cavity amplifier, respectively. Figure 11 
shows the pump-induced horizontal beam-steering 
angle vs horizontal position in the aperture for the 
four-pass eleven-slab-long amplifier, with the flash 
lamp fired at f, = 0.2. Shown with our data are pump- 
induced beam-steering angles measured directly on 
the four-pass eleven-slab-long amplifier with a 
Hartmann sensor, as described in “Beamlet Pulse- 
Generation and Wavefront-Control System,” p. 42. The 
beam-steering angles measured with the two tech- 
niques are in good agreement, with pump-induced 
beam-steering angles falling within -+15 yradian over 
most of the aperture. Negative angles correspond to 
beam steering toward the central flash-lamp arrays 
while positive angles correspond to beam steering 
toward the side flash-lamp arrays. 

The pump-induced phase variation across the aper- 
ture, calculated using Eq. (5), was <2 waves at 1.053 um. 
With active wavefront correction using a deformable 
mirror, the phase variation was reduced to approxi- 
mately 0.7 waves, well within Beamlet focusing and 
harmonic conversion requirements. 
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The major conclusions drawn from our beam-steer- 
ing measurements are that in the central region of the 
slab more than one-half slab thickness from the edge 
claddings, pump-induced wavefront distortion is only 
weakly dependent on the vertical location in the aper- 
ture; pump-induced beam steering is much greater in 
the horizontal direction than in the vertical direction; 
and pump-induced beam steering is much greater in 
the end slabs than in the interior slabs. These results 
are consistent with previous pump-induced beam- 
steering measurements conducted at LLNL and with 
our understanding of pump-induced wavefront distor- 
tion. They are important because they confirm our 
understanding of the process and they establish confi- 
dence in our design of the NIF amplifiers. 

Summary 
We have completed detailed gain and pump- 

induced beam-steering measurements on the Beamlet 
amplifiers. The measurement results will be used to 
rigorously validate new and improved models for pre- 
dicting amplifier performance, and will be of great 
value in the development of the NIF amplifiers. For the 
first time, MSA performance has been demonstrated at 
approximately the same aperture dimensions that are 
anticipated for the NIF. 
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Introduction 
High-energy lasers for Inertial Confinement Fusion 

(ICF) experiments are typically designed with large 
apertures (>30 cm) to keep the fluence below the dam- 
age threshold of the various optical components. Until 
recently, no optical switch technology could be scaled 
to the aperture size, aperture shape (square), and 
switching speed required for the next generation of 
ICF drivers. This step is critical The Beamlet multi- 
pass amplifier cavity uses a full-aperture optical switch 
to trap the laser pulse within the cavity and to divert 
the pulse out of the cavity when it reaches the required 
energy.l By rotating the polarization of the beam, a 
Pockels cell in the switch controls whether the beam is 
transmitted through, or reflected from, the polarizer. 

In conventional Pockels cells, a longitudinal electric 
field is applied to an electro-optic crystal via external 
ring-electrodes? To achieve a reasonably uniform field 
distribution in the crystal, the crystal's aspect ratio 
(diameter:length) must be no greater than 1:l (1:2 is 
preferable). Since the required aperture in high-energy 
ICF drivers is in the range 30 to 40 cm, the crystal 
would have excessive optical absorption, strain depo- 
larization, and cost. One alternative Pockels cell design 
approach, which allows for thin crystals, employs 
transparent, conductive thin films applied to the crystal 
surfaces as  electrode^.^ Unfortunately such films exhibit 
insufficient conductivity to meet our switching speed 
requirements and do not have a high enough optical 
damage threshold. 

ogy that does scale to the required aperture size and 
shape for Beamlet and the proposed National Ignition 
Facility (NIF) laser, and can employ a thin crystal. This 
switch consists of a thin-film polarizer and a plasma- 
electrode Pockels cell (PEPC), the latter originally 
invented at Lawrence Livermore National Laboratory 
(LLNL) in the 1980s4 and under further development 

In this article, we describe an optical switch technol- 
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since 1991. After discussing the PEPC concept, we pre- 
sent the design and optical performance of a 32 x 32 cm2 
prototype PEPC, including discussions of the crystals, 
the PEPC assembly, the vacuum and gas system, and 
the high-voltage pulsers. Then we describe the perfor- 
mance of the 37 x 37 cm2 PEPC constructed specifically 
for the Beamlet laser. Finally, we discuss important 
technology issues that arose during PEPC develop- 
ment: cathode sputtering, cathode heating, nonunifor- 
mities in the switching profile, switch-pulse leakage 
current, and an estimate of the plasma density and 
temperature produced during PEPC operation. 

The Plasma-Electrode 
Pockels Cell Concept 

Figure 1 shows a top view cross-section of a PEPC 
and a simplified schematic of the required external 
electronic circuit. Vacuum regions on each side of the 
crystal are filled with working gas (He + 1% 0,) at an 
optimized operating pressure (30-40 mTorr). The 
plasma pulsers ionize this gas with a high-current 
pulse, forming the plasma-electrodes. Voltage from the 
switch pulser is applied across the crystal via these 
plasma-electrodes. As in a conventional Pockels cell, if 
the potential difference across the crystal is V,, the 
half-wave voltage, the polarization of an incoming lin- 
early polarized beam is rotated by 90". For the crystals 
considered here, potassium dihydrogen phosphate 
(KDP) and potassium dideuterium phosphate (KDW, 
V,  is 16.4 kV and 6.5 kV (at 1.06 pm optical wave- 
length) respectively5 

Requirements on the plasma and switch pulsers are 
set by the switching speed requirement placed on the 
PEPC, which depends on the particular application. In 
the Beamlet laser, the optical pulse propagates through 
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the amplifier cavity for two round trips, leading to 
four passes through the amplifier. The PEPC and the 
polarizer function together as an optical switch that 
controls the state of the cavity. If the cavity is closed, 
the optical pulse and any amplified stimulated emis- 
sion are trapped within the cavity. If the cavity is open, 
the optical pulse is switched out of the cavity. The 
polarizer is arranged so that the cavity is open when 
no voltage is applied to the PEPC crystal and closed 
when the cystal is charged to V,. To switch the optical 
pulse out of the cavity, the PEPC must change state in 
less than the cavity round-trip transit time, which is 
approximately 240 ns for Beamlet. We chose 100 ns as 
the nominal switching speed to allow extra time for 
voltage equilibration across the crystal aperture. The 
time constant by which the voltage on the crystal changes 
is given by z = ZswCKDP, where Zsw is the effective 
impedance of the switch pulser (parallel combination 
of the pulser output impedance and the terminating 
resistance) and CKDP is the capacitance of the crystal. 
The Beamlet crystal is 37 x 37 cm2 and 1 cm thick and 
consists of ordinary KDP with a relative dielectric 

Plasma 

FIGURE 1. A top-view cross-section of the PEPC and its associated 
electronic circuit. The plasma pulsers produce the plasma electrodes 
by high-current discharge in He; the switch pulser then applies the 
switching voltage across the KDP crystal. (70-50-1294-3986pbOl) 

constant E, = 20. We calculate the crystal capacitance by 
assuming a simple parallel-plate geometry and obtain 
CKDP = 2500 pF. It takes four time constants to charge 
the crystal to 98% of V,, so z must be one-fourth of our 
desired switching speed, or 25 ns. This implies that 
Zsw must be 10 Q, and this determines the peak cur- 
rent Is, that must be delivered by the switch pulser: 
Isw = V, / Zsw = 1.7 kA. If a KDXP crystal is used, the 
capacitance is higher because E,= 50. An impedance of 
4.0 Q is required to achieve the same 25-ns time con- 
stant. The peak current requirement is about the same 
(2.0 kA) because of the lower V, for KDT. 

fired must be greater than Isw; otherwise the current 
from the switch pulser charging the crystal clamps at I 
which increases the time required to fully charge the 
crystal6 This effect is due to the diode-like nature of 
the plasma discharge. Figure 1 depicts the discharge 
current and the KDP charging current. On side 2, the 
plasma and switch-pulse currents are in the same 
direction; on side 1 they are in opposite directions, so 
they cancel. If the peak switch-pulse current is greater 
than the plasma current, the current at the side 1 anode 
must go negative, which means that it is emitting elec- 
trons. This cannot happen on the time scale of the 
switch pulse. 

A circuit model, shown in Fig. 2, was used to deter- 
mine the relation between peak switch-pulse current 
and the plasma current. We model each plasma with a 
0.142 resistor in series with a diode, and we model the 
crystal capacitance with a 2500-pF capacitor. We set the 
value of the resistors to be on the order of the plasma 
collisional resistivity (see below), which is much smaller 
than Zsw. We model the plasma currents with a pair of 

The plasma current Ip at the time the switch pulse is 

P' 

Crystal capacitance 
2500 pF 

Plasma < 
current < 

- 
1 

Switch pulser 

FIGURE 2. Circuit model of the PEPC used to determine the 
relation between peak switch-pulse current and plasma current 
(results shown in Fig. 3). (70-50-1294398OpbOl) 
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current sources; the switch-pulse voltage is applied by 
a 20-kV rectangular pulse source with a 10-R series 
resistor to model Zsw. Using PSPICE7 to calculate the 
circuit response, we find the peak charging current for 
this case is 2 kA, so the plasma current must be greater 
than 2 kA if it is not to limit the crystal charging time. 
Figures 3(a) and 3(b) show the model results for the 
crystal charging current and voltage, respectively, for 
cases when the plasma current is 2.0 and 0.5 kA. For 
the 2-kA case, the current in the crystal peaks at 
slightly <2 kA (because of the plasma resistance), and 
the crystal charges with the expected time constant. For 
the 0.5-kA plasma current case, the charging current 
clamps at 0.5 kA, extending the charging time. The 
voltage rise time is longer for the 0.5-kA case. 

The preceding analysis puts a lower limit on the 
required plasma current. In practice, however, we find 
that optimum performance is achieved at somewhat 
higher current. This is because the plasma resistance 
must be small compared to the Zs, assumed in our cir- 
cuit model, and because the plasma must be suffi- 
ciently uniform across the full aperture. Two processes 
contribute to the plasma resistance: electron scattering 
by collisions with neutrals and coulomb scattering of 
electrons by the plasma ions. 

-L. 

0 20 40 60 80 100 120 140 160 180 200 

0 20 40 60 80 100 120 140 160 180 200 
t (ns) 

FIGURE 3. (a) Current (based on circuit in Fig. 2) in the crystal 
capacitance for plasma currents of 2 kA and 0.5 kA. For currents 
<2 kA, the charging current clamps at the plasma current, extending 
the charging time. (b) Corresponding voltage waveforms. The volt- 
age rise time is longer for the 0.5-kA plasma current. 
(70-50-1294-3981pbOl) 

The plasma resistivity qen due to electron-neutral 
collisions is given in Q-cm by 

where n, is the neutral density, ne is the electron density, 
me is the electron mass, oen is the electron-neutral colli- 
sion cross-section, which we take to be 5.3 x 
He: kTe is the electron thermal energy, and q is the 
electron charge. All quantities are in cgs units. 

cm2 for 

The resistivity due to coulomb scattering is given by9 

Z In A qei = 5.2 x 10” 7 , 

where Z is the average ion charge state, and Tev is 
the electron temperature in electron-Volts. The 
Coulomb logarithm In A (=lo) is a correction term for 
small-angle scattering. 

The relative contribution to plasma resistance from 
these two processes depends on the operating condi- 
tions. Using a method described later, we estimate 
ne = 1.6 x 10l2 cm-3 for T,, = 5 eV. With an operating 
pressure of 35 mTorr, the plasma resistivity is domi- 
nated by electron-neutral collisions, and the total 
plasma resistance is 0.04 R, which is much less than 
the switch-pulser impedance. 

Design of the 32-cm Prototype 
PEPC 

In this section, we describe design details for the 
PEPC and its associated subsystems, including the 
crystals, the PEPC assembly, the vacuum and gas 
supply system, the discharge electrodes, the plasma 
generation system, and the switch pulser. 

Crystals 
The original design for the Beamlet PEPC called for 

a KD*P crystal with a high deuterium concentration 
(>90%). KD*P is desirable because at 90% deuteration, 
optical absorption for 1.05-pm light traveling parallel 
to the crystal z-axis is 0.49%/cm compared to 5.8%/cm 
for KDP.1° However, when we began this development 
work it was not known whether KD*P crystals of suffi- 
cient size and quality could be grown for use in the 
Beamlet PEPC. We constructed a prototype PEPC 
based on the largest KD*P crystal available at that time 
(32 x 32 cm2) and tested it with both KDP and KD*P 
crystals. Before testing in the PEPC, we measured the 
strain depolarization of both crystals using an experi- 
mental setup described elsewhere.*l This apparatus 
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measures the extinction ratio (ER) point by point 
across the surface of the crystal under test. From the 
array of data points, we construct a strain image of the 
crystal. For consistency, we convert all ERs to effective 
switching efficiency, S,,, which is given by 

(3) 1 
E X  

se, =1-- . 

An ER of 100 corresponds to an efficiency of 99% while 
an E X  of 1000 corresponds to an efficiency of 99.9%. 

Figure 4 shows the resulting strain images for the 
KD*P and KDP crystals. The KD*P crystal exhibits 
more strain structure than the KDP crystal: growth 
sector boundaries are clearly visible, for example. 
However, for these particular crystals, the KD*P has 
slightly higher average efficiency than the KDP 
(99.987% vs 99.952%) and higher worst-spot efficiency 
(99.78% vs 99.65%). 

30 cm 

I 
99.84 

I 
99.88 

I I I 
99.92 99.96 100 

Efficiency (%) 

FIGURE 4. Strain map for a 32 x 32 cm2 KD*P crystal shown in 
terms of the switching efficiency (see text for definition). Regions of 
lower efficiency denote loss due to strain-induced depolarization. 
(70-50-1294-3982pb01) 

PEPC Assembly 
Figure 5 shows the PEPC assembly. The crystal is 

potted into a ceramic frame with silicone elastomer. 
This frame mounts between two housings, which are in 
turn sandwiched between two 4-cm-thick fused silica 
windows. The housings, made from ultrahigh-molecu- 
lar-weight polyethylene, define the vacuum regions on 
each side of the crystal. The housings also hold the 
discharge electrodes in place and interface to the vac- 
uum pumping system. The windows seal the vacuum 
regions on the outside and allow transmission of the 
optical pulse. The windows and the KDP crystal are 
antireflection coated with sol-gel silica particles.12 The 
total transmission through the cell was 99.1 % with the 
KDT crystal and 93.9% with the KDP crystal. 

The housing assembly rests on a support structure 
that provides motorized x and y translation and man- 
ual adjustment of tip, tilt, and twist so that we can 
align the PEPC to our test beam. The support structure 
also holds the vacuum pumping system. 

Vacuum and Gas System 
The vacuum and gas system provides the required 

environment inside the PEPC for optimum formation of 
the plasma electrodes. A two-stage turbomolecular pump 
evacuates the PEPC interior to less than 5 x 10” Torr. This 
base pressure ensures that the concentration of impurity 
species in the plasma is low enough that it does not 
degrade the discharge uniformity. The gas system injects 
the working gas (a mixture of He plus 1% 0,) into the 
cell and maintains the gas pressure at 35 mTorr with 
active feedback control. The feedback system uses a 
capacitance manometer to monitor the cell pressure and 
drives a servo loop actuating a gas metering valve. The 
operating pressure is maintained by flowing gas while 
the turbopump continuously evacuates the cell. We 
discuss the purpose of the oxygen below. 

Discharge Electrodes 
The plasma electrodes are formed by driving current 

between pairs of anodes and cathodes. The anodes are 
simple bars of stainless steel. The cathodes are planar 
magnetron structures (Fig. 6).13 Planar magnetrons are 
commonly used in direct current and radio frequency 
discharges as sputtering sources, but to our knowledge 
this is the first application as a cathode for a high-current 
pulse discharge. 

Permanent magnets beneath the cathode surface 
provide a closed E x B path for electron flow on the 
cathode surface, leading to increased plasma density 
near the cathode. The magnetron cathodes result in 
lower operating pressure and lower discharge voltage 
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across the anode-cathode gap than with unmagnetized 
cold cathodes. The lower operating pressure leads to 
lower plasma resistivity, as explained in ”The Plasma- 
Electrode Pockels Cell Concept” earlier. Lower discharge 
voltage leads to less cathode sputtering, less cathode 
heating, and lower potential differences between the side 
1 and side 2 plasmas (higher potential differences are 
more likely to cause partial optical switching before 
application of the switch pulse). 

During the discharge, He ions from the plasma are 
accelerated by the discharge potential and bombard the 
cathode, producing electrons by secondary emission. 
This electron emission sustains the discharge. However, 
the ion bombardment also leads to sputtering of the 
cathode material, which can deposit on the crystal and 
window surfaces, reducing their optical damage thresh- 
old. To eliminate this deposition, the cathode surfaces 
are made from high-purity graphite, so the sputtered 
material is C. The sputtered C reacts with the 1% 0, in 
the plasma to form CO and CO,, which are pumped 
away by the vacuum system. We describe experimental 
tests of this process later in this article. 

\ 37-cm KDP crystal 

DESIGN AND PERFORMANCE OF THE BEAMLET OPTICAL SWITCH 

(a) 

FIGURE 6. (a) Cutaway side view and (b) top view of the magnet 
layout for the planar magnetron cathodes used in the PEPC. The 
magnetron cathodes provide a uniform discharge without 
thermionic emission. (40-00-0494-1608pb01) 

7 Crystal clamping plate 

retainer 

FIGURE 5. Exploded view of the PEPC assembly, showing the sandwich-like structure. (02-30-0391-1444pbOl) 
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Plasma Generation System 
The plasma is created in a two-stage process: a 

low-current preionization (simmer) discharge and a 
high-current pulsed discharge. The simmer discharge 
is initiated by a high-voltage, low-current power supply 
that provides enough voltage to break down the gas 
(about 1.5 kV) and then provides a constant discharge 
current of 30 mA. The voltage required to maintain the 
simmer discharge is about 300 V. The high-current 
pulse is produced by discharging a 5-pF capacitor 
charged to 4 to 7 kV depending on the required peak 
current. We call the capacitor and low-current power 
supply the plasma pulsev. Figure 7 shows a typical 
plasma current waveform and the relative timing of 
the switch pulse, which we typically time to fire just 
after the peak in the plasma current. 

0 5 10 15 20 
t .(p) 

FIGURE 7. Plasma current for a 2-kA pulse, and relative timing of 
the switch pulse. (70-50-0594-2403pb01) 
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FIGURE 8. Voltage across the PEPC during normal operation, and 
when the optical pulse traverses the cell-twice when the voltage is on 
(pass 2 and pass 3)  and once after the cell is discharged (switch out). 
(70-50-0594-2402pb01) 

Switch Pulser 
The switch-pulse generator14 produces a nominally 

rectangular pulse applied across the crystal via the 
plasma electrodes. The switch pulser satisfies several 
important requirements: shot-to-shot jitter is <2 ns, a 
voltage flat-top at least 50 ns long is within +2% of V ,  
and the voltage returns to zero (+2% of Vn) after the 
pulse, so that the optical pulse is efficiently switched 
out of the cavity. The pulse is produced by sections of 
coaxial cable used as a pulse-forming network (PFN). 
A high-voltage power supply charges the PFN to twice 
the required output voltage, and a thyratron switches 
the charged PFN into the output line, which is also 
made up of coaxial cable sections. Multiple PFN and 
output lines are connected in parallel to achieve the 
switch-pulser impedance required to charge and dis- 
charge the crystal in less than the round-trip transit 
time of an optical pulse in the Beamlet laser-amplifier 
cavity. The output pulse duration depends on the 
length of the PFN cables. The output cables are long 
enough that electrical reflections due to impedance 
mismatches at the cell do not return to cause voltage 
ripples until after the required switch-out time. 

with KDP or KDT For KDP, we use four 50-Q PFNs 
and output lines in parallel to achieve a pulser 
impedance of 12.5 Q. For KD*P, we use eight cables in 
parallel for an impedance of 6.25 Q. Figure 8 shows a 
typical voltage waveform produced by the Beamlet 
switch-pulse generator. Also shown is the relative 
timing of the optical pulse on the multiple passes 
through the cell when used in the Beamlet multipass 
cavity. The laser pulse traverses the cell three times: 
twice when the voltage is on and once when the volt- 
age is off. 

We can configure the switch pulser for operation 

Prototype PEPC Optical 
Switching Performance 

We evaluated the switching performance of the 
prototype PEPC with both KD*P and KDP crystals. A 
Q-switched, pulsed laser (1 0-ns nominal pulse dura- 
tion at 1.06 pm) was used as the illumination source. A 
beam splitter diverted a small portion of the beam into 
a reference detector. After traversing a polarizer, the 
beam was expanded with a negative lens and colli- 
mated through the PEPC with a 30-cm-diam lens. 
After traversing the PEPC, a second 30-cm-diam lens 
focused the beam through an analyzing polarizer. A 
small-aperture positive lens imaged the plane of the 
PEPC crystal on the detector. We used two types of 
detectors: a photodiode to look at average perfor- 
mance across the whole aperture and a charge-coupled 
device (CCD) video camera to produce images of the 
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performance in two dimensions. With these optics, we 
could not illuminate the full 32 x 32 cm2 aperture at 
once; we used the x-y translation capability of our sup- 
port structure to diagnose the cell in four quadrants. 

We define several different E X s  to help describe the 
switching performance. The system extinction, EXsys, 
is the ratio of the detected intensity with the polarizers 
aligned to the intensity with the polarizers crossed 
without activating the PEPC. EX,,, is a measure of 
depolarization errors in the various optical components. 
With the beam at small aperture (only the polarizers in 
the beamline with no expansion optics), we find EX,, 
> 1 x lo5. Adding the expansion, collimating, and 
imaging lenses reduces EX to about 3000. Adding 

SYS the PEPC into the beamline further reduces EX,,, to 
about 1500 because of strain in the windows and crystal. 

During PEPC operation, we measure EX,,, the EX 
when the voltage is on, and EXoff, the EX in the switch- 
pulse tail at the time of switch-out (about 200 ns after 
the end of the switch pulse). EX,, is the ratio of light 
intensity incident on the PEPC to the light intensity 
that remains unrotated with the PEPC at V,. We mea- 
sure EXon with the polarizers aligned and take the 
ratio of the detector signal with no voltage on the 
PEPC to the signal with V, on the PEPC. Although the 
switch pulser does a good job of discharging the crystal, 
some residual charge remains on the crystal at the 
critical switch-out time, leading to an EX,, lower than 
EX,,,. We measure EXoff by taking the ratio of the 
detector signal with the polarizers aligned and no voltage 
on the switch to the detector signal with the polarizers 
crossed, 200 ns after the trailing edge of the switch pulse 
as already defined. 

As before, we express the data in terms of efficiency. 
So, represents the percentage of light that would be 
switched out of the cavity on pass 4, while Son is the 
percentage of light that stays in the cavity for gain 
passes 2 and 3. The goals for Son and S o ,  set at the 
beginning of the development program, were >99% 
(EX=100) average across the aperture and no spots 
worse than 98% (EX=50). These efficiencies include only 
losses due to depolarization of the beam and do not 
include losses due to surface reflections and absorption. 
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Figure 9 shows a typical Son image of the prototype 
PEPC with a KDP crystal. In this example, Son in the 
worst spot is 99.64%. Table 1 summarizes switching 
performance with our 30-cm-diam imaging aperture 
centered on the PEPC for KDP and KDT. The perfor- 
mance exceeds the required performance for both KD"P 
and KDP. The shot-to-shot reproducibility is indicated 
by the standard deviations of the average efficiencies. 
We obtained the average efficiencies by averaging 10 or 
more consecutive photodiode signals (with the system 
operating at a consistent 0.25 Hz). We obtained the 
worst-spot results by scanning images acquired with 
our CCD video system for each condition. 

I I I I I I 
99.5 99.6 99.7 99.8 99.9 100 

Efficiency (%) 

FIGURE 9. Typical So, efficiency image from the prototype PEPC 
with a 32 x 32 cm2 KDP crystal. A 30-cm-diam central view is shown. 
(70-50-1294-3983pbO1) 

TABLE 1. Switching performance of prototype PEPC with KD*P and KDP crystals. Goals were average efficiences greater than 99% and no 
spots worse than 98%. 

During switch pulse, So, After switch pulse, So ,  

Crystal type Average (+lo) Worst spot Average (+lo) Worst spot 

KD+P 99.90 0.02% 99.60 99.85 ? 0.02% 99.39 
KDP 99.91 f 0.01% 99.49 99.91 + 0.02% 99.64 
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Design and Optical Performance 
of the Beamlet PEPC 

Based on our experience with the prototype PEPC, 
we designed and built a PEPC for use in the Beamlet 
laser. Figure lO(a) shows the Beamlet PEPC fully 
assembled, and Fig. loco) shows it integrated into the 
Beamlet laser. It is essentially the same as the prototype 
PEPC, except that it is large enough to accommodate a 

FIGURE 10. (a) Beamlet PEPC before installation into the Beamlet 
laser. (b) Beamlet PEPC integrated into the Beamlet laser. 
(70-50-0494-1845pb01) 

37 x 37 cm2 crystal, the cathodes are set back from the 
edge of the crystal by 6 cm in a reentrant cavity, and the 
outer windows are 3 cm thick (they were 4 cm thick in 
the prototype). 

laser began in February 1994. Before operation at high 
optical fluence, we evaluated the switching perfor- 
mance at low fluence using a 32 x 32 cm2 KDP crystal. 
We performed these tests with the PEPC installed into 
the Beamlet laser cavity and used the Beamlet diagnos- 
tic system. Figure 11 shows the experimental setup we 
used to test the switching performance at low fluence. 
At the beginning of a Beamlet shot, an optical pulse 
from the front-end laser is injected into the spatial filter. 
A small injection mirror (not shown) reflects the pulse 
toward cavity mirror M, through the cavity amplifier 
(which was not energized for the low-fluence tests). 
The pulse reflects from M, and passes back through 
the amplifier and spatial filter before it illuminates the 
PEPC at full aperture (35 cm). After traversing the 
PEPC, the beam reflects from the polarizer if the PEPC 
is off and passes through the polarizer if the PEPC is 
on (as shown in Fig. 11). A portion of the light trans- 
mitted by the polarizer passes through the partially 
transmitting cavity mirror M, into the diagnostic system. 
The sampled pulse is down-collimated by lens L, and 
other small-aperture optics (not shown) that image the 
crystal plane of the PEPC onto a high-resolution CCD 
video camera. 

duce a switching efficiency image as shown in Fig. 12. 
As before, the switching efficiency data includes only 
losses due to beam depolarization and not losses from 
surface reflections or absorption. In this low-fluence 
test, we observed an average switching efficiency 
across the aperture of 99.5%; the minimum efficiency 
was 97.5% in the upper left-hand corner. The regions of 
lower switching efficiency in the corners are caused by 
strain-induced depolarization in the fused silica win- 
dows arising from vacuum loading. 

During a full system shot, the cavity amplifier is 
energized. The voltage pulse applied to the switch 
starts at about the same time the optical pulse hits the 
injection mirror. Voltage across the crystal equilibrates 
while the optical pulse propagates towards mirror MI 
in Fig. 11 and makes its first two gain passes through 
the amplifier. While passing through the PEPC, the 
optical pulse polarization rotates by 90" and thus 
passes through the polarizer. The optical pulse reflects 
from mirror M, and passes through the polarizer and 
PEPC (rotating another 90') before it propagates back 
toward the amplifier for two more gain passes. During 
this 240-ns interval, the voltage across the PEPC drops 
to zero. When the optical pulse returns again, the 
polarization is not rotated by the PEPC, so the pulse 

Operation of the Beamlet PEPC as part of the Beamlet 

We ratio the switch-on and switch-off images to pro- 
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reflects off the polarizer and out of the cavity. While 
details of the Beamlet laser performance15 are not 
within the scope of this paper, we report that the main 
Beamlet cavity has produced up to 6 kJ of 1.06-pm 
light in a 3-ns pulse with switched, four-pass opera- 
tion. During these tests, the Beamlet PEPC operated 
reliably and reproducibly, exhibiting high-fluence 
(average of 5 J/cm2) switching efficiency >99.5% for 
both cavity-closed and cavity-open states. 

PEPC Technology Issues 
In this section, we discuss important technology 

issues that surfaced during our developmental work, 
including sputtering of cathode material, indirect crys- 
tal heating by the cathode, magnetically induced 
regions of nonuniform switching (bright spots), and 
switch-pulse leakage current to the vacuum system. 

Although we have no direct measurement of the 
plasma parameters (density and temperature) except 
for the low-current simmer plasma, we also present in 
this section a method for estimating the plasma den- 
sity based on the observed difference between the 
known V, for KDP and the applied voltage required to 
achieve optimum switching. These plasma parameters 
are required for estimating the plasma resistance. 

Sputtered Cathode Material 
As mentioned in ”Discharge Electrodes” earlier, the 

gaseous discharges that form the plasma electrodes 
sputter the cathode material. In an early cathode 
design, we used Mo for the cathode surface because of 
its relatively high secondary-electron emission coeffi- 
cient under He-ion bombardment. After several thou- 
sand shots with this cathode, we illuminated the 
prototype PEPC with a partially focused beam to test 
operation at high fluence. Our setup allowed us to 
vary the fluence to over 25 J/cm2. During this test, we 
imaged the crystal with a telescope and watched for 
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optical damage as we increased the fluence. We 
observed a significant reduction in damage threshold 
near the cathode, while the threshold for other parts 
of the crystal remained unchanged. We found that this 
reduction in damage threshold was due to deposition 
of Mo on the crystal, which was highest near the cath- 
ode and decreased with distance from the cathode. 
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FIGURE 12. Switching efficiency across the 35 x 35 cm2 aperture of 
the Beamlet PEPC. Lower switching efficiency in the comers is due 
to strain-induced birefringence in the silica windows arising from 
vacuum loading. (70-50-1294-3984pbO1) 
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FIGURE 11. Simplified 
diagram of the experi- 
mental setup used to 
evaluate the switching 
performance of the 
PEPC in the Beamlet 
laser at low fluence. An 
optical pulse from the 
Beamlet front-end laser 
propagates through the 
PEPC and polarizer. A 
high-resolution CCD 
video camera images 
the light transmitted by 
the PEPC-polarizer 
combination. 
(70-50-1294-3985pbO1) 
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To confirm this sputter coating of the crystal, we exposed 
witness plates to several thousand shots and detected 
Mo on the plates with standard analysis techniques, 
including electron spectroscopy chemical analysis and 
inductively coupled plasma mass spectroscopy. 

Mo cathode covers with high-purity graphite and 
adding 1 % 0, to the He working gas as described in 
”Discharge Electrodes.” We confirmed the effective- 
ness of this technique with three experiments: direct 
measurement of sputter deposition using a quartz 
crystal microbalance, observation of CO and CO, gas 
production using residual gas analysis, and optical 
damage tests performed on witness plates exposed to 
the plasma. 

To monitor the deposition of sputtered material 
directly, we inserted a quartz crystal microbalance into 
the prototype PEPC, placing the face of the microbal- 
ance 4 cm from the cathode surface. The quartz crystal 
is coated with a thin Au film and is part of a resonant 
circuit whose frequency depends on the temperature 
of the crystal and the mass of material on the crystal 
face. The sensor frequency is also affected by changes 
in the ambient pressure, which affects the mass of 
adsorbed gas on the crystal face. As long as tempera- 
ture and pressure are held constant, changes in the 
resonant frequency are due to changes in mass arising 
from deposition. 

The results of an experiment in which we initially 
ran the discharge with a pure He plasma showed C 
sputtered from the cathode depositing on the nearby 
sensor head. Without stopping the discharge, we 
changed the working gas to a mixture of He plus 1% 
0,. Initially, the sensor responded with an apparent 
step increase in film thickness when the gas was 
changed. However, the sensor response is actually due 
to a change in the mass of adsorbed gas. After the sensor 
reached a new equilibrium, the effective film thickness 
decreased monotonically as the previously deposited 
C reacted with the 0, to form CO and CO,. 

For the second test, we directly measured with a 
residual gas analyzer the formation of CO and CO, 
during the discharge. We estimated the sputtered flux 
of C to be 1.1 x 10I6 atoms/s for a 23-mA discharge 
current and a sputtering coefficient of 0.1 for He bom- 
barding graphite.16 We compared this with the 
throughput of CO and CO,, which we estimated from 
the partial pressures of these species and the speed of 
our pumping system. Within the accuracy of this mea- 
surement, we found that 100% of the sputtered C was 
converted to gaseous species and pumped away. 

We solved this sputtering problem by replacing the 

As a final test of this new cathode design, we placed 
a high-quality fused-silica substrate (witness plate) as 
close as possible to the cathode and exposed it to 
80,000 consecutive PEPC shots. We compared the opti- 
cal damage threshold before and after exposure to 
PEPC discharges and found that it was not signifi- 
cantly changed (we actually observed a slight increase 
in damage threshold after plasma exposure). During 
five months of operation in Beamlet, we have sub- 
jected the Beamlet PEPC to 50 to 60 high-fluence shots 
and 10,000 to 15,000 low-fluence alignment shots. We 
have not observed any reduction in damage threshold 
from plasma-related effects, proving the effectiveness 
of the C conversion process in actual use. 

Crystal Heating 
Most of the electrical energy used to drive the 

plasma discharges ends up as thermal energy 
deposited in the cathode surface by ion bombardment. 
The heated cathode heats the crystal, leading to a ther- 
mal gradient in the crystal. This causes strain in the 
crystal, which increases the depolarization of a beam 
traversing the PEPC. To quantify this depolarization, 
we removed the expansion optics from our polarime- 
ter and illuminated a small spot on the crystal near the 
cathode side. 

The results showed how the EX in this spot (nor- 
malized by the ER at the start of the test) decreases as 
the crystal heats. In one case, the simmer discharge 
was run continuously and dissipated 9 W at the cath- 
ode. The pulsed discharge, running at 0.25 Hz, adds 
another 3 W of average power. Under these conditions, 
the ER dropped to about 15% of its original value in 
only 30 minutes of continuous operation. In a second 
case, we reduced the average power dissipated by gat- 
ing the simmer discharge on for only 100 ms for each 
shot. This reduces the average power due to the sim- 
mer discharge by a factor of 40. The average power 
from the pulsed discharge is unchanged, so the total 
average power for this case is 3 W. With the simmer 
discharge gated rather than running continuously, the 
EX only decreased to about 50 to 60% of its orginal 
value in a 30-minute operating period. 

mistors at five locations: center of the cathode, center 
of the E x B path (racetrack region) on the cathode, 
cathode edge of the crystal, anode edge of the crystal, 
and surface of the anode. Table 2 summarizes the tem- 
perature change at these locations after 100 minutes of 
operation. As expected, we observe maximum heating 
in the racetrack region, where the ion flux to the cathode 
is maximum. Heat conducts through the graphite to 
the rest of the cathode. The cathode edge of the crystal 

We measured heating in the PEPC by installing ther- 
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exhibits more heating and depolarization than the 
anode edge. By gating the simmer, we reduced the 
temperature increase at the cathode edge of the crystal 
by a factor of 10. 

As mentioned above, to further reduce crystal heat- 
ing in the Beamlet PEPC, we increased the distance 
from the cathode to the crystal edge by mounting the 
cathode in a reentrant cavity. This design change, in 
combination with gating the simmer discharge, per- 
mits continuous operation of the Beamlet PEPC with- 
out significant thermal degradation of its switching 
performance. 

Magnetic Bright Spots 
During experiments with the prototype PEPC, we 

observed regions of nonuniform polarization rotation 
at various locations across the crystal. These regions 
show up as "bright spots" of light in the rejected polar- 
ization when imaging the PEPC in our polarimeter. In 
the PEPC, as originally constructed, we observed these 
bright spots along the bottom edge of the crystal, par- 
ticularly in the lower corner near the anode. The bright 
spots were quite variable from shot to shot, indicating 
that they were due to a plasma-related effect and not a 
static optical effect. 

We found that these bright spots are caused by the 
magnetic field surrounding wires carrying the dis- 
charge current external to the plasma. The discharge 
pulse is transmitted to the PEPC from the pulse gener- 
ator via a pair of coaxial cables. The shields of these 
cables terminate at the anodes and the center conduc- 
tors must connect to the cathodes. A magnetic field 
surrounds the unshielded sections of wire that traverse 
the PEPC. Figure 13 shows this magnetic field in a 
cross-sectional side view of the PEPC. The flux density 
from the current pulse is =60 G along the crystal edge 
near the wires. We verified that this was the cause of 
the bright spots by moving these wires from the bot- 
tom of the cell to the top. When we did this, the bright 
spots moved from the bottom anode corner to the top 
anode corner. We found that we could minimize bright 
spot formation by feeding the discharge current from 
opposite sides of the PEPC. 

DESIGN A N D  PERFORMANCE OF THE BEAMLET OPTICAL SWITCH 

Our first explanation of the bright spots was as fol- 
lows: Electrons carrying the switch-pulse current that 
charges and discharges the crystal must cross the mag- 
netic field from the discharge wires, which is roughly 
perpendicular to the crystal surface; since plasma con- 
ductivity is lower across a magnetic field, charging and 
discharging is impeded. If this were a complete expla- 
nation, however, we would expect to see a bright spot 
across the full bottom edge of the image and not just in 
one corner. This simplistic model also does not explain 
why feeding current from opposite sides minimizes 
the bright spots. A better explanation for bright-spot 
formation will be a focus of future work. 

KDP 

Plasma Plasma 

- - _ _ _ _ _ _ _ -  - 

To cores 
vacuum pump vacuum pump 

FIGURE 13. Cutaway end-new of the PEPC showing how the mag- 
netic held from wires carrying the discharge current interferes with 
electron transport, and can therefore cause nonuniform switchmg 
(70-50-0494-1852pbO2) 

TABLE 2. Heating (increases in "C) due to plasma discharge at five locations inside the prototype PEPC, measured with thermistors. 

Cathode Cathode Crystal Crystal Anode 
racetrack center (cathode edge) (anode edge) 

Continuous wave simmer 9.0 7.5 4.0 
Gated simmer 0.7 0.5 0.4 

0.3 0.3 
0.25 0.25 
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Control of Switch-Pulse 
Leakage Current 

The two sides of the PEPC are evacuated by a com- 
mon vacuum system, most of which consists of metallic 
pipe sections held at ground potential. During the 
high-voltage switch pulse, leakage current can flow 
from the plasmas into the vacuum pipes. This effect is 
observable as droop in the switch pulse. We imple- 
mented two modifications to the original prototype 
design to control this leakage current (see Fig. 13): DC 
breaks and Metglass inductive isolators. The DC 
breaks are simply sections of vacuum line made of 
insulating material. The Metglass inductive isolators 
are toroids of tape-wound magnetic material that 
increase the inductance of the vacuum line for short 
pulses. During initial prototype experiments, we 
observed no switch-pulse droop, so we assumed that 
the leakage current was effectively controlled. 
However, when we moved the discharge wires to the 
top of the cell, we observed a significant droop in the 
switch pulse. When the wires were on the bottom, the 
magnetic field surrounding them magnetized the DC 
breaks. The field in the breaks impeded electron flow, 
so we observed no leakage current. With the wires 
moved to the top of the cell, there was no field in the 
breaks. The leakage current was partially limited by 
the Metglass cores, but the droop was not acceptable. 

One way to reduce the droop would have been to 
increase the inductance by increasing the cross-sec- 
tional area of Metglass. We used a more effective and 
less expensive solution: We mounted a pair of baffles 
inside the vacuum port and in the region of the DC 
break. This increases the effective path length through 
the DC breaks. The baffles also block the line of sight 
for electron flow and increase the wall area on which 
plasma can be neutralized. The resulting increase in 
isolation is enough to eliminate the switch-pulse leak- 
age current. 

The baffles also reduce the vacuum conductance 
through the DC breaks, which increases the base pres- 
sure but reduces the required flow of working gas to 
maintain the operating pressure. The increase in base 
pressure with one pair of baffles did not reduce 
switching performance, but the increase with two pairs 
of baffles on each side was high enough to reduce per- 
formance noticeably. 

Estimation of Plasma Density 
Plasma density and temperature produced during 

PEPC operation are required to compute the plasma 
resistance. Our estimation of these parameters is based 

on the observation that the switch-pulse voltage 
required to induce 90" of polarization rotation is con- 
sistently higher than the known half-wave voltages for 
KDP and KDT. We also observe that if we increase the 
discharge current, lower applied switch-pulse voltage 
is required, and vice versa. This indicates that the volt- 
age appearing across the crystal depends on plasma 
density. Since the current in the switch-pulse circuit 
drops to zero after initial charging, there can be no 
resistive voltage drops. Voltage not appearing across 
the crystal must be appearing across other capacitive 
elements that form a capacitive voltage divider. In this 
case, the extra capacitance comes from the plasma 
sheaths that form at the interface between the plasma 
and the crystal. The voltage divider expression is 

'sheath 

cKDP + Csheath 
v, = vsw , (4) 

where V ,  = 16.4 kV and is the clamped half-wave volt- 
age for KDE6 V, = 18.1 kV and is the switch-pulse 
voltage required for 90" rotation, CKDp = 1.81 nF and 
is the capacitance of the 32 x 32 x 1 cm3 KDP crystal, 
and is the sheath capacitance. Solving for Csheath 
and inserting numerical values, we find Csheath= 17.5 nF. 
If we assume that similar sheaths form on each side of 
the crystal, then the capacitance for each sheath is 35 nE 

To relate the sheath capacitance to the plasma den- 
sity and temperature, we start with an expression for 
the potential, Q(x), in an infinite, planar sheath: 

where AD is the Debye length given by 

h, = 7 4 0 p  . 

The electric field in the sheath is then given by 

E = - d4) = - b e - x / h u  . 
dx h D  

(5) 

(7) 

The energy W stored in the electric field is then 

where A is the area of the crystal and the sheaths and 
eo is the dielectric constant of vacuum. The stored elec- 
trostatic energy can also be expressed in terms of 
capacitance by 
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Equating the expressions for Wand solving for C, we 
obtain 

which is the expression for the capacitance of a paral- 
lel-plate capacitor of area A and separation 2aD. Note 
that we use the dielectric constant for vacuum in the 
above expressions. Although a region filled with 
plasma has a modified dielectric constant, most of the 
sheath electric field is in the region closest to the crys- 
tal, where the electron density is very low, so the use of 
E,, is a good approximation. We substitute Eq. (6) for 
the Debye length in Eq. (10) and solve for the electron 
density,, obtaining 

ne = 3.3 x 1 0 9 ,  (11) 

For the expected range of electron temperature 
(1  to 10 eV), the plasma density is then in the range 
3.3 x 1011 to 3.3 x 1012. 

Conclusion 
In the technology of PEPCs, plasma discharges facil- 

itate uniform application of voltage to large-aperture, 
thin, electro-optic KDP crystals. PEPC technology 
makes possible the construction of large-aperture opti- 
cal switches for use in high-energy ICF laser drivers. 
After building and testing a 32 x 32 cm2 prototype PEPC 
with KDP and KD*P crystals, we built a 37 x 37 cm2 
PEPC with a KDP crvstal for use in the Beamlet laser. 

bright spots. We control deposition of sputtered cath- 
ode material by using graphite cathodes and adding 
oxygen to the plasma; the oxygen reacts with sputtered 
carbon to form gaseous species. We control cathode 
heating by reducing the average discharge power with 
a gated simmer discharge and by moving the cathode 
further from the crystal. Magnetic fields from the dis- 
charge current can cause spatial nonuniformities in the 
switching profile. We control this effect by feeding the 
side 1 and side 2 discharge currents from opposite 
sides to reduce stray magnetic fields. Finally, we show 
that we can estimate the plasma density from the extra 
capacitance caused by sheath formation between the 
plasma and the crystal. 
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B.  M .  Van Wonterghem 

1. T. Salmon 

R. W. Wilcox 

Introduction 
The Beamlet pulse-generation system (or "front 

end") refers to the laser hardware that generates the 
spatially and temporally shaped pulse that is injected 
into the main laser cavity. All large ICF lasers have 
pulse-generation systems that typically consist of a 
narrow-band oscillator, electro-optic modulators for 
temporal and bandwidth shaping, and one or more 
preamplifiers. Temporal shaping is used to provide the 
desired laser output pulse shape and also to compensate 
for gain saturation effects in the large-aperture amplifiers. 
Bandwidth is applied to fulfill specific target irradiation 
requirements and to avoid stimulated Brillouin scattering 
(SBS) in large-aperture laser components. Usually the 
sharp edge of the beam's spatial intensity profile is 
apodized before injection in the main amplifier beam 
line. This prevents large-amplitude ripples on the 
intensity profile. 

functions as stated, but uses entirely new technology. 
For example, compact diode-pumped oscillators 
and integrated optical-waveguide modulators, in 
combination with a high-gain multipass preamplifier, 
replace typical room-sized systems, such as used on 
Nova1J2 and other ICF lasers. In addition, the Beamlet 
front end provides a new feature of extensive precom- 
pensation for gain nonuniformity in the cavity and 
booster amplifiers. It also corrects for static and 
dynamic (pump-induced) phase aberrations in the 
entire laser chain. 

The newly developed Beamlet front end signifi- 
cantly increases the quality of the output beam of a 
large-amplifier chain and is essential to the National 
Ignition Facility's (NIPS) conceptual design. (See 
"System Description and Initial Performance Results 

Beamlet's pulse-generation system provides the same 

for Beamlet," p. 1.) Compensation for optical phase 
aberrations increases the frequency conversion 
efficiency and the brightness, and hence the 3w peak 
power at the focus of the target chamber. Correction 
for spatial amplifier gain variations improves the out- 
put beam intensity uniformity and thereby increases 
the aperture fill-factor and the total output energy per 
beam line. The compact integrated optics approach to 
temporal shaping allows precise control over individ- 
ual pulse shapes, which improves control of power 
balance and irradiation uniformity in a multiple-beam 
target irradiation scheme such as NIF. 

Beamlet's pulse-generation system has proven to be 
very flexible and reliable in operation with minimal 
operator intervention; Table 1 summarizes the current 
performance limits and nominal operating points for 
this system. 

Many aspects of the Beamlet front end are described 
in other publications.lf2 In this article, we briefly 
review the front-end design and discuss improvements 
to the oscillator and modulator systems. Our main 
focus, however, is to describe Beamlet's novel beam- 
shaping and wavefront-control systems that have 
recently been fully activated and tested. 

TABLE 1. Beamlet's front-end performance limits and nominal 
operating points. 

Maximum Typical 

Energy (3 11s pulse duration) 12 J 1 J  
Pulse duration 0.2-10" ns 3ns 
Temporal shaping contrast 100: 1 5:l 
Bandwidth 100 GHz 32 GHz 
Center-to-edge intensity profile ratio 0.2 0.3 
Wavefront shaping 14h >3h peak to valley 

42 

*Limited by length of regenerative amplifier cavity. 
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Beamlet Front-End Description 
Figure 1 shows the detailed layout of the Beamlet 

front-end oscillator and preamplifier. A single-mode 
oscillator generates high-rep-rate pulses, which are 
coupled into a single-mode polarization preserving 
fiber. The fiber couples the light into an integrated 
high-speed amplitude and phase modulator. Control 
signals are generated by low-voltage electronic pulse 
generators. The resulting shaped pulse is transported 

MOR 

Spaceframe 
(high bay) 

to the preamplifier section in the laser high-bay using a 
60-m-long fiber. A ring regenerative amplifier provides 
a gain of lo9 to elevate the energy to the millijoule 
level. At this point, the Gaussian spatial intensity is 
flattened and shaped into a one-dimensional (1-D) 
parabolic intensity profile. A square serrated aperture 
creates the desired spatial edge shape for injection in 
the main amplifier. A second four-pass rod amplifier 
boosts the energy to the joule-level and two 10-cm- 
aperture Faraday rotators provide isolation against 

500 mW peak Fiber optic distribution to modulator and diagnostics 

Master oscillator Single-frequency, diode-pumped, Q-switched, 
unidirectional ring YLF oscillator 

Waveguide amplitude/ 
phase modulators 

Shaped pulses available: square-100:1 

60-m single-mode polarization preserving fiber to 
high bay 4mWpeak 

Regenerative amplifier Two Nd:Glass heads in a ring configuration 

Spatial beam shaping Birefringent beam shaper in combination with a 
square serrated aperture and spatial filter 

700 PJ rh 

FIGURE 1. Schematic 
overview of Beamlet's 
f rontad subsystems 
and how they interface. 
MOR means that this 
equipment is housed in 
the master oscillator 
room whereas all other 
front-end compnenh 
are mounted on a 
spaceframe in the main 
laser bay 
(70-50-0194-0033pbOl) 

t 
>12 J to Beamlet cavity 

UCRL-LR- 10582 1-95-1 43 



BEAMLET PULSE-GENERATION AND WAVEFRONT-CONTROL SYSTEM 

back reflections from the main laser amplifier cavity. 
Then, the beam is incident on a 39-actuator deformable 
mirror (DFM) and relayed to the injection optics of the 
Beamlet cavity spatial filter. 

Master Oscillator, Temporal Shaping, 
and Phase Modulation System 
Upgrades 

Several upgrades and improvements have been 
implemented to the Beamlet master oscillator and mod- 
ulator system since its initial description by Wilcox 
et al.* The original Nd:YLF microchip oscillator-amplifier 
system has been replaced by a very stable, compact, 
and powerful single-mode unidirectional ring o~cillator.~ 
A diode-pumped Nd:YLF crystal is used as a gain 
medium, while an acousto-optic Q-switch creates high- 
peak-power pulses and also serves as a direction-selective 
element for the three-mirror ring cavity [Fig. 2(a)l. The 
ring oscillator’s higher peak power allows for 

FIGURE 2. (a) Layout (a) 500 mW 

optimization of the diagnostics and fail-safe systems. 
Figure 2(b) illustrates the complete oscillator, including 
the diagnostics and fiber couplers. Specifically, pulse 
shape and Fizeau bandwidth spectra can be monitored 
on a continuous basis. Additional fail-safe switches 
monitor the occurrence of beat modes and the magni- 
tude of the bandwidth modulation created in the 
waveguide modulators. 

The original LiNbO, amplitude modulator circuit 
continues to provide Beamlet with pulse widths ranging 
from 200 ps to 10 ns, and shapes as simple as Gaussian 
or as complex as the ignition pulse shapes required for 
NIF. (See ”System Description and Initial Performance 
Results for Beamlet,” p. 1.) The performance of the 
amplitude modulators has been significantly improved 
by a modification of the modulator bias control system. 
In the original system? a DC bias voltage was used to 
optimize extinction of the amplitude modulators, but 
charge migration effects in the LiNbO, substrate 
resulted in a continuous drift of the desired bias point. 
The present system of short-pulse bias voltages results 

and (b) photograph 
of the new Beamlet 
unidirectional, smgle- 
frequency ring oscilla- 
tor. The physical 
dimensions of the 
complete unit, mclud- 
ing the pump-diode 
laser and diagnostics, 
are 30 cm x 60 cm; the 
size is six times smaller 
than the original 
oscillator, with a ten- 
fold increase in peak 
output power. 
(70-50-0494-1 946pb01) 
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in optimum performance for extended periods of time 
without adjustments. The LiNbO, phase modulators 
easily provide Beamlet bandwidth requirements of 
30 GHz at lo by using a single radio-frequency (RF) 
generator (with 3-6 GHz variable frequency output) 
and a power amplifier. Complex high-density sideband 
spectra have been demonstrated by driving the phase 
modulator with the sum of two different RF signals. 

Stability requirements for the pulse-generation 
system are very demanding and several major stability 
problems have been recently solved. Using an all-fiber- 
optic polarization compensating device? we reduced 
long-term fluctuations in the power delivered from the 
modulators to the regenerative amplifier in the pream- 
plifier section by optimizing the polarization coupling 
in the long transport fiber. Another major source for 
shot-to-shot fluctuations is the gain instability of the 
flash-lamp-pumped amplifier heads in the ring 
regenerative amplifier. The instability of the output 
energy Eout is given by 

(1nG) I 

6Eout - “pump 

‘out Epump 
-- 

where G is the total small signal gain (-lo9) and Epmp is 
the energy delivered by the flash lamps. It is clear from 
Eq. (1) that an unreasonably high pump stability of +0.2% 
is required to maintain the output energy stable to within 
the required k5%. To solve this stability problem, we 
implemented a new and elegant feed-forward stabiliza- 
tion scheme5 This scheme uses the existing pulse-slicer 
Pockels cell as a variable transmission element, controlled 
by a photoconductive Si switch. Light leaking through 
one of the regenerative amplifier cavity mirrors is used to 

control the conductance of the switch (Fig. 3). This scheme 
increased the shot-toshot stability of the pulse-generation 
system to well within the operational requirements 
for Beamlet. 

Spatial Intensity Profile Shaping 
Beamlet’s front-end spatial intensity shaping optics 

create the 2-dimensional (2-D) beam profile required 
for injection in the main cavity amplifier. First, the 
basic scheme uses a set of birefringent filters to flatten 
the Gaussian regenerative amplifier beam profile (Fig. 4). 
Next, the beam passes through a square serrated aperture 
with rounded corners; this generates a well-defined 
square edge profile of the beam? The serrated edges of 
the aperture need to smoothly reduce the beam intensity 
from its peak to near zero to avoid diffraction ripples on 
the transmitted beam. However, the width of the serrated 
edge needs to be sufficiently narrow to guarantee a high 
fill factor of the beam. Fdl factor is defined as the ratio of 
the power in the actual beam to the power of an equivalent 
beam that completely fills (100%) the same area. (Note 
that to completely fill the area the intensity profile at the 
edge of the beam is discontinuous, i.e., infinitely steep.) 
Beamlet uses an inverted Gaussian serrated edge profile 
with a width equal to 10% of the beam size. A new type 
of serrated aperture, produced by a photolithographic 
process, resulted in a significant improvement of 
quality and uniformity of the beam edge profile as 
shown in Fig. 5. Using this procedure, the shape of 
the serrations can be controlled to within a precision 
of 2 pm. The resulting fill factor of the Beamlet output 
beam exceeds 84% when integrated between the 1 % 
intensity points at the edge of the beam profile. 

Photoconductive / silicon switch 

Mirror leakage 

7 Cavity Pockels cell 

Slicer Pockels cell 

Stabilized 
output 

90’rotator 50-R term \ /  Polarizers 
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FIGURE 3. The existing 
pulse slicer behind the 
regenerative amplifier 
was modified to a 
feed-forward energy 
stabilization system. 
Light leaking through 
one of the regenerative 
amplifier cavity mirrors 
illuminates a Si photo- 
conductive switch in 
the Pockels cell driver 
line, providing negative 
feed-forward control 
of the pulse slicer 
Pockels cell’s energy 
transmission. 
(70-50-0295-0400pb01) 
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A major improvement in Beamlet performance is 
achieved by shaping the spatial intensity profile of the 
pulse generated by the front end to compensate for 
spatial gain variations in the main Beamlet multiseg- 
ment amplifiers. Spatial variations in the gain of the 
amplifiers result from amplified spontaneous emission 
within the laser slabs. Briefly, amplified spontaneous 
emission trapped within the laser slab by total internal 
reflection depletes the stored energy in the glass, 
particularly near the edges of the slabs. This depletion 
in stored energy produces a corresponding roll-off in 
the gain, largely in the horizontal direction. (See “Design 
and Performance of the Beamlet Amplifiers,” p. 18.) 
The resulting small signal gain for the combined 44 slabs 
that the beam traverses during a Beamlet shot resembles 
a parabola with center-to-edge gain ratio in the horizontal 
direction exceeding 3.5. Therefore, if a beam with a 

flat-top intensity profile is injected into the main laser 
cavity, then the output beam profile will roll off at the 
edges in the same way as the overall gain profile. This 
greatly reduces the fill factor. For a system designed to 
run at beam fluences near the damage threshold of its 
optical components, a reduction of fill factor reduces 
the maximum output energy available. Gain saturation 
at very high output fluences (>>lo J/crn2) tends to reduce 
this effect. However, the system fluence limit can be 
located at nonsaturated points in the amplifier, such 
as the Beamlet cavity polarizer (its M t i n g  fluence is 
11 J/cm2). Precompensating the lower gain near the 
edges by increasing the intensity of the injected profile 
counteracts this effect, as shown in Table 2, where 
we compare the total modeled output energy at fixed 
peak fluence with, and without, precompensation for 
the gain nonuniformity. 

Four birefringent quartz lenses produce a radial intensity filter 
Outer pair 

Principal axes 

Polarizer 

Inner pair 

’ I Polarizer 

50 x 50 mm square 

Square shaped profile 

Serrated aperture 

FIGURE 4. The spatial profile of the Beamlet injection pulse is generated in a three-step process in the beam-shaping section: (1) The beam is 
converted from Gaussian to a flat-topped round beam; (2) the beam is converted to a square footprint using a serrated aperture; and (3) a 
parabolic profile is created using a special transmission filter. The beam shaping section is located between the regenerative amplifier and the 
four-pass rod amplifier. (02-07-0892-2883pb01) 
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(a) Details at the beam's edge 

(b) Full-aperture display 

1 cm 

FIGURE 5. A smooth yet rapid roll-off in the intensity profile at the 
edge of the beam is created using precisely shaped serrations in a 
photolithographically created pattern. The low-pass spatially filtered 
image of this aperture is relayed through the main amplifier onto 
the frequency-conversion crystals. (70-10-1193-3899pbOl) 

Various methods exist to shape a beam's intensity 
profile, ranging from simple spatially varying neutral 
density filters to afocal refractive optical systems and 
complex high-resolution programmable spatial light 
modulators. We use the first method on Beamlet. 
Figure 6(a) compares an actual profile with the specified 
transmission profile for a shaped neutral density filter. 

(a) Transmission scan 
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FIGURE 6. (a) Experimental transmission scan of a parabolic 1-D 
transmission filter compared with the specified transmission curve. 
The relevant beam size dimensions are overlaid. (b) A 2-D plot of 
the resulting beam profile measured at the 1w output diagnostics 
station for an unpumped amplifier cavity. (70-50-0295-0401pbOl) 

TABLE 2. Shaping the intensity profile of the injected beam improves the output energya 

Output fluence Output energy Output energy Improvement with 
(Beamlet 11-5) flat profile shaped profile shaped profile 

8 J/cm2 6.8 kJ 8.2 kJ 21 % 
10 J/cm2 8.7 kJ 10.2 kJ 17% 
12 J/cm2 10.8 kJ 12.3 kJ 13.6% 

ageamlet baseline, 11-5 configuration, 0.20 explosion fraction,J,, 34 cm x 34 cm2 beam. 
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The filters are created using variable-speed computer- 
controlled e-beam deposition of Cr on a BK-7 glass 
substrate. The filter’s parabolic transmission profile is 
slightly wider than the actual beam size, allowing the 
profile of the transmitted beam to be adjusted to match 
the slightly skewed Beamlet amplifier gain profile. 
Figure 6(b) shows the near-field intensity profile of the 
beam transmitted through this filter and then propagated 
through the entire unpumped amplifier chain and measured 
at the lo output diagnostic station. Figure 7 shows the 
output near-field profile using the same parabolic 
transmission filter pumping the amplifiers; note the 
desired flat-top output profile that is achieved. These 
results are discussed further in the “System Description 
and Initial Performance Results for Beamlet,” p. 1. 

Compensation for gain nonuniformity in the 
amplifiers has a second advantage-it decreases any 
spatially dependent pulse-shape distortion produced 
by the main amplifiers. The temporal pulse shape 
distortion, caused by gain saturation at high fluences 
during the last pass through the cavity and the booster 
amplifier, is homogenous because of the fluence 
uniformity. If the beam is not corrected for spatial gain 
variations, then it will have lower fluences near the 
beam edges, and hence will undergo different temporal 
pulse distortions near the edges than near the center of 
the beam. The result is that the output temporal profile 
will be different at the edges of the beam than at the 
center. Therefore, by correcting for spatial gain variations 
in the main amplifiers we also produce a uniform-pulse 
temporal profile across the full aperture. 

Wavefront Shaping Using the 
Adaptive Optics System 

The wavefront of a laser beam governs how well 
the beam propagates. Since rays of light always travel 
perpendicular to the local wavefront, the wavefront 
determines whether the laser beam is diverging, 
converging, collimated, or is generally deforming in 
shape and size and breaking up. In Beamlet, the wave- 
front determines the size of the beam’s focus and how 
the energy is distributed at the focus. In addition, the 

wavefront determines how much of the light is within 
the acceptance angle for conversion to shorter wave- 
lengths, which impacts the conversion efficiency of the 
light from the fundamental wavelength at 1054 nm to the 
third-harmonic wavelength at 351 nm. The Beamlet 
Type I/Type I1 frequency converter requires 95% of the 
lo energy be within a divergence angle of +50 p a d .  
The beam divergence requirement needed to meet the 
NIF focusability requirement is much more stringent: 
95% of the 30 energy needs to be within a +35-prad 
divergence angle. Beam divergence is caused by the 
static aberration of the individual optics surfaces, 
pump-induced spatially varying beam steering in the 
amplifiers during a shot, thermal aberrations in hot 
amplifier slabs, and turbulence in the heated amplifier 
cavity. Table 3 provides an overview of the various 
aberrations, the associated time scale on which they 
occur, and the spatial scale length. The correctability 
constraints are imposed by the choice of actuator density 
and control system speed. Both factors can be increased 
significantly beyond the performance of the system 
used on Beamlet. 

lo output near field 

FIGURE 7. Example of the approximately flat-topped near-field 
intensity profile achieved at the output of the Beamlet amplifier 
chain using the parabolic gain compensation filter described in the 
text and shown in Fig. 6(b). (70-50-0295-0594pbOl) 

TABLE 3. Factors affecting Beamlet‘s wavefront quality, and the ability to correct for these factors using the 39-element DFM. 

Magnitude of Temporal Aberration 
Factor aberration (waves) dependence spatial scalea Correctabilityb 

Excellent 
Pump induced 2.5-3 50 ps d/4 Good 
Thermal effects in slabs 2.5-6 4 h I  d/3 Excellent 
Turbulence in ampsC 0.5-1 Seconds d/10 Marginal 
Small scale errors 0.01-0.2 Static <d/10 Not possibled 

Optics figure errors 2.5 Static d/4 

ad represents the beam size. 

CTurbulence due to thermally driven convection currents 
dLimited by the choice of actuator density. 

the present Beamlet DFM hardware. 
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The Beamlet adaptive optics system is designed to 
correct the wavefront of the laser beam to be nearly 
”flat,” i.e., to as near a plane wave as possible. As men- 
tioned earlier, this maximizes the conversion efficiency 
of the fundamental IR beam to the UV and minimizes 
the size of the focus spot, thus maximizing the power 
density at the target. The adaptive optics system, shown 
schematically in Fig. 8, consists of a DFM, a wavefront 
sensor, and a controller. The design is based on an 
adaptive optics system developed by Salmon et for 
laser isotope separation. The DFM is located in front of 
the injection spatial filter for the main multipass amplifier. 
The light is sampled by the wavefront sensor after the 
DFM, and the controller analyzes the wavefront from 
the wavefront sensor and drives the DFM until the 

reads the desired wavefront’ which is flat for FIGURE 9. The Beamlet DFM has 39 actuators mounted to the back 
of a 70 x 70 x 4 mm3 coated substrate. The range of motion of indi- 
vidual actuators is approximately 10 pm. 

The Dm is comprised Of a sing1e 
substrate with 39 magnetostrictive actuators bonded to 
its back side. The mirror substrate is 70 x 70 mm2 wide 
and 4 mm thick. Its front surface is coated with a 
low-stress HfO,/SiO, high-damage-threshold and high- 
reflectivity multilayer coating (Fig. 9). The arrangement 
of actuators divides the mirror surface into grids of sub- 
apertures, each subaperture being the smallest area 

(70-50-0494-2093~bol) 

Hartmann sensor o( 
Hartmann sensor 

converter 

Deformable mirror 

Hartmann sensor 

Front-end laser system 
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FIGURE 8. Beamlet 
adaptive optics system 
layout: a DFM located 
in the injection beam 
path is operated by a 
control system. This 
system operates in 
closed loop to a 
Hartmann wavefront 
sensor in the injection 
path (flat injection 
wavefront), or in the 
lmoutput diagnostics of 
the Beamlet amplifier 
(flat output wavefront). 
An additional higher 
spatial resolution 
Hartmann sensor 
is located in the 
output diagnostics. 
(70-50-0295-0402pbOl) 
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that is enclosed by a group of adjacent actuators. Each 
actuator expands when a voltage is applied and pro- 
duces a local bulge in the front surface opposite the 
actuator, while the neighboring actuators hold the mir- 
ror surface in place. This movement causes the mirror 
surface to tilt across the subapertures, adjacent to the 
moving actuator. The wavefront change, induced by the 
movement of a single actuator, is called the influence 
function. The influence function is usually Gaussian 
shaped, with its l /e  point located at the neighboring 
actuator. 

The wavefront sensor is a Hartmann sensor, which 
has a series of lenses that collectively "view" the entire 
surface of the DFM. Figure 10 shows the relationship 
between the DFM actuator positions and the Hartmann 
sensor lenslets. Each lenslet spans a subaperture of the 
DFM and is configured as a local pointing sensor for 
that subaperture, i.e., the detector for each lenslet is in 
the focal plane of that lenslet. As the tilt in the wave- 
front of light entering the Hartmann lenslet changes, 
the focus spot on the detector moves laterally from its 
nominal position on the detector. Moving any actuator 
will cause the Hartmann spots to move from their 
nominal positions. Knowing how the spots move 
when each actuator is moved, the controller can drive 
the DFM until the displacement of the Hartmann spots 
is minimized, thus minimizing the wavefront error 
sensed by the Hartmann sensor. 

Zero-intensity 
beam footprint 1 7 Actuator 

\ \  Hartmann lenslet \ Half-intensity 
beam footprint 1 

\ \ \-L- 

The system uses two Hartmann sensors-one to 
sample the light immediately after the DIM (input 
Hartmann sensor) and the other on the l w  diagnostics 
table (output Hartmann sensor). Afocal telescopes 
relay the image of the DFM to each Hartmann sensor, 
and each Hartmann sensor is calibrated by a wavefront 
reference source. The wavefront calibration effectively 
removes any aberration introduced by either the afocal 
relay telescope or the beam sampler. The wavefront 
controller is designed to control the wavefront using 
either of the two Hartmann sensors. The bandwidth for 
the closed-loop system is about 1 /2 Hz for continuous 
wave (cw) light and about 1 /50 Hz for regenerative 
amplifier pulses. A third Hartmann sensor is installed in 
the output diagnostic station. It is used for wavefront 
characterization measurements and provides a higher 
resolution than the control system sensors. It has a larger 
density of lenslets over the beam aperture (17 x 29). 

As presently configured, the adaptive optics system 
can correct the wavefront using either cw light from 
the alignment laser or a 0.2-Hz pulsed beam from the 
regenerative amplifier. Precorrection of the injected 
wavefront to compensate for pump-induced aberration 
in the amplifier proceeds as follows: (1) The wavefront 
is flattened before a shot by running the control system 
closed loop to the output Hartmann sensor using the 
alignment laser. (2) The Hartmann sensor images are 
grabbed during the laser shot, and the resulting aberrated 
wavefront is reconstructed offline. (3) Before the next 
shot, this wavefront is entered in the control system 
that subsequently sets the mirror in closed loop such that 
the output wavefront is the conjugate of the shot wave- 
front error. The wavefront aberration of the shot should 
be corrected for pump-induced aberrations. Figure 11 
shows recent wavefront data to illustrate this process. 
Two situations are depicted: the wavefront of a shot 
with static precorrection only, and a shot where full 
precorrection is applied. The wavefront shape is typical 
of the pump-induced wavefront aberration by the 
Beamlet amplifier slabs added to a focus error in the 
front-end rod amplifier. Its shape and magnitude agree 
closely with model predictions and offline beam-steer- 
ing characterization data. (See "Design and Performance 
of the Beamlet Amplifiers," p. 18.) The second wave- 
front is the result of a shot where full precorrection for 
the errors shown in Fig. ll(a) is applied. The rms 
value of the resulting aberration is <0.2 waves, leading 
to a Strehl ratio (ratio of actual peak intensity of the 
focal spot to the diffraction limited peak intensity) of 
0.3. The correction capabilities are presently limited by 
turbulence-induced wavefront variations between the 
time of prefiguring the DFM and the actual shot. This 
effect is small in a cold cavity, but becomes substantial 
after firing subsequent shots at the nominal 2-hr 
Beamlet shot rate. 

FIGURE 10. Layout of the 39 actuators and the 77 Hartmann sensor 
lenslets mapped onto the DFM surface. (70-50-02950403pbOl) 
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(a) Uncorrected shot wavefront 

1 

0 

-1 

p-V = 2.24wave 
rms = 0.47waves 

(b) Shot wavefront with full wavefront precorrection 

FIGURE 11. Experimental output high-resolution Hartmann sensor 
wavefronts obtained during 4.5-kJ 3-11s Beamlet shots (34 cm x 34 an2 
beam). (a) The typical pumpinduced wavefront aberration in the 
Beamlet amplifiers. (b) The output wavefront of a shot with full pre- 
correction of the injected wavefront for static and dynamic aberrations 
in the Beamlet amplifier. The resulting 0.18 waves rms aberration 
correspond to a calculated Strehl ratio of 0.3. ( 7 0 - 5 0 ~ 2 9 ~ ~ p b 0 1 )  
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Summary 
We added the capability to control the spatial inten- 

sity profile and wavefront of the pulse produced by 
the Beamlet pulse-generation system (i.e., front end). 
We also demonstrated how these capabilities can be 
used to control and increase the beam quality and 
performance of Beamlet’s large-aperture multipass 
Nd:Glass amplifier-a technology critical to the design 
of the proposed NIF laser system. 

In addition, we have also modified and improved the 
front-end oscillator and modulator systems to increase 
the stability and reliability of their performance. 
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Introduction 
Beamlet serves as a test bed for the proposed National 

Ignition Facility (NIF) laser design and components. 
Therefore, its optics are similar in size and quality to 
those proposed for the NIF. In general, the optics in the 
main laser cavity and transport section of Beamlet are 
larger and have higher damage thresholds than the optics 
manufactured for any of our previous laser systems. In 
addition, the quality of the Beamlet optical materials is 
hgher, leading to better wavefront quality, higher opti- 
cal transmission, and lower-intensity modulation of the 
output laser beam than, for example, that typically 
achieved on Nova. In this article, we discuss the prop- 
erties and characteristics of the large-aperture optics 
used on Beamlet. 

The damage threshold is perhaps the most critical 
property of the optical materials, because the cost of 
the laser system is driven largely by the amount of 
laser energy that can be delivered in a given aperture 
size. The higher the transmitted energy density (fluence), 
the fewer the number of laser beams needed to meet 
the output energy requirement and, therefore, the 

lower the overall system cost. Consequently, Beamlet 
(and NIF) are designed to operate near the damage 
threshold limit for the optical materials. 

Table 1 summarizes the damage threshold require- 
ments at 1.0 and 0.35 pm for the large optics on Beamlet 
for a nominal operating pulse length of 3 ns and lists 
the measured damage thresholds for comparison. Note 
that the measured thresholds represent the absolute 
maximum operating laser fluence possible for that 
specific optic. To provide a safety margin for our 
designed operating limit, we multiply the measured 
thresholds by a “de-rating” factor that accounts for 
measurement uncertainties. The product of the measured 
damage threshold times the de-rating factor is called 
the ”safe operating limit” and represents the fluence 
limit for that specific optic. Beamlet is designed to 
never exceed the safe operating limits. 

Figure 1 compares the peak designed laser fluence 
at key optical materials on Beamlet with the safe 
operating threshold. These peak fluences are reached 
during the final pass through the laser and are based 
on model calculations. Note that the peak fluence 

TABLE 1. Beamlet’s damage threshold requirements and measured values at 3 ns for various optical materials. 

Optics Measured damage threshold (J/cm2) Safe operating limit (J/cm2) Beamlet peak fluence (J/cm2) 

10 Laser glass 34 28 20 
HfO,/SiO, HR 
HfO,/SiO, polarizer 
SiO, sol-gel AR 

26 
18 

34 

18 

13 

29 

8 

8 
21 

KDP doubler 43 30 20 

KDI‘ (l’ockels cell) 
3 0  KD*P tripler 

SiO, sol-gel AR 

43 
20 

19 

30 
14 

16 

8 
11 

11 

HR=high reflectivity; AR=antireflection 
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determines the damage limit of the laser, whereas the 
average fluence determines the energy output. Therefore 
on the Beamlet, we have worked hard to keep the peak- 
to-mean intensity variation within the laser pulse as low 
as possible to maximize the energy out and to minimize 
the risk of optical damage. Because laser optical materials 
do not all have the same damage thresholds, one or 
two materials generally limit the performance of the 
system. In the case of Beamlet, the optical material at 
most risk is the HfO,/SiO, multilayer thin film polarizer 
(at lo) and the deuterated potassium dihydrogen 
phosphate (KD*P) tripling crystal (at 3o). 

Optical Materials 
The optical materials on Beamlet can be divided 

into four main types: laser glass, potassium dihydro- 
gen phosphate (KDP)/KD*P, dielectric coatings, and 
lenses and diagnostic beam splitters. This section 
briefly describes each of these materials and their 
key properties. 

Laser Glass 
The energy storage medium for the Beamlet flash- 

lamp-pumped amplifiers is a commercial phosphate 
laser glass (composition LG-750) manufactured by 
Schott Glass Technologies Inc. It has an Nd3+ doping 
concentration of 3.4 x lOZ0/cm3 and consists of a meta- 
phosphate glass composition. Although the details of 
the composition are proprietary, it contains the major 
oxides P209 A1,0,, K,O, BaO, Nd20,, and a number 
of other miscellaneous components. 

For Beamlet (and NIF) the laser glass is in the form 
of large rectangular plates 78.8 x 44.8 x 4 cm3 (Fig. 2). 
The volume of these glass plates or "slabs" is about 
14 L. For comparison, the largest pieces of Nova laser 
glass are elliptically shaped disks and have a volume 

Safe operating limit 
Peak Beamlet fluence 30 

2 20 
W 

3 

10 

0 
Polar HR Laser Sol-gel KDP KDT Sol-gel 

glass AR AR 
Optical material 

FIGURE 1. Comparison of the peak laser fluence during the final 
pass through the laser system with the "safe operating limits" of the 
material. The data are for a nominal square output pulse of 3 ns. 
(70-50-0693-2242pbOl) 

of about 7 L. Thus, the size and shape of Beamlet's 
slabs required a significant advancement in the prior 
laser glass manufacturing process. A total of 20 slabs 
were manufactured for the Beamlet laser-16 are 
installed on the system, and 4 are reserved as spares. 

main factors: (1) The maximum beam size, which is 
35 cm for Beamlet. In addition, the laser slab is 
mounted in the amplifier cavity at Brewster's angle, 
requiring that the slab be lengthened to account for 
both the angle and the refractive "walk-off" of the 
beam as it travels through the glass. (2) The vignetting 
effect, allowing for the beam to propagate back and 
forth four times through the main laser cavity slightly 
off-axis to pass through the four different pinholes. 
(See "System Description and Initial Performance 
Results for Beamlet," p. 1.) The contribution of the 
vignette to the slab size is dependent on the length of the 
cavity amplifier section, the focal length of the spatial 
filter lens, and the pinhole spacing. (3) The alignment 
allowance which, within the main laser cavity, is set at 
2% of the maximum beam size. (4) The stand-off distance 
from the edge cladding, required to avoid wavefront 
distortion of the beam caused by amplified spontaneous 
emission (ASE) heating the cladding. When the cladding 
is heated, it expands and distorts the region near the 
edge of the slab. Based on experiments,l the stand-off 
distance from the edge cladding bond line needs to be 
at least t / 2 ,  where t is the slab thickness. Since Beamlet 
slabs are 4 cm thick, the minimum stand-off distance is 
2 cm around the border of the entire slab. 

The size of the Beamlet laser slabs is driven by four 

FIGURE 2. Beamlet's 78.8 x 44.8 x 4 cm3 laser slab containing 
3.4 x loz0 Nd3+/cm3; the edges of the laser slab are clad with a 
Cu:Doped phosphate glass designed to absorb ASE at 1054 nm. 
(70-50-0393-071 6pb01) 
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The laser slabs are clad with Cu:Doped phosphate 
glass having an absorption coefficient at 1.05 pm of 
0.28/mm. The base composition of the cladding glass 
is the same as LG-750 (without the Nd3+) and is 
bonded to the laser slabs using an epoxy adhesive 
specially formulated to match the index of the laser 
glass. Details for the cladding process are described 
elsewhere.2 The laser slabs were clad and finished by 
Zygo Corporation and Eastman Kodak Company. 

(a) Absorption loss at 1054 nm 
m- 
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3 
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(b) -OH absorption at 3000 nm 
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Nd3+ concentration (lo2' cK3) 

FIGURE 3. Summary of three key properties of the laser slabs 
produced for Beamlet compared with the design specifications: 
(a) absorption loss at 1054 nm, (b) -OH absorption at 3000 nm, 
and (c) fluorescence lifetime. The lifetime measurements were 
performed on samples 5 x 5 x 0.5 cm3. (70-50-0295-0397pbOl) 

Laser glasses are specially formulated to give the 
desired laser, optical, thermal-mechanical, and physical- 
chemical properties needed for a specific application. 
Most of these properties are controlled by the base 
composition of the glass. However, some critical prop- 
erties are also impacted by the manufacturing process. 
These include the optical absorption at 1054 nm, optical 
homogeneity, Nd3+ fluorescence lifetime, and the Pt 
inclusion content. Because of Beamlet's larger slabs, we 
were concerned whether these critical properties could 
be maintained throughout the process. Figure 3(a) 
shows the variation in optical absorption at 1054 nm 
for all the slabs produced. Optical absorption arises 
from either impurities in the raw materials and/ 
or contaminants that enter during the processing 
(e.g., contaminants added by dissolution of the melter 
refractory walls)? The absorption offsets the laser gain 
of the material, thereby requiring either more amplifiers 
or harder pumping. The data in Fig. 3(a) show that the 
Beamlet slabs have very low absorption loss and meet 
the necessary absorption specification. In fact, about 
30% of the absorption loss (i.e., 4.5 x lo4 cm-') is due 
to absorption by the thermal population of Nd3+ in the 
lower laser level (4~1s,2). 

The Nd3+ fluorescence lifetime is mainly a function 
of the glass composition. To efficiently store energy in 
the amplifiers requires long fluorescence lifetimes. Two 
features of the manufacturing process can affect the 
lifetime-Nd3+ doping concentration and H,O 
absorbed in the glass. The Nd3+ content affects the life- 
time at high concentrations through the well-known 
concentration quenching me~hanism.~ Therefore, to 
avoid melt-to-melt variability in fluorescence lifetime, 
careful control of glass volatility during the melt cycle 
and precise addition of Nd3+ are necessary. Absorbed 
H20 of only a few ppm can also affect the lifetime; 
therefore, very dry conditions must be maintained 
during melting. The hydroscopic nature of molten- 
phosphate laser glass makes it particularly vulnerable 
to H,O uptake. The H20 content of the laser glass is 
quantified by measuring the 4 H  absorption at 3300 nm; 
Fig. 3(b) shows the results from the Beamlet melt. 
Although there is some variability, all slabs are quite 
dry having H,O absorptions between = 0.2-0.6 cm-l at 
3.3 pm. This absorption corresponds to about 6-18 ppm 
of H20. Because of the good control of the Nd3+ doping 
concentration (3.4 k 0.1 x lO2O/crn3) and the H20 content, 
all laser glass slabs exceed the Nd3+ fluorescence lifetime 
specification shown in Fig. 3(c). The Nd3+ lifetime 
specification for Beamlet laser glass is 

T~ 2 340 - 150([Nd3+] - 3.4) , 
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where [Nd3+1 is the Nd-ion concentration in units of 
102'/cm3 and zL is the minimum acceptable lifetime 
(in microseconds). In arriving at this specification, we 
also included the effects of radiation trapping by the 
5.0 x 5.0 x 0.5 cm3 standard sample size used by vendors 
for routine fluorescence lifetime measurements. The 
specification also includes the effects of concentration 
quenching at high Nd-dopings, derived from work 
by Jan~aitis .~ 

The Beamlet melts have very low residual H20 
content so there is little effect of -OH quenching on the 
lifetime. At low levels of H20 contamination, the effect 
of -OH in reducing the lifetime can be estimated from 
the expression6 

AT = - 7 . 6 2 ( ~ ~ 3 . 3 ~ ~ ) ,  

where C X ~ , ~ , ,  is the measured -OH absorption at 3.3 pm 
and AT is the lifetime reduction relative to a sample 
with zero residual H20. For Beamlet's laser glass, the 
residual H20 contributed less than a 4-ps reduction 
in lifetime. 

We maintained good optical homogeneity during 
the manufacturing process with all the laser slabs 
meeting the homogeneity specifications. Because of the 
rectangular shape of the glass, there was some concern 
whether the homogeneity could be maintained in the 
corners of the slabs. All finished Beamlet laser slabs 
had <0.1 wave (at 1.054 pm) transmitted wavefront 
distortion across the clear aperture. 

The damage threshold of the laser glass is controlled 
by the quality of the surface and the presence of absorb- 
ing impurities. The typical high-quality "super" polish 
used to finish laser glass gives a damage threshold in 
excess of 30 J/cm2 at 3 ns (1054 nm) and, therefore, 
exceeds the requirements for Beamlet (Table 1). More 
important is the presence of absorbing particles within 
the glass, particularly Pt inclusions. Pt inclusions origi- 
nate from the Pt containers used to melt the laser glass 
and can cause optical damage at fluences of 2-3 J/cm2 
at 3 ns, far below the Beamlet operating fluence. In 
addition, damage from large inclusions can grow with 
successive shots, eventually renderin the slab useless. 

maintain inclusion levels well below our manufacturing 
goal of 4 5  in any given slab and an average for all 
20 Beamlet slabs of <3 inclusions per slab. In fact, 
50% of the laser slabs had no inclusions at all and 
90% had 3 or less. 

Using new glass-melting proce~ses,~. f we were able to 

KDP/KD*P 
Large plates of single-crystal KDP are used in the 

Beamlet Pockels cell and frequency converter. The 
Pockels cell and second-harmonic generation crystals 
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are undeuterated, whereas the harmonic tripling crystal 
is deuterated to a level of about 80%. (KDT is the 
commonly used representation of the deuterated 
material.) The KDP and KD*P crystals are arguably 
the most difficult optics to manufacture and require 
the greatest production time. In addition, they represent 
a marked increase in size and quality over the crystals 
that were manufactured for Nova. For example, the 
crystal plates used on Beamlet are 37 x 37 an2 compared 
with 27 x 27 cm2 on Nova. In addition, the Beamlet 
damage threshold requirement exceeds that required 
for Nova by about a factor of three. 

The use of deuterated material for the third-harmonic 
crystal is driven by the need to suppress stimulated 
Raman scattering (SRS) at 30. At high drive intensities 
(such as those used on Beamlet) the spontaneous 
Raman-scattered light is amplified as it traverses the 
crystal face. The SRS gain coefficient in KDP has been 
measured to be approximately 0.23 cm/GW9r1' at 3w 
for a Type I1 tripling crystal. The scattered Raman 
Stokes intensity Is grows as it travels a distance I across 
the crystal, according to the relationship 

(3) 

where Ip is the pump intensity (GW/cm2) and g is 
the gain coefficient. Because of the large aperture 
used on Beamlet, there is a significant gain-path 
length for the SRS light. Therefore, at high operating 
intensity b3.0 GW/cm2), the potential exists for the 
transversly propagating SRS light to reach intensities 
high enough to damage the KD"P. 

The magnitude of the SRS gain coefficient for a 
particular Stokes Raman band is proportional to the 
scattering cross section. Therefore, because the sponta- 
neous Raman band at 915 cm-l is the most intense in 
KDP, it presents the greatest threat of unacceptable 
SRS. In KD*P, the mode at 915 cm-l is split into two 
peaks and the magnitude of each band is dependent 
on the deuterium concentration (Fig. 4). At high 
deuteration levels, the Raman scattering cross sections 
for the two bands are about a factor of two lower than 
that for the single band of the undeuterated KDP. 
Therefore, deuterating the KDP greatly reduces the 
SRS threat to the tripling crystal. 

The Beamlet crystal plates were cut from large 
single-crystal boules of KDP and KDT, grown from 
aqueous solution by Cleveland Crystals, Inc. The KDP 
and KD*P boules produced for Beamlet weigh as 
much as 500 kg and take up to 2 years to grow (Fig. 5). 
This is about a factor of three increase in boule volume 
over those grown for Nova. The crystals required for 
the Pockels cell and harmonic converter system are 
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FIGURE 4. Measured spontaneous Raman scattering intensity 
profile for the 915 cm-l mode at different deuteration levels. 
(70-35-0195-0316pb01~ 

FIGURE 5. Photograph of a large KDP single crystal grown for Beamlet 
(note the meter stick shown for scale). The Beamlet crystals each weigh 
about 500 kg and are the largest ever produced. The smaller crystal on 
the right is the size grown for Nova. (70-39-1093-3487pbOl) 

(a) Type I doubler (b) Type I1 tripler 

then cut from these boules in an orientation shown 
schematically in Fig. 6. The Pockels cell uses a crystal 
cut normal to the z-axis of the boule, whereas the 
frequency-conversion crystals are cut at the phase 
matching angles required for the specific harmonic 
generation scheme. Beamlet uses a Type 1/11 third- 
harmonic generation method. (The harmonic generation 
system is described in detail elsewhere.ll) 

because the level of stress-induced birefringence was 
expected to be lower and the time to grow the boules 
was expected to be shorter. Deuterated water (D,O), 
having a deuteration level of 99.7%, was obtained from 
the Department of Energy's national stockpile. In general, 
the growth rate for fully deuterated material is as 
much as 10 times slower than for undeuterated KDP. 

Apart from size and deuteration level, the quality of 
the KDP and KD*P crystals is also of critical importance. 
Specifically, stresses within the crystal can lead to stress- 
induced index variations and birefringence that in turn 
can produce distortions in the optical wavefront and 
beam dep~lar izat ion. l~-~~ Wavefront distortion and 
depolarization degrade the performance of the laser. 
For example, in the case of the Pockels cell, any depo- 
larization in the beam results in a direct transmission 
loss at the polarizer. Likewise, wavefront distortions 
can reduce the conversion efficiency of the harmonic 
generator, produce downstream modulation, and 
degrade focusability. Our operating goal for the 
Pockels cell was to produce <1% depolarization loss 
for any given pass and to keep the transmitted wave- 
front distortion and wavefront gradients for the finished 
crystal to <h/4 and h/4/cm, respectively. 

We chose to grow 80% deuterated material (vs 95%) 

(c) Pockels cell z-plate 

FIGURE 6. Schematic diagram showing the orientation in which the crystal plates used on Beamlet are cut from large KDP and KDT single- 
crystal boules. (a) Type I doubler, (b) Type I1 tripler, and (c) Pockels cell z-plate. In general, several crystals of a given type can be cut from 
one boule. (70-35-0195-0317pbol) 
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The birefringence (6n) in a Pockels cell plate, cut 
normal to the z-axis of the crystal, is dominated by the 
shear strain and is given byl0 

where n is the refractive index, cy is the shear strain, 
and p66 is the elasto-optic tensor element appropriate 
for this geometry; p66 has the value of 0.028 for KDP 
and 0.025 for K*DP. The depolarization loss (L) ,  due to 
this birefringence, is given byI2 

L = sin'[ (fjFnt] , (5) 

where t is the crystal thickness and h is the laser wave- 
length. Equation (5) is valid for the "on" and "off" states 
of the Pockels cell (i.e., when the voltage applied across 
the crystal is either Vn or 0, respectively). The shear 
strain can be directly related to the shear stress, zxy: 

'q = C66Exy 

where C,, is the elastic constant and has the value of 
6.24 and 5.94 GPa for KDP and KD*P, respectively. To 
achieve a depolarization loss of 1% or less requires a 
shear stress <lo6 Pa. 

Distortions in the beam phase front transmitted 
through the Pockels cell z-plate are controlled by the 
residual normal strains in the crystalI2 

where An is the index shift, the pi[s are elasto-optic 
coefficients, and E,, E and E~ are the normal strains 
in the crystal. These strains can be related to residual 
normal stresses using the relationships developed by 
DeYoreo and Woods.14 The index shift produces a 
spatial variation in the transmitted phase given by 

Y' . 

= (?)ant. 

To meet the transmitted wavefront distortion speci- 
fication of <h/4 for the Pockels cell KDP crystal, requires 
a minimum residual normal stress field of =lo5 Pa. Also, 
to meet the transmitted wavefront gradient specifica- 
tion for the crystal requires that the stress gradient 
be <lo5 Pa/cm. 

The birefringence and wavefront distortions of 
the crystals used on Beamlet are characterized using 
the method described by DeYoreo and W00ds.l~ 
Figure 7 presents the measured polarization efficiency 
(i.e., loo%-% depolarization loss) for a 32 x 32 cm2 

UCRL-LR-105821-95-1 

(a) Polarization efficiency-KD*P crystal 

30 cm 

I I I I I 
99.84 99.88 99.92 99.96 100 

Efficiency (%) 

(b) Polarization efficiency-KDP crystal 

30 cm - - 
I I I I I 

99.84 99.88 99.92 99.96 100 
Efficiency (%) 

FIGURE 7. Polarization efficiency of z-cut (a) KD*P and (b) KDP 
plates expressed as the percent of the output energy in the correct 
polarization state, i.e., loo%--% depolarization loss. The crystal 
plate dimensions are 32 x 32 x 1 cm3. (70-50-1294-3982pb02) 
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KDP crystal. The data show a maximum loss of 0.4% 
through any point in the crystal with an aperture loss 
averaging 0.05%. The data show that the maximum 
residual shear stress in the crystal is d . 5  x lo5 Pa. 
Similarly, interferometry measurements show phase- 
front distortions from the bulk material of less than an 
eighth of a wave at 1054 nm, again suggesting very low 
residual normal stresses in the crystal. 

The KDP crystal plates are finished by diamond turn- 
ing instead of polishing. In this process, a crystal blank 
is mounted on a carriage that translates the crystal blank 
parallel to the cutting plane. The cutting plane is defined 
by the single-point diamond tool mounted at a fixed 
radius in a high-speed spindle. This is commonly 
referred to as a fly-cutting mode of operation, and the 
cutting direction can be more closely aligned with a 
preferred axis on the crystal. By rotating the tool, rather 
than the crystal, the cutting rate remains the same across 
the whole face of the crystal. During the final finishing 
steps, the distance between subsequent tool cuts is 
usually only a few micrometers. Using this method, 
surface finishes of about 30 A (rms) are typical. 

One recurring problem we have encountered during 
finishing of large KDP crystals is a small-scale waviness 
in the transmitted wavefront. Our initial tests on Beamlet 
showed this same waviness in the output lo near-field 
image [Fig. 8(a)]. This waviness originated from the 
diamond-turned surface of the Pockels cell crystal and 
had a spatial scale length of about 6.3 mm. The measured 
amplitude of the phase ripple suggests a surface with a 
100-A peak-to-valley (p-V) periodic variation at that 
scale length. We investigated ways to reduce the surface 
waviness, because at high laser intensities the phase 
ripple from the diamond turning process may seed 
small-scale beam breakup due to self-focusing.15 The 
source of the waviness was traced to a problem with the 
carriage system that translates the crystal. Specifically, 
we found that the flexure coupling that connects the 
drive-lead screw to the carriage was not properly 
aligned. Therefore, the flexure coupling was unable to 
adequately remove the natural once-per-revolution 
“wobble” motion of the lead screw. In this condition, 
the increased transmission of the lead-screw wobble 
into the carriage caused the crystal blank to move 
excessively in and out of the cutting plane in a sinu- 
soidal fashion. After adjusting the flexure coupling, 
we found that the surface waviness was greatly reduced. 
Transmitted wavefront measurements on crystals fin- 
ished before and after this repair showed that for scale 
lengths of =6 mm, the p-V surface waviness on the crystals 
was reduced from =60 to =lo A above the background 
roughness near that spatial frequency. Figure 8 compares 
the near-field image of the Beamlet output beam before 
and after this corrective measure. Note that the circular 
arcs due to the spatial ripple are nearly absent in the 
”after” near-field image [Fig. 8(b)l. 

The damage threshold of some optical materials can 
be improved by ”laser conditioning.” KDP and KD*P 
are two such materials. During the process of laser 
conditioning, the optical material is exposed to a series 
of laser shots with monotonically increasing fluence. 
The wavelength of the conditioning laser shots is the 
same as the wavelength at which the optic is intended 
to be used. At the end of this sequence of exposures, 
the optical damage threshold is typically increased 

n 
(a) Waviness “ripples” in the near-field image 

0 

100 

ffi 

200 

0 100 200 
Column 

FIGURE 8. Near-field images of the 10 output on Beamlet showing 
(a) the intensity modulation caused by diamond turning “ripples” 
on the Pockels cell KDP crystal, and (b) dramatic reduction of the 
ripples after the diamond turning machine is properly adjusted. 
(70-50-0295-0593pbOl) 
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by a factor of two or more over the unconditioned 
(i.e., single-shot) threshold. As a general rule of thumb, 
at least five shots are needed to condition the optic to 
4 5 %  of the maximum conditioned threshold. Further- 
more, the first shot in the conditioning sequence should 
be at a fluence of about one-half the unconditioned 
damage threshold. 

Table 2 summarizes the unconditioned and condi- 
tioned damage thresholds of KDP and KD*P at lo 
and 30, respectively. 

Dielectric Coatings 
Two main types of optical coatings are used on 

Beamlet: (1) multilayer Hf02/Si02 high-reflectivity 
(HR) and polarizer coatings and (2) single-layer SiO, 
sol-gel antireflection (AR) coatings. Figure 9 shows the 
Beamlet polarizer and two of the mirrors. The sol-gel 
AR coating design, coating process, optical performance, 
and damage threshold have been well 
and will not be discussed here. We note only that these 
coatings are routinely applied to all Beamlet and Nova 
transmissive optics (large and small) and have excellent 
transmission (>99.5% per surface) and high damage 
thresholds at 10 and 30  (Table 1). 

of their demonstrated damage threshold improvement 
with laser c ~ n d i t i o n i n g , ~ ~ ~ ~ ~  good optical properties, 
and relative ease in application over large apertures by 
electron beam (e-beam) evaporation.21 All the multi- 

Beamlet uses HfO,/SiO, multilayer coatings because 

TABLE 2. Summary of damage threshold for KDP and KD*P crystal 
plates used on Beamlet. The accuracy of the measurement is ?15% 
and i30% for unconditioned and conditioned values. 

Optic Material Wavelength Damage threshold 
(nm) at 3 ns (J/cm2) 

Unconditioned Conditioned 

Pockels cell z-plate KDP 1054 34 43 
Type I doubler KDP 1054 34 43 
Type I1 tripler KD*P 1054 16 25 

351 10 20 

layer coatings on large-aperture Beamlet optics were 
applied by conventional e-beam processing. 

There are three reasons the polarizer is the most 
difficult optical coating to make: (1) The size of the 
polarizer is 75 x 39 x 9 cm3 and is more than twice the 
size of anything previously manufactured. (2) The 
damage threshold of the polarizer required for Beamlet 
represents a three-fold improvement over those used on 
Nova. (3) The coating layers need to be uniformly and 
precisely deposited over .the entire substrate surface. 

The polarizer coating was deposited on a BK-7 silicate 
glass substrate. BK-7 is significantly lower in cost than 
SiO,, although it has the disadvantage of having a low 
bulk damage threshold due to Pt inclusions in the glass. 
However, because the polarizers used on Beamlet are 
used in reflection at high intensity, the BK-7 substrate is 
never exposed to damaging fluences. 

Table 3 summarizes the transmission properties of 
the four polarizers manufactured for Beamlet by 

FIGURE 9. Photograph of the large-aperture HfO,/SiO, thin-film 
polarizer used with the PEPCs on Beamlet to switch the beam out of 
the multipass cavity. The polarizer is used in a transmissive mode at 
low fluence (p-polarized incident light) during the first and second 
pass. On the final pass, the light is s-polarized and reflected off the 
polarizer coating and out of the cavity. The peak fluence is about 
11 J/cm2 at 3 ns (1054 nm). (70-50-0594-2486pbOl) 

TABLE 3. Summary of transmission, extinction ratio, reflected wavefront distortion, and conditioned damage threshold for the four 79 x 39 x 9 an3 
HfO,/SiO, t h h  film polarizers manufactured for Beamlet (measured in dry N,). Damage threshold is accurate to i30%. 

Transmission (%) Reflected wavefront Conditioned damage threshold 
Polarizer Optimum p-polarized s-polarized Extinction distortion at 1.054 Krn  and 3 ns (J/cm2)a 

ratio Tp/T, (in waves at 1.05 p) p-polarized s-polarized designation use angle TP Ts 

1 55.5 98.2 0.60 163 0.4 18 23 
2 54.5 " 98.1 0.10 981 0.25 20 26 
3 56 98.0 0.25 392 0.28 13 18 
4 54.5" 98.2 0.14 701 0.38 20 35 

aDamage measurements on witness samples from the production run. 
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Spectra-Physics. The optimum-use angle is between 
54.5 and 56 and the polarizer can be "tuned to the 
maximum extinction ratio by rotating the optical 
mount that holds the polarizer over the specified use 
range. We manufactured four polarizers: two are used 
on the system and two are spares. The polarizers were 
prepared in two separate coating production runs 
(with two polarizers in each run); the reproducibility 
between the two runs was quite good. Three of the 
polarizers had extinction coefficients >390, supporting 
the excellent control of the deposition process. The 
reflected wavefront distortion is between ~0 .25  and 
0.4 waves and is largely due to spherical aberration 
that can be easily corrected by other optical elements 
in the system. 

HfO,/SiO, e-beam coatings can be laser conditioned 
to improve their damage threshold. (The conditioning 
process is similar to that described previously for KDP.) 
The conditioned damage thresholds of the polarizers 
all exceeded the Beamlet safe operating limit of 8 J/cm2 
at 3 ns (Table 3). The polarizers were conditioned off-line 
using the output from a pulsed Nd:YAG laser, operating 
at 10 Hz, to scan the full aperture of the optic in incre- 
mental fluence steps.,* The conditioning effect has 
been associated with the gentle removal of nodular- 
shaped defects, which are known to limit the damage 
threshold of these multilayer c0atings.2~ Based on 
measurements, the damage threshold of the polarizers 
scales with the pulse length as T ~ . ~ ~ .  

The HfO,/SiO, thin-film mirrors on Beamlet all 
had measured damage thresholds exceeding 25 J/cin2 
and reflectivities >99%. Damage thresholds of mirror 
coatings are typically higher than those of similar 
polarizer coatings. 

Lenses and Diagnostic Beam Splitters 
The lenses and diagnostic beam splitters used on 

Beamlet were all fabricated from fused silica, manufac- 
tured by Corning. The fused silica is prepared by 
flame-hydrolysis of SiC1, and is inclusion free. As a 
consequence, the damage threshold is limited by the 
surface finish and AR coating on the optic, not the bulk 
material. Extensive front-surface damage measurements 
at 1 .O and 0.35 pm and over a range of pulse lengths 

give a simple empirical relationship governing the safe 
operating limit for bare surface fused silica of 

D = 22 tp (at 1.0 pm) 

and 

D = 9.2 t;?." (at 0.35 ym), 

where tp is the pulse length (ns) and D is the damage 
threshold (J/cm2). When a sol-gel AR coating is 
applied to the fused silica surface, the safe operating 
limit is slightly higher than that measured for the bare 
surface material, specifica~ly~~ 

D = 24.6 tp (at 1.0 ym) 

and 

D = 13.7 t:5 (at 0.35 pm). 

Summary 
Nearly all of the large optics used on Beamlet repre- 

sent a dramatic increase in size and optical quality over 
those used on previous ICF lasers. Specifically the laser 
slabs, KDP/KD*P crystals, and polarizers are more 
than a factor of two larger than those used on Nova. In 
addition, the damage thresholds and quality of the 
Beamlet optical materials are also improved by two- to 
three-fold over those used on Nova. The sizes and 
quality of optics used in Beamlet closely match those 
expected to be used in the proposed NIF. 
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BEAMLET PULSED-POWER SYSTEM 

D. Larson 

Energy storage 
capacitors/PFN Switch 

Introduction 
The 13-MJ Beamlet pulsed-power system provides 

power to the 512 flash lamps in the cavity and booster 
amplifiers. Since the flash lamps pump all of the aper- 
tures in the 2 x 2 amplifier array, the capacitor bank 
provides roughly four times the energy required to 
pump the single active beam line. Figure 1 is a block 
diagram illustrating the main pulsed-power subsystems. 
During the 40 s prior to the shot, the capacitors are 
charged by constant-current power supplies. Ignitron 
switches transfer the capacitor energy to the flash lamps 
via coaxial cables. A preionization system triggers the 
flash lamps and delivers roughly 1% of the capacitor 
energy 200 ps prior to the main discharge. This is the 
first time flash-lamp preionization has been used in a 
large facility. Preionization improves the amplifier 

[ Junction block -0 0 

efficiency by roughly 5% and increases the lifetime of 
the flash lamps. Figure 2 shows a typical Beamlet current 
pulse. LabVIEWl control panels provide an operator 
interface with the modular controls and diagnostics. 
Figure 3 shows one of the four aisles of capacitor circuits 
and the wall of equipment racks containing the con- 
trollers, triggers, and charging supplies. 

Table 1 shows the primary pulsed-power require- 
ments. The system is assembled from 32 independent 
modules, each capable of driving 16 flash lamps to 
30% of their explosion limit. The circuit architecture 
(Fig. 4) is similar to Nova's, but the Beamlet system 
demonstrates several features of the proposed National 
Ignition Facility (NIF) pulsed-power design. To improve 
the reliability of the system, high-energy-density, self- 
healing, metallized dielectric capacitors are used. 

FIGURE 1. Block dia- 
gram of the Beamlet 

Substation Step-down High-voltage 
(existing) transformer power supply YFq-1 f f '7-1 60-s c T +  , pulsed-power system. 

(40-00-0591-1686pb01) 

13.8 kV 
rms CW 0-22 kV DC Power 

, , , A  supply 
13.8 kV/480 V rms CW 480 V/208 V rms CW isolation 

Amplifier 
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High-frequency, voltage-regulated switching power 
supplies are integrated into each module on Beamlet, 
allowing greater independence among the modules 
and improved charge voltage accuracy, flexibility, and 
repeatability. On Nova, by contrast, many modules are 
charged with a single large unregulated power supply 
with high-voltage diodes to provide isolation. Failure 
of these diodes allows very large amounts of energy to 
be released in a single fault. 

/ Flash-lamp preionization 
I 
i I / n/ Current 

1, ,I 
-4 

0 200 400 600 800 1000 1200 1400 
t (ps) 

FIGURE 2. Typical flash-lamp current and voltage waveforms during 
the firing of the Beamlet pulsed-power system. (70-50-1294-4019pbOl) 

Capacitor Circuits 
The Beamlet capacitor bank contains 256 capacitor 

circuits, each of which stores 52 kJ at 22 kV (Fig. 5). An 
additional 32 preionization circuits each store 3.6 kJ. 
The main capacitor circuits include: a single high- 
energy-density capacitor, a manual disconnect switch, 
a high-voltage fuse, a pulse-shaping inductor, a charge 
resistor, and a spark-gap. The capacitor-inductor com- 
bination forms the 500-ps current pulse that drives the 
flash lamps. The manual disconnect switch disconnects 
the capacitor circuit from the remainder of the module 
and shorts the capacitor terminals. The high-voltage 
fuse, rated to carry 45,000 A2s and open at 180,000 A2s, 
is designed to protect the flash lamps from a failure 
that could exceed their explosion energy rating. This 
failure mode could occur in the event of a capacitor 
short circuit prior to triggering the switches. The 
spark-gap limits the magnitude of the voltage transient 
generated by the inductor when the fuse clears. 

The energy storage capacitors, developed for Beamlet, 
use the metallized dielectric electrode technology. This 
technology gives the capacitors improved energy density 
and reliability in ICF applications and is included in 
the conceptual design for the proposed NIF pulsed- 
power system. Figure 5 is a photograph illustrating the 
evolution of capacitor technology for ICF pulsed- 
power systems over the past 20 years. The Beamlet 
capacitor stores 4 times the energy of the Nova capacitor, 
and 15 times that of Shiva, in roughly the same volume. 
The Beamlet capacitors have a different construction 
and failure mechanism compared to conventional 

Control panel and charging supplies Ignitron switches 50-kJ capacitors FIGURE 3. Photograph 
of the pulsed-power 
control panel and one 
of the four aisles that 
contain the ignition 
switches and 50-kJ 
capacitors. The total 
bank's stored energy is 
12.8 MJ at 20 kV. 
(70-50-02944465pbOl) 
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Power 

8000 J/s 
supply 

foil-electrode capacitors. The improvements in the 
Beamlet metallized electrode result primarily from the 
self-healing characteristic of the dielectric system. The 
electrode is a thin (20-nm) layer of A1 deposited onto 
the dielectric. If the dielectric is punctured, the resulting 
current flow vaporizes the electrode in the vicinity of 
the fault so that the short is cleared, or "healed," 
resulting in a small reduction in capacitance. In a 
conventional capacitor, the punctured dielectric 
would result in a short circuit and catastrophic capacitor 
failure. Thousands of healing events may occur before 
the capacitance is significantly reduced. Failure is 
typically defined as a 5% reduction in capacitance 
from the nominal value for metallized dielectric capaci- 
tors. Energy density is improved, since the capacitors 
may be operated near the intrinsic dielectric strength 
of the material, rather than derated to account for 
material or manufacturing flaws. System reliability is 
improved by the "soft" failure mode of the metallized 
capacitors. The capacitors suffer a gradual capacitance 
loss, rather than a catastrophic short-circuit. This effect 
can be monitored directly by periodically measuring 
the capacitance, or inferred by recording the peak 
current on each shot and detecting a reduction resulting 

- 
+ 

- 
- - 7 Preion- 

ization 

FIGURE 4. Simplified 
schematic of a Beamlet 
capacitor-bank module. 
(40-00-0591-1684pb01) 

from reduced capacitance. The second method is 
implemented on Beamlet. This information allows the 
operator to monitor the status of the capacitors during 
normal operation, and to replace aging capacitors dur- 
ing scheduled maintenance times. 

Qualification and acceptance tests were performed 
on the Beamlet capacitors to validate their performance. 
Qualification testing consisted of a life test at simulated 
Beamlet operating conditions (22 kV, 13 kA), including 
25 fault-mode shots (22 kV, 24 kA, 70% reversal). 
Acceptance tests were performed on 7 lots of approxi- 
mately 40 capacitors per lot. Each capacitor received a 
25-shot functional test at nominal Beamlet operating 
conditions, and a DC high-voltage test of the bushing- 
to-case insulation. Three capacitors from each lot received 
an additional 1000 shots, and one of those an additional 
9000 shots. No failures were observed in any of the 
tests, although due to a manufacturing defect, one of 
the capacitors dropped 4% from nominal during the 
10,000-shot test. Periodic capacitance measurements 
were conducted to monitor the capacitor status. 
Figure 6 shows the results of a typical life test. A 
Weibull statistical analysis of the qualification and 
acceptance test data was used to predict the reliability 

Item Requirement Purpose 

Maximum delivered energy 
Explosion fraction range 
Preionization energy 
Main pulse length 
Maximum repetition rate 
Bank lifetime 

Number of capacitor modules 

Charge voltage repeatability 

9.1 MJ 
0.2 <fx 4 0.3 

0.3 J/cm2 of lamp bore 
500 ps 

3 shots/hr 
>lo3 shots at f, = 0.3, 

or >lo4 shots atfx = 0.2 
32 

i0.5% 

Operates 512 Beamlet flash lamps atf, = 0.3 
Operating flexibility 
215 J/lamp, 90 ps pulse 

Amplifier characterization shot rate 
Capacitors are limiting component. End of life 
determined by 5% capacitance reduction 
Allows separate drive energies of inner and outer 
flash-lamp arrays 
Minimize shot-to-shot gain fluctuation 

3 (LCP.5 

j, = explosion fraction = lamp energy/theoretical limit 
LC = (L) circuit inductance, (C)  circuit capacitance. 
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of the capacitors.2 The analysis showed that we can 
expect a mean-time-between-failures (MTBF) of 2000 
shots over the expected 5000-shot life of the Beamlet. If 
the same capacitors were used in the larger NIF system, 
a capacitor would require replacement roughly every 
100 shots over the same period. 

Switches 
The Beamlet switch assembly is an evolution of the 

Nova design. Two size " D  ignitrons, in series, switch 
the 8 circuits of each module in parallel. The switches 
operate at 22 kV, 100 kA, and transfer 35 C per shot. A 
size " A  ignitron is added to the assembly to discharge 
the preionization circuit. The single tube is operated at 
up to 22 kV, 11 kA peak current. 

FIGURE 5. Photograph comparing Shiva, Nova, and Beamlet capac- 
itors. The capacitor energy storage density has increased 15-fold in 
the 20 years since Shiva was built and $-fold since Nova was built. 
(70-50-05942523pb01) 

Charging Supplies 
The Beamlet design maximizes system modularity by 

embedding the charging supplies within each module. 
In this way, the "copper" connections between modules 
are limited to common AC power and grounds. This 
approach is especially important in large systems such 
as the proposed NIF, in which it is desirable to build a 
system from 200 independent 1.6-MJ capacitor banks, 
rather than a single 320-MJ capacitor bank. 

opment of efficient, reliable, high-frequency switching 
power supplies over the past decade. These supplies 
use advanced insulated-gate bipolar-transistor-power 
semiconductor devices and reliable architectures such 
as the series-resonant-inverter. The high operating 
frequency enables the use of efficient ferrite magnetics, 
resulting in small size and weight. The Beamlet charging 
supplies are approximately 30 times smaller than the 
equivalent supplies used on Nova. 

The main capacitors in each module are charged by 
a supply with an average charge rate of 10 kJ/s, which 
delivers up to 20 kW at the end of the charge cycle. The 
output current is a constant 900 mA until the supply 
reaches its regulation point. It then holds the capacitors 
at a constant voltage until they are discharged. 
Additional circuitry is needed to protect the supplies 
in the event of a bank fault that results in reversal of 
the capacitor voltage. Voltage reversal tends to drive 
large values of current through the small diodes in the 
output rectifier of the charging supply, resulting in failure 
of the diodes. The circuit shown in Fig. 7 protects the 
supplies from bank faults. The diode stack diverts the 
fault current, while the 5 0 4  resistor limits the fault 
current to a safe level for the diodes. The fuse limits the 
energy deposited in the charging supply in the event 
of a short circuit in the supply itself. 

This approach has been made practical by the devel- 
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FIGURE 6. Results 
from lifetime tests 
on two Beamlet 50-kJ 
dielectric capacitors. 
The data show the 
slow decay in capaci- 
tance with the number 
of shots. 
(70-50-1294-4018pbOI) 
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The preionization capacitors are charged by a small, 
200-J/s power supply similar in design to the large 
supplies. A 50,000-i2 resistor is placed in series with 
the output to protect the supply from capacitor voltage 
reversal. A series of equipment racks contain the charging 
supplies, triggers, and controls for the system. Each 
rack bay contains the controls, chargers, and triggers 
for two capacitor modules. 

Power Transmission 
Coaxial cables are used to deliver the capacitor energy 

from the bank to junction blocks near the amplifiers. 
The length of the cables varies from 25 to 70 m. We chose 
a 50-Q, high-voltage coaxial cable (RG-217) since it was 
used on Nova and Shiva, and many excess fittings and 
terminators were available for use on Beamlet. This cable, 
however, resulted in high resistive losses at the elevated 
Beamlet operating currents. As much as 30% of the 
capacitor energy is lost in the cables at the highest 
explosion fractions and longest cable lengths. 

The coaxial cables terminate in junction blocks in the 
Beamlet center tray near the amplifiers. The junction 
blocks affect the transition from the coaxial cable to the 
flexible twisted-pair cable, which delivers the energy 
the last several meters to the flash-lamp cassettes in the 
amplifier. A custom twisted-pair cable was developed 
for Beamlet, since the magnetic forces due to increased 
current caused failures in the Nova-type cables during 
prototype tests. The cable is made from flexible, silicone- 
insulated wires that are twisted and covered with a 
layer of mylar and a strong nylon braid to contain the 
magnetic forces. A PVC jacket covers the assembly. 

Controls and Diagnostics 
As shown schematically in Fig. 8, a hierarchical 

computer system controls the Beamlet pulsed-power 
system. A central control computer, located in the 
Beamlet control room, provides a graphical LabVIEW 
operator interface, data archiving, timing control, and 
coordination of pulsed-power system operation with 
other Beamlet subsystems. In the capacitor bank, single- 
board computers receive high-level commands from 
the central computer and control bank operation 
through the control-interface chassis. The single-board 
computers, their fiber-optic communications system, 

charging 40 kV, 40 A 
power supply ' Diode assembly capacitor bank 

I - - - - - - - 
FIGURE 7. A combination of resistors and diodes protects the charging 
supply in the event of capacitor bank faults. (70-50-1294-4017pbOl) 

and the control interface chassis were assembled from 
industrial process control components to achieve a robust 
and inexpensive system. Conceptually, this design is 
very similar to the design of the power conditioning 
system controls for the proposed NIF. 

The principal diagnostic for the Beamlet pulsed- 
power system is measurement of peak current in each 
flash-lamp string. The current in each flash-lamp pair 
is detected by a current transformer. The current-peak- 
detector chassis in each pulsed-power module provides 
analog peak-detection measurements that are digitized 
by the control interface chassis and transferred to the 
central control computer. 

The current-peak-detector chassis also performs a 
fault protection function. In the event that a capacitor 
should short while charged, the other capacitors in that 
module would discharge through it into its lamp string. 
If the fuse fails to open properly, this fault may result 
in the explosion of the lamp and serious damage to 
nearby optics. This failure mode has occurred on Nova 
and is responsible for nearly all of its flash-lamp explo- 
sions to date. To prevent this on Beamlet, the current-peak 
detector sends an indication of the onset of current flow 
to the trigger-distribution chassis. If current flow is 
detected before the system triggers have been generated, 

subsystems 

To other 
4 - + Beamlet Ethernet 

Center Fiber optic 
control GPIB to timing 

computer delay generators 

Fiber optic multi-drop network 

I 
--- 

Single 
board 

computer Single board + (8) '5! computer 

Fiber optic multi-drop network -- 
To four modules 

r - - - - - - - - - - - - - - - - -  - 
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1 Safety chassis I 
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FIGURE 8. Schematic diagram of the pulsed-power control system. 
(70-50-1294-4016pbOl) 
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the trigger-distribution chassis fires the main bank igni- 
trons. This diverts the current flow from the failed 
circuit to the ignitron, thereby preventing the flash-lamp 
explosion energy from being reached. 

The single-board computers also perform a fault 
protection function by monitoring the value of the 
voltage on the preionization power supply. If significant 
charge were left on the preionization capacitors by, for 
example, an aborted shot, and then the main bank 
were charged, the output of the preionization supply 
would be subjected to the sum of the voltages, which 
could exceed the maximum voltage design rating of 
the supply. If the single-board computers detect excessive 
preionization voltage, they automatically shut off the 
main bank charging supply to protect the system. 

The Beamlet timing controls are based on commercial 
delay generators. A master radio-frequency clock and 
the 0.2-Hz regenerative amplifier trigger are distributed 
building-wide on a system of transformer-isolated 
coaxial cables. A fiber-optic extended GPIB network 
connects all the delay generators to the Beamlet pulsed- 
power system’s central control computer. The resulting 
system meets a specification of 250 ps peak-to-peak jitter. 

UCRL-LR-105821-95-1 

Summary 
To date, the reliability of the Beamlet pulsed-power 

system has been very good. During the first 700 system 
shots, no failures occurred in the high-current circuitry. 
The ignitron pre-fire rate was high during the first 
100 shots until the weak tubes were culled from the 
system. A design defect in the preionization supplies 
resulted in a high initial failure rate. The addition of 
external components solved that problem. No measur- 
able reduction in capacitance has been detected in any 
of the metallized dielectric capacitors. 

Notes and References 
1. LabVIEW, a data acquisition and control programming language, 

National Instruments Corp., 6504 Bridge Point Parkway, 
Austin, TX, 78730-9824. 

2. D. W. Larson, ”The Impact of High Energy Density Capacitors 
with Metallized Electrode in Large Capacitor Banks for Nuclear 
Fusion Applications,” Digest of Technical Papers, Ninth IEEE 
International Pulsed Power Conference, Albuquerque, NM, 
June 21-23,1993. 
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Introduction 
Beamlet is instrumented extensively to monitor the 

performance of the overall laser system and many of its 
subsystems. Beam diagnostics, installed in key locations, 
are used to fully characterize the beam during its 
propagation through the multipass cavity and the 
laser’s output section (Fig. 1). This article describes the 
diagnostics stations located on Beamlet and discusses 
the design, calibration, and performance of the Beamlet 
calorimeters. We used Nova’s diagnostics packages to 
develop the Beamlet design to determine beam energy, 
spatial profile, temporal profile, and other beam 
pararneters.lr2 Technologic improvements within the 
last several years in controls, charge-coupled device 
(CCD) cameras, and fast oscilloscopes have allowed us 
to obtain more accurate measurements on the Beamlet 
laser system. We briefly cover some of these techniques, 
including a description of our LabVIEW3 based data 
acquisition system. 

Diagnostics Systems 
The first diagnostics station in the main laser is at 

the east end of the cavity where the beam is sampled 
after the first pass through the amplifier (Fig. 1). The 
cavity mirrors are designed to leak approximately 
0.5% of the incident 1.053-pm (lo) light, which is 
down-collimated to a near-field camera, an energy 
diode, a temporal pulse-shape diode, and an absorbing 
glass calorimeter. The beam is diagnosed in a similar 
manner at the west end of the cavity following the sec- 
ond pass through the laser. The third and fourth passes 
are also sampled and diagnosed to a limited extent, 
since the imaging and energy diagnostics can only 
view one pass for any particular shot. In addition, 
only the depolarized portion of the fourth pass is 
transmitted through the polarizer to the west cavity 
diagnostics. 

is again sampled using the reflection off an uncoated 
At the output of the lo section of the laser, the beam 

2 ~ 1 3 0  output diagnostics 

diagnostics 

FIGURE 1. View of the Beamlet laser and the diagnostics systems. Dedicated diagnostics are located at both ends of the main cavity and 
at the output section prior to, and after, the frequency conversion crystals. An instrumented beam-dump calorimeter absorbs all of the 
remaining beam. (70-50-0395-0662pb01) 
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fused-silica beamsplitter (Fig. 1). This l w  output package 
contains an extensive suite of diagnostics including 
energy, temporal pulse shape (diode and streak camera), 
low- and high-resolution near- and far-field imaging, 
phase front (Hartmann array and a radial-shear inter- 
ferometer), and beam bandwidth (Fabry-Perot). Another 
large set of diagnostics are present in the 2w/3o diag- 
nostics station that follows the frequency conversion 
section. This diagnostics package also includes a beam 
energy balance system that measures the absolute energy 
in each of the primary (lo), doubled (201, and tripled 
(30) beams. The last diagnostics station consists solely 
of a single, large-aperture, 74-cm absorbing glass 
calorimeter that quantifies the combined output beam 
energy (minus, of course, the small amount of energy 
that is deflected to the previous diagnostics systems). 
This calorimeter also serves as a “beam dump.” 

Cavity Diagnostics 
Cavity diagnostics are located at both ends of the 

main amplifier cavity, with the diagnostic transport 
shown in Fig. 2 for the east cavity diagnostics. For 

diagnostic purposes, the cavity mirrors leak a nominal 
0.4-1 % of the incident beam and the transmitted beam 
passes through the uncoated backside and the 
antireflective (AR) coated 7.6-m focusing lens. The 
converging beam is folded twice by the upper and 
lower turning mirrors; attenuated by one or two 99.3% 
mirrors (Fig. 3); and split to the far-field camera, the 
near-field camera, and to an integrating sphere/photo- 
diode energy diagnostic. The rejected beam from the 
first attenuator mirror is directed to a calorimeter and 
a temporal pulse-shape vacuum photodiode diagnostic. 
The cameras and integrating sphere are discussed here; 
the calorimeter and temporal diagnostics are discussed 
in subsequent sections. Figure 2 shows the east cavity 
diagnostics, including extensive baffling. This baffling 
prevents the intense off-axis flashlamp light, transmitted 
through the cavity mirror, from reaching the diagnostics. 

The near-field camera (a Cohu 6400 series) images 
the cavity mirror directly onto the CCD camera through 
an attenuating protective window mounted on the 
camera’s face. To achieve the right intensity, the beam 
is transmitted through filter-wheel-mounted neutral- 
density filters. These filters consist of AR-coated 

/ Cavity end mirror 
Flash-lamp light 

suppression baffles 
Upper turning 

mirror y 

Diagnostics package 

Lower turning mirror /’ 

Lower 
turning 
mirror 

calorimeter 

Flash-lamp light 
suppression baffles ,- Near-field camera 

Attenuation 
mirrors 

Temporal shape photodiode pulse Far-fie1d / Antegrating sphere, 
energy photodiode 

FIGURE 2. Side view 
of the cavity diagnostic 
beam transport optics. 
The 0.5% leakage 
through the cavity end 
mirror is focused and 
folded down to the 
diagnostic package. The 
east and west end diag- 
nostic transport optics 
are identical, but the east 
diagnostics are substan- 
tially baffled to prevent 
the light of the adjacent 
cavity amplifier flash 
lamps from saturating 
the diagnostics. 
(70-50-0494-1667pbOl) 

FIGURE 3. Top view 
showing the east cavity 
diagnostics. Attenuating 
filters, beam blocks, and 
pinholes strip off ghost 
images, select the 
desired cavity pass, and 
set the energy levels to 
each diagnostic. 
(70-50-0494-1666pbOl) 
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31-mm-diam glass (NG-1, NG-3, NG-4, NG-5, NG-9, 
and NG-11). The image is viewed on the alignment 
display through the Beamlet video switching system 
for beam centering, with the attenuator mirrors replaced 
by identical AR-coated blanks. To capture the near- 
field image during a shot, the attenuator mirrors and 
filters are set to calculated values, and the 16-channel 
framegrabbing system is triggered to capture the image 
field at shot time. The near-field camera is quite useful 
for centering operations and for shots; however, 
automation of the attenuator mirror insertion is 
needed as Beamlet's shot rate increases. The camera 
images either pass 1 or pass 3 (pass 2 or pass 4 for the 
west cavity diagnostics) with automated selection 
between the passes. A stepper-motor-mounted pinhole 
array at the focus selects pass 1, pass 3, or both passes 
simultaneously, and strips off the unwanted image 
from the uncoated back surface of the cavity mirror. 

The far-field camera has a complicated design to 
perform both the diagnostic and pointing functions. 
The compromised design limited its performance in 
diagnostic mode, and the pointing function was 
superceded by a telescope mounted at the cavity pinhole 
plane. The camera had two fields of view of the cavity 
spatial filter pinhole plane. The first field (a 4 x 4 cm 
image) viewed all four cavity spatial filter pinholes 
simultaneously for pointing purposes. The other field 
(a higher resolution 8 x 8 mm image) required manual 
replacement of several lenses, and viewed one pinhole 
at a time. To achieve the wide field of view required a 
fast lens mounted directly in front of the camera imaging 
surface. To do this, we glued the lens onto a faceplate 
ring that replaced the CCD protective cover. In addition, 
several oversized lenses were required to perform 
high-quality off-axis far-field imaging. We designed 
the far-field camera to perform Beamlet pointing in the 
wide field of view mode, an operation now routinely 
performed by the Questar telescope. For a time, the 
camera was used in shot mode, but the angular resolu- 
tion was too small to be of much use. Thus, the camera 
was removed as Beamlet activation proceeded to, and 
beyond, the four-pass experiments. 

During the activation stage, the integrating sphere 
energy diagnostic proved to be exceedingly useful and 
was instrumental in determining the plasma electrode 
Pockels cell performance in the west cavity diagnostics. 
The system consists of a Labsphere 4-in.-spectralon 
integrating sphere with an EG&G FND-100 Si photodi- 
ode reverse biased to 40 V and recorded by a Tektronix 
TDS-320 digitizing oscilloscope. The bias voltage is 

coupled in by a Picosecond Pulse Lab bias tee, and the 
signal is terminated in 50 Q at the oscilloscope. During 
initial activation, especially continuous-wave (cw) 
tests, a slower, more sensitive PIN-8 diode replaced the 
FND-100 photodiode. The PIN-8 diode was battery 
biased with the bias tee removed to transmit the 350-ps 
gain test signal, and the signal was recorded by the 
TDS-320 in high-impedance mode. In later, more rou- 
tine, system operations, the integrating sphere signals 
were recorded but were used largely in a qualitative 
sense. Software was developed to calculate the charge 
delivered by the photodiode from the recorded voltage 
waveform and to infer the energy from the calibrated 
sensitivity and system transmission. However, with 
our extensive use of inexpensive and very accurate 
calorimeters, the integrating sphere energy diagnostic 
was used only as a relative comparison between the 
passes and as a post-mortem for shots which did not 
perform as expected. 

lo Output Diagnostics 
A portion of the fully amplified Beamlet beam is 

sampled by a 61-cm beamsplitter and relay imaged to 
the lo diagnostic station (Fig. 4). The beam sample is 
approximately 3% of the main beam from the 12" angle 
of incidence "I"' reflection of the uncoated silica splitter. 
The sampled beam is propagated through an AR-coated, 
920-cm, focal-length lens, and folded by three more 
in-plane reflections off a bare surface BK-7 splitter, and 
two high-reflectivity mirrors. A minimum of several 
joules of lo light were required for high-resolution 
near-field imaging onto film in the original 10 diag- 
nostics design. This design necessitated the incorporation 
of a vacuum cell at the transport focus. The vacuum 
cell was designed with a tilted, wedged input window 
to protect the folding mirrors and to eliminate fringing, 
and had a collimating lens at its output. It was extremely 
important to have a well-collimated, representative 
sample of the beam for the wavefront correction sys- 
tem (Hartmann sensor) and for the lo far-field camera. 
To accomplish this, all flat optics leading to the colli- 
mating lens were mounted and interferometrically 
tested prior to installation. Mounting problems were 
corrected on several of the large splitters, which 
allowed us to achieve low-aberration transport to the 
diagnostic table. 

The diagnostics transport enclosure contains the 
output 10 calorimeter as shown in Fig. 4, after three 
uncoated reflections to keep the calorimeter energy 
below 1 J. Calculating the Fresnel reflection from all 
three surfaces determines the transmission coefficient 
from the main beamline to the calorimeter. 
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Measurements were made to confirm these values. We 
changed the 12" angle of incidence for the large splitters 
to 12.2' due to a 14-cm shift of the 61-cm splitter midway 
through the frequency converter activation. This miti- 
gated a collimated ghost reflection from the frequency 
converting crystals, which was reflected and focused 
by the spatial filter lens onto the splitter, causing damage. 
The increased angle changed the calculated transmission 
value by 0.4%. All the splitters were wedged to keep 
unwanted direct backside reflections and double bounce 
reflections from the three large splitters outside of the 
calorimeter aperture. The final uncoated splitter had a 
2" wedge and a 0.1 % AR coating on the backside, with 
the estimated overlap between the AR surface reflection 
and the calorimeter aperture of <25%. The additional 
energy due to the reflection is <0.7%. No unwanted 
energy from any of the other splitters fell within the 
calorimeter aperture. 

Figure 5 shows the 10 diagnostics that are located in 
a separate enclosure from the diagnostics transport optics 
to prevent scattered light from entering any of the sen- 
sitive diagnostics. After the beam enters the table, 10% 
of the beam is split off and directed to the wavefront 
control Hartmann sensor (located on the lower part of 
Fig. 5), and relayed to the Hartmann lenslet array and 

camera. The rest of the beam passes through a path- 
compensating splitter, a 50% splitter, and a 1:l vacuum 
relay. Several pointing and centering mirrors direct the 
beam from the 50% splitter to the 10 far-field camera. 
Due to pointing problems, it was difficult to implement 
the far-field camera and it was also difficult to obtain 
attenuating filters with good optical quality. Most of 
the optical filters could be placed directly in front of 
the far-field camera, but enough attenuation had to be 
placed in the near-field filters to prevent damage to 
those in the far field. We selected Schott KG glass filters 
placed in front of the focusing lens, filters which could 
be checked for wavefront quality at 633 nm, yet are 
optically dense at 1.053 pm. These are the same filter 
types as used in the Hartmann sensor. 

The far-field camera was used for some time at 
f / lOO,  but was changed to the rattle pair configuration 
[Fig. 6(a)I. The rattle pair, based on a photographic film 
design originally prepared for Nova? was adapted for 
use with the Beamlet high-resolution CCD cameras. 
The Beamlet design uses two pairs of wedged mirrors to 
create an array of far-field spots variable in both intensity 
and focus at the camera image plane [Fig. 6(b)l. The first 
pair of mirrors on the left side are 3-in.-diam partially 
(50%) reflecting mirrors, tilted to generate an array of 

Bare/anti- 
reflection 

BK-7 splitters Bare/anti-reflection splitter 
and 1-in. calorimeter 7 

FIGURE 4. The main 
beam is relayed to the 
lo output diagnostics 
through a series of 
uncoated and high- 
reflector flat optics and is 
focused by a 9.2-m focal 
length lens. Up to 10 J is 
sent through focus in the 
vacuum cell and colli- 
mated. The system lw 
output calorimeter oper- 
ates directly from three 
uncoated reflections. 
(70-50-04941682pbOl) 
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spots at the image plane graded in intensity. The focusing 
lens has a focal length of 1800 mm and is followed by 
two more wedged mirrors, which have a 90% reflection 
from their facing surfaces. This second pair of reflectors 
acts to offset the focus in both angle and longitudinal 
dimension to take images of the far field through several 
focal planes. The spacing of the focal planes is adjusted 
by the spacing between the second pair of mirrors. All 
rattle pair elements were wedged by 2.4 mr to mitigate 
the ghost images from the AR-coated transmission 
surfaces and were mounted in precision mirror mounts 
to facilitate system setup. The reflected wavefront quality 
is important since the beam is reflected numerous times 
from the same surfaces. To help maintain the wavefront 
quality, the beam size was kept small on the mirrors 
(18 mm square), and the mirror reflected wavefront 
was specified to h / l l  at 1.05 pm, with a gradient 
<h/24/cm. Excellent results were obtained from this 
system as described in "System Description and Initial 
Performance Results for Beamlet," p. 11. Using the rattle 
pair camera, we diagnosed dynamic focal plane shifts 
during a shot. This was a significant aid in correctly 
applying wavefront precorrection for dynamic aberra- 
tions using the Beamlet Adaptive Optics System. 

After the main beam passes through the 1:l vacuum 
relay (Fig. 5), the recollimated beam is folded twice 
and directed back through a holographic beamsplitter 
(HBS)-designed to transmit most of the beam, while 
diffracting a small amount to either side for diagnostic 
purposes. The units transmit 10% of the beam energy 

into the first order, 1% into the second, etc. This 
approach was chosen because multiple splitters would 
have steered the beam and caused unwanted reflec- 
tions. Initial alignment was difficult, but the HBS 
performed well for all of the Beamlet activation 
sequence. Figure 5 shows a first-order beam from the 
first HBS directed to a vacuum photodiode temporal 
diagnostic. The photodiode signal is recorded by a 
Tektronix SCD-5000 transient digitizer for a combined 
rise time of 110 ps. In addition, the leakage through the 
second turning mirror, just ahead of the first holographic 
beamsplitter, is routed out of the diagnostics enclosure 
to a streak camera for higher-resolution temporal 
diagnosis. The zero order from the first splitter, which 
constitutes nearly 78% of the incident beam, is reflected 
off of a 97% splitter to the radial-shear interferometer 
and the Fabry-Perot bandwidth diagnostics. Originally, 
the near-field film camera for high-resolution imaging 
was to be at this location, but the performance obtained 
from the high-resolution CCD camera made the film 
camera unnecessary. The 14-bit dynamic range, 
1024 x 1024 pixel, cooled scientific-grade CCD camera 
is over lo6 more sensitive than film and has none of the 
inherent problems or delays associated with film den- 
sitometry. The remainder of the zero-order beam after 
the 97% splitter is passed through an AR-coated com- 
pensating splitter to the second HBS element. The 
zero order from the second element is relayed into the 
high-resolution near-field CCD camera, and a first- 
order beam is relayed to a standard-resolution 
near-field camera. 

0 Mirror 1 Filter holder 

low-resolution 

Far-field Vacuum photodiode 
camera temporal diagnosbc 

FIGURE 5. Beamlet lo output diagnostics include near- and far-field imaging, temporal pulse shape, wavefront, and beam bandwidth. The wave- 
front control system output sensor (Hartmann sensor) is also located on this table. (See Fig. 4 for the lo energy measurement.) (70-504395-0666pbO1) 
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2 d 3 0  Output Diagnostics 
The 20/30 diagnostic transport optics demagnify 

and relay all three wavelengths to the specific diagnostics 
as shown in Figs. 7 and 8. The transport optics use a 
bare-surface silica splitter identical to the T o ,  splitter, 
except the back surface has a 30 sol-gel AR coating. 
The splitter is oriented with a 25" angle of incidence, 
"I"' polarized, with the diagnostic beam directed 
through a 900-cm focal length (at l o )  Beamlet spatial 
filter lens. The converging beam is passed through a 
40-cm wedged silica splitter (the calorimeter splitter) 
with the uncoated front surface reflection sent to the 
energy balance calorimetry station (described below). 
The beam transmitted through the calorimeter splitter, 
which is AR coated on the back side with a compromise 
20/30 coating, is reflected in plane by a combination 
bare surface silica splitter and a l w / 3 0  high reflector 
in the lower vertical fold location. The converging 
lw/203/30, beams are then sent through the 30 splitter, 
with a sample of the beams split off by the uncoated 
front surface, folded by l o / 3 w  high reflectors, and 
sent to the 30 diagnostics. The beams are similarly 
folded to the 2 0  diagnostics with that splitter being a 
high reflector at 20, and the folding mirrors being at 
least 95% reflective at both lo and 2 0  to relay the 10 
alignment beam to the 2 0  diagnostics. The remaining 
beam, transmitted through the 2 0  splitter, is relayed to 
a Cohu CCD camera and is used for system alignment. 

The 30 beam was thoroughly diagnosed, with two 
near-field cameras, a far-field camera, a vacuum photo- 
diode temporal diagnostic, and a streak camera temporal 
diagnostic. The energies were measured in the energy 
balance diagnostic station. The 2 0  beam near-field profile 
was also diagnosed on a regular basis. Schott filters 
[UG-5, KG-10, and VG-11 (a nonfluorescing filter glass 

FIGURE 7. The dou- 
bled and tripled beam 
is focused and folded 
using uncoated and 
dichroic reflectors, and 
collimated after focus. 
The lw Iight is trans- 
ported to all locations 
for alignment purposes. 
A vacuum cell is not 
required, as the beams 
are attenuated suffi- 
ciently before focus. 
(70-SO-0395-0668pbOl) 

(a) Rattle pair arrangement 

(b) Focal spots 

z-axis w 

FIGURE 6. Two mirrors arranged as "rattle pairs" and a focusing lens 
(a) project an array of focal spots onto the high-resolution CCD camera. 
These focal spots cb) are graded by intensity in one dimension and are 
different focal planes in the other dimension. (70-504395-0667pbol~ 

/ Upper vertical fold 

2 0  splitter 

mirrors W 

3w folding 
mirrors 

Lower vertical fold 

UCRL-LR-105821-95-1 73 



BEAMLET LASER DIAGNOSTICS 

for blocking 3w)I were used to perform color separation 
of each diagnostic. We set the energy levels at each 
diagnostic using attenuating mirrors located just beyond 
the folding mirrors and by manually inserting neutral 
density filters. 

The 2o/3o diagnostics station transport optics use 
the lo alignment beam to perform pointing and cen- 
tering for 2w and 30  diagnostic paths. We employed 
dichroic transport mirrors to transmit sufficient 1 o 
light intensity, an achromatic relay system, and a man- 
ually insertable collimation lens (Fig. 8). The design 
worked well for alignment, but did not determine the 
near-field camera image planes. The depth of focus at 
the aperture size of the Cohu 6400 series camera is very 
small, so calculated locations could not be practically 
used. A temporary alignment beam, a tripled Nd:YAG, 
injected into the output spatial filter solved this problem. 
We located the tripler array image plane on each camera 
at its design wavelength. Another complication was that 
the pointing for the three wavelengths was slightly 
diffem-tt after passing through the wedged optics, including 
the large calorimeter splitter. For high angular resolution 
far-field imaging, we offset the alignment focal spot so 
that the shot focus would fall within the camera's field 
of view. 

Energy Balance Diagnostics 
An accurate energy balance is extremely important 

to understanding Beamlet operation. A good measure 
of the absolute energy in each of the three wavelengths, 
following frequency conversion, impacts decisions and 
conclusions on frequency converting crystal orientation, 
lo beam divergence, conversion efficiency, and a host 

of other laser and frequency conversion parameters. 
Figure 9 shows the energy balance calorimetry station. 
The beam from the main 2o/30 uncoated silica splitter 
is directed to the dispersing prisms after passing through 
the focusing lens and reflecting from the uncoated silica 
calorimeter splitter. We used two uncoated silica prisms, 
each with a 40" apex angle, to achieve a total deviation 
of 38.9", 39.9", and 41.4" for the lo/2w/3o beams, 
respectively. We use two prisms instead of one because 
of the thickness limitations of commercially available 
silica blanks. The pair of prisms are located at a distance 

/ Calorimeter splitter 
/7 

FIGURE 9. The Beamlet energy balance diagnostic relies solely upon 
uncoated surface reflections to attenuate the beam below 1 J into the 
calorimeters. Chromatic dispersion is accomplished with two 40" 
uncoated fused silica prisms, with the total path attenuation calculated 
from the measured beam incident angles. The sum of the calorimeter 
energies is routinely within 22% of the l w  output calorimeter. 
(70-50-0395-0670pbOl) 

I 

FIGURE 8. Beamlet 3w diagnostics consist of near- and far-field imaging and temporal pulse-shaping, as well as housing the system 
alignment camera. (70-50-0395-0669pbOl) 
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from the focusing lens where the beam size allows them 
to be reasonably small, yet far enough from the calorime- 
ters such that the beams become sufficiently separated. 
The prisms are mounted on rotation stages with 1 min 
of resolution, and are aligned to a 30" angle of incidence 
from the input beam. The dispersed, converging beams 
are then propagated to a series of uncoated silica 20" 
wedges that direct the beams into a calorimeter for 
each of the three wavelengths. We chose the final 
wedges to ensure that only the first surface reflection 
would be reflected into the calorimeter. 

Altogether, the converging beams undergo three 
uncoated reflections and are attenuated by about 
2 x to avoid the possibility of damage to the 
calorimeter absorbing surface. Using the 1 w alignment 
beam, all three calorimeters were aligned by rotating 
the dispersive prisms by a prescribed amount to deviate 
the 10 beam along the 2w path or 30 path, respectively. 
The distance used from the main focusing lens is a 
calculated value. We used exposed Polaroid film in a 
plastic cover taped over the calorimeter input apertures 
to confirm the beam size and alignment on a shot. The 
beam size and locations were exactly what we specified. 
On the system shots, the sum of the energy balance 
calorimeters and the other two output calorimeters 
agreed to well within +5% (described in the 
calorimetry section). 

B eam-Dump Calorimetry 
Figure 10 shows the beam-dump calorimeter-the 

final diagnostic on the Beamlet beam that absorbs all 
the remaining lo, 2w, and 30 light. After the main 
Beamlet beam goes through the 2w/3w splitter, it passes 
through a silica beam expander lens and on to the beam- 
dump calorimeter. The unit has a 74-cm square aperture, 
and uses Schott NG-4 glass to absorb all three wave- 
lengths without being damaged by the maximum fluence 
of any of the wavelengths during the various phases of 
Beamlet operation. 

Calorimetry and Imaging 
Components 

The following sections describe the design, calibration, 
and performance of the calorimeter components and 
the imaging components, respectively. 

Calorimetry 
All of the absolute energy diagnostics on Beamlet 

consist of absorbing glass calorimeters. A temperature 
change, due to absorbed laser energy, is measured by 
thermocouples and is read out by precision nanovolt- 
meters at a 2-Hz rate. To avoid relying on one model or 
algorithm, we used three different calorimeter models 
to measure absolute energy output: (1) The Scientech 
model 38-0111 (a surplus from Nova) obtained from the 
Optical Sciences Laboratory; (2) the Scientech model 
38-0101 with NG-1 and NG-4 glass to use at all three 
wavelengths after the frequency converters; and (3) the 
beam dump calorimeter to absorb the full Beamlet output 
at all three wavelengths, installed in the main beamline 
following the fused silica expansion lens. 

la Output Calorimeter 
The calorimeters in the cavity diagnostics and the 

10 output diagnostic stations are 1-in.-aperture 
Scientech model 38-0111 that have a l / e  decay time of 
160 s. The voltage from these devices is of the order of 
a few tu several hundred microvolts, with a sample 
voltage waveform shown in Fig. 11. To determine the 
incident energy, the step voltage as determined by the 
difference between two linear fits (see Fig. 11) was 
multiplied by an experimentally determined calibration 
factor. The preshot baseline fit was performed over a 

300 

h 

Beam dump > 3 200 
a, 
M a 
.LI - 

100 

0 
0 
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FIGURE 11. Calorimeter waveform for an 8.85-kJ shot. The voltage 
step is determined between two least-square line fits before and after 
shot time. The voltage difference is calculated when the rising edge 
is at the 50% level. Shot energy is then inferred from the calorimeter 

FIGURE 10. Diverging silica lens directs the remaining l0/20/3w 
beam onto the absorbing glass of the beam-dump calorimeter. It is a 
74 x 74 cm' design capable of absorbing and diagnosing the full Beamlet 
output energy at any combination of wavelengths. (70-50-0395-0671pb01) calibration and optical transport attenuation. (70-50-0395-0672pbO1) 

UCRL-LR-105821-95-1 75 



BEAMLET LASER DIAGNOSTICS 

60-s interval prior to shot time, and the post-shot fit 
over a 90-s interval starting 7 s after the shot. This gave 
the energy on the calorimeter, and the energy in the main 
beam was inferred from the calculated and measured 
transmission coefficients of the transport optics. 

calorimeter: (1) Using the electronic heater in the 
calorimeter head for electronic calibration, and (2) by 
comparison to an optical calorimeter transfer standard 
from the National Institute of Standards and Technology 
(NIST). To perform the electronic calibration, we mea- 
sured the internal heater resistance using the 4-wire 
technique, then injected a known current over a precise 
time interval. The amount of injected energy was simply 

We used two methods to calibrate the model 38-0111 

E = 12RAt, 

where I is the injected current, X is the heater resistance, 
and At is the current pulse width. The voltage waveform 
was captured in the voltmeter measurement buffer 
(512 measurements long) and analyzed using the 
Macintosh/LabVIEW systems. The analysis program 
automatically finds the shot time by searching for the 
step change and calculating the preshot and post-shot 
linear fits using predetermined intervals prior to, and 
after, shot time. Voltmeter resolution was 100 nV, which 
corresponded to approximately 150-pJ energy resolution. 
After compensation for the Fresnel loss of the 
calorimeter’s uncoated NG-1 absorber, we calculated an 
equivalent optical calibration factor K in microvolts/joule. 

To perform optical calibration we reflected a short 
pulse from a Nd:YAG laser off an approximately 50% 
transmission beam-splitter onto the NET transfer 
standard calorimeter and transmitted the remaining 
50% of the beam to the calorimeter under test. The 
fraction of energy split to each of the calorimeters is 
given by 

and 

(3) 

where a and P are unknown, Ere, is the energy incident 
upon the NIST calorimeter, E,, is the energy incident 

upon the calorimeter under test, K is the undetermined 
calibration factor, and V is the voltage step for a partic- 
ular shot. Manipulating these equations, a constant C, 
can be defined as 

(4) 

A series of measurements of E,,/V determined C,. 
Then, the NIST calorimeter and the calorimeter under 
test were exchanged such that the NIST calorimeter 
was on the a€ split and the calorimeter under test was 
installed in the PE split. Another series of measurements 
of Eref/ V determined constant C,, which was similarly 
defined as 

(5) 

The calibration constant for the calorimeter under test 
was then determined from 

K = a  . 

Note that this calibration technique is entirely inde- 
pendent of the shot-to-shot repeatability of the laser 
source, does not require knowledge of the splitter ratio, 
and does not require that the splitter and transport 
paths be lossless (a + P does not have to equal 1). The 
optical and electrical calibrations are in excellent agree- 
ment between the two techniques (51.5%). 

Energy Balance Calorimeters 
The Energy Balance Calorimetry station uses the 

1-in. Scientech model 38-0101. It has a l /e  time constant 
of 16 s, which is too fast to use the linear extrapolation 
method previously described. For these calorimeters, 
the main problem with backward linear extrapolation 
is the extreme sensitivity to shot time determination. 
Therefore, we used an alternative method, where we 
integrate the area under the curve-the volt-seconds 
of the voltage waveform. As before, we use an edge- 
detection algorithm to find shot time and then integrate 
over a 70-s interval starting at shot time (the same used 
for calibration). An issue with these calorimeters is the 
baseline drift, due to temperature fluctuations within 
the laser bay, similar to the slower model 38-0111 
calorimeters. The baseline drift is quantified using an 
algorithm to interpolate between the baseline value 
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measured before and after the laser shot. The incident 
energy is then calculated from the total integrated 
calorimeter signal voltage (minus the correction for 
baseline), and the integrated signal is related to the 
laser energy using a calibration constant. 

and optical calibration demonstrated on the model 
38-0111 calorimeters, only electrical calibration was 
performed on the model 38-0101 calorimeters. While 
the electrical calibration values were not as repeatable 
as the slow-decay-time model 38-0111 calorimeters, 
they still provided results well within the requirements 
for the Beamlet diagnostics. 

Beam-Dump Calorimeter 
The beam-dump calorimeter, designed and fabricated 

using Nova's 74-cm calorimeter as a guide, absorbs the 
full Beamlet energy at all three wavelengths. The main 
absorbing element is a 76-cm-square, 0.25-in.-thick A1 
plate, tiled with $-rnm-thick, 6-in.-square panes of NG-4 
absorbing glass. The glass thickness was selected to 
attenuate incident lo energy to <25 mJ/cm2, which is 
10% of the level at which damage to the glue holding 
the absorbing glass has been known to occur. For this 
reason, we chose 4-mm-thick NG-4, which is just suffi- 
cient for full energy lo shots, yet has enough absorption 
depth at 20 and 3w full-energy shots to avoid surface 
damage. The sensing elements are type K thermocouples 
glued in a 7 x 7 array on the back side of the A1 plate, 
wired to reference thermocouples attached to a dummy 
plate located in the back of the calorimeter body. The 
thermocouples are standard types from Omega, and 
are glued to the A1 using a high-thermal-conductivity 
epoxy and are electrically wired in series using similar- 
metal terminal blocks. The only unwanted thermocouple 
junctions are where the output connector copper wires 
connect to the first and last thermocouple leads on one of 
the terminal blocks. Those connections are adjacent to 
minimize temperature differences. The entire absorbing 
plate assembly is mounted using insulating spacers to 
a support structure, designed to provide protection 
from air currents. 

We use NIST traceable standards and a high-power 
laser to perform full-scale optical calibration in the Nova 
calorimeter calibration facility. To achieve reasonable 
signal levels, approximately 500 J in 1 s was directed 
onto the calorimeter in a round beam (unlike the square 
Beamlet beam). This was sufficient to obtain about 70 pV 
for calibration, and resulted in a calibration factor of 
0.1417 pV/J. This calibration factor was about 2% higher 
than that determined using standard Nova waveform 
analysis methods, a difference due to how the voltage 
waveforms are interpreted. In Nova, the voltage step is 
calculated by the difference between the peak of the 
voltage waveform and the extrapolated baseline. For 
Beamlet, the voltage step is calculated by the difference 

Because of the excellent agreement between electrical 
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between the linear least-square fit of the baseline before 
the shot, and the linear fit of a waveform segment after 
the shot. This difference is calculated at the time when 
the voltage waveform is half of its peak value. The 
Beamlet analysis technique has the advantage of 
averaging many measurements during the voltage 
waveform decay. 

Calorimeter Performance 
The performance of the calorimeter system was 

repeatable to better than +2% for the model 38-0101 
calorimeters and approached +1% for the model 38-0111 
calorimeters during calibration. To test this, we com- 
pared their performance during system operation 
using calculated and measured transmission values to 
propagate the energy results back to "standard beam- 
line locations. Comparison between the lo output 
calorimeter and the energy balance calorimeters was 
done at the first surface of the 2w/3w calorimeter splitter. 
Comparison between the energy balance calorimeters 
and the beam dump calorimeter was made at the surface 
of the beam dump calorimeter. 

Figure 12 compares the calorimeters for a series of 
shots taken in August and September, 1994. We met 
our original specification for the Beamlet calorimetry 
system, which was to achieve better than k5% absolute 
accuracy. The most remarkable observation about the 
agreement is that three totally independent calorimeter 
systems, two separate analysis algorithms, and three 
separate calibration systems were used to achieve this 
level of accuracy. Because of this agreement, the Beamlet 
project scientists can report on laser and frequency 
converter performance with a high degree of confidence. 

Energy balance 1 beam dump 

t "-. Energy balance 
lo output 

I 0.90 1 1  
Successive shots- 

FIGURE 12. Comparison between the three output calorimeter 
systems for a sequential series of Beamlet shots in August and 
September 1994. Shown are the ratios of the measured energies 
between the lo output calorimeter, sum of the energy balance 
calorimeters, and the beam-dump calorimeter. In all cases, the sum 
of the energy balance calorimeters agrees with the other two systems 
to better than 5%. (70-50-03950673pbOl~ 
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Imaging Diagnostics 
Imaging of the laser beam is done extensively on 

Beamlet. This is of great importance for diagnosing the 
beam during the four passes in the main cavity and out 
through the booster amplifier. In the cavity diagnostics, 
near-field imaging of the beam at the cavity mirrors is 
useful for preshot beam centering, for measuring the 
spatial beam profile in the various passes, and for 
measuring the extinction of the plasma-electrode 
Pockels cell during the fourth pass. In the output l w  
diagnostics, the near-field image at the frequency 
converter crystals is vital for ensuring that the beam 
intensity profile converts efficiently and that damaging 
intensity modulation is not present in the beam. 
Imaging of the beam at focus is also done in the 10 
output diagnostics to understand the quality of the 
beam phase-front before conversion. After frequency 
conversion, both near-field and far-field images of the 
beam at 20 and 30 are taken, and prove to be very 
useful to understanding the performance of the laser 
system and the frequency converter crystals. All of the 
images use CCD cameras/framegrabbers or dedicated 
high-resolution scientific-grade CCD cameras. 

The standard-resolution cameras we use in all the 
diagnostic packages are Cohu 6400 remote head CCD 
cameras, which have a 6.4 x 4.8 mm2 active area, and 
have 739 wide x 484 high picture elements. The model 
6400 is a frame transfer camera, where the charge storage 
cell is shared between adjacent horizontal lines. 
Because of this, only 242 horizontal lines have shot 
data available for analysis from the framegrabber system. 
We investigated the use of the interline transfer camera, 
which is a microlensed CCD chip incorporated into 
certain models of Cohu and Pulnix cameras. The camera 
can be configured to integrate over 1 /30 s and has the 
complete image frame in consecutive field transfers 
that can be merged in software. Another camera type 
from Cohu, which has a frame transfer CCD chip with 
dual charge storage cells, also outputs two consecutive 
fields (a full frame) with image data from a shot. 
However, it would have required development work 
by the manufacturer of the framegrabber/analysis 
system. We therefore stayed with the standard system 
that produces images with a spatial resolution of 
240 x 240 pixels, digitized 8 bits deep (identical to the 
Nova framegrabbing system). Higher spatial resolution 
is somewhat of a liability because of the increased 
storage space requirements and slower image analysis. 

We perform high-resolution imaging using a 
Macintosh-controlled scientific-grade CCD camera. 
The camera has 1024 x 1024 pixels digitized 14 bits 
deep, and is Peltier cooled to -55°C for low noise inte- 
gration and readout. It is especially useful in replacing 
the original film-based camera systems in the l w  
diagnostics, because film has poor sensitivity at 
1.054 p. An additional advantage of the high-resolution 

camera is that the results are immediately available for 
analysis. It was also used for high-resolution surveys 
of Beamlet using the alignment beam, where the high 
dynamic range proved extremely valuable. Because 
of our positive experience with these cameras, we 
purchased an additional camera, 512 x 512 pixels, 
which has a full 16-bit dynamic range. 

Data Acquisition System 
The Beamlet data acquisition system consists of a 

SUN Sparc Station operating LabVIEW software to 
control all the laser diagnostics. There are six types 
of diagnostic devices interfaced to this system: the 
Tektronix TDS-320 oscilloscope and SCD-5000 transient 
digitizer, HP 34401A and HI' 3478A voltmeters, IO-Tech 
digital IO box, and Kiethley 220 current source. The 
streak camera and high-resolution camera are operated 
in standalone mode, although the streak camera is 
initiated by the system trigger, and the high-resolution 
camera uses a software trigger through the IO-Tech 
box over the GPIB network. 

The National Instruments LabVIEW control system 
is used to provide setup, control, data acquisition, and 
analysis. Before a shot, each diagnostic has to be 
specifically activated and in some cases software- 
triggered. After everything is set up, the diagnostics 
operator selects a particular menu item to inform shot 
control that the diagnostics are configured and ready 
for the shot. Upon initiation of the main capacitor bank 
charge, the diagnostics control software interprets the 
shot state and takes background data on all the 
calorimeter channels; the shot either occurs before the 
voltmeters run out of buffer space or else is aborted. 
Following the shot, the acquisition system pauses until 
the calorimeter voltmeters have completed acquisition 
and then polls the diagnostics for data. The system 
acquires all the data from the remote devices, stores it 
to disk, then retrieves it for analysis. Thus if there is a 
storage problem, it is discovered immediately and 
steps can be taken to retrieve the data again from the 
instruments. Data analysis is limited to basic waveform 
analysis of the energy diagnostics, calculation of the 
round-trip cavity system gain, and display of the 
oscilloscope traces. 

Imaging diagnostics, other than the high-resolution 
camera, is operated by the Coherent Big-Sky system: 
which performs framegrabbing on 16 channels, simul- 
taneously. All of the cameras in the diagnostics system 
are routed to the 30 x 30 video switcher, which supplies 
the video signals to the Big-Sky system. The Big-Sky 
system receives a system trigger to select which frame 
to grab. After the shot, the diagnostic operator 
manually saves the results on the Big-Sky computer 
and transfers the video files to the SUN system for 
storage and archiving. 
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Summary 
We developed a comprehensive set of diagnostics for 

the Beamlet laser system to provide all of the information 
necessary for determining the laser performance. 
Optical transport systems for demagnifying laser beam 
samples in four separate diagnostics stations demonstrate 
low-aberration performance, which is key to obtaining 
far-field images of the lo beam at the output section. 
The primary energy diagnostics, absorbing glass 
calorimeters, are installed throughout the system and 
demonstrate outstanding accuracy and reliability. 
Calibration repeatability is well within +1%. New 
acquisition methods, such as using voltmeters to 
replace the Nova calorimeter amplifiers and analysis 
techniques adapted from the Optical Sciences Laser, 
enable us to achieve agreement between multiple 
calorimeters of much better than +5%. The imaging 
diagnostics make wide-scale use of CCD cameras, with 
nearly half the number of installed cameras as the 
Nova system. Beamlet is also the pioneer in using high 
spatial-resolution and high dynamic-range, scientific- 
grade CCD cameras to replace film for beam profiling 
and far-field imaging. The diagnostics were activated 
on time and were key to achieving the Beamlet 
performance goals. 
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MODELING BEAM PROPAGATION AND FREQUENCY 
CONVERSION FOR THE BEAMLET LASER 

1. M .  Auerbach 

Introduction 
The development of the Beamlet laser has involved 

extensive and detailed modeling of laser performance 
and beam propagation to: (1) predict the performance 
limits of the laser, (2) select system configurations 
with higher performance, (3) analyze experiments 
and provide guidance for subsequent laser shots, and 
(4) design optical components and establish compo- 
nent manufacturing specifications. 

In contrast to modeling efforts of previous laser 
systems such as Nova,l those for Beamlet include as 
much measured optical characterization data as possible. 
This article concentrates on modeling of beam propa- 
gation in the Beamlet laser system, including the fre- 
quency converter, and compares modeling predictions 
with experimental results for several Beamlet shots. It 
briefly describes the workstation-based propagation 
and frequency conversion codes used to accomplish 
modeling of the Beamlet. 

Propagation Modeling 
PROP92 is the new family of single-wavelength 

propagation codes. It includes PROPl, a code for 
one-dimensional geometries; PROP2, .a code for two- 
dimensional geometries; and HANK (derived from the 
HANKEL transforms), a code for circularly symmetric 
geometries. Multi-wavelength processes, such as 
frequency conversion, are modeled using other codes. 
Phase retardation, due to the nonlinear index of refrac- 
tion, is the only nonlinear process modeled in the 
PROP92 set of codes. The linear processes that are 
modeled include bulk and reflective losses and the 
refractive index effects on propagation length. Amplifier 
gain is modeled by treating laser slabs as Frank-Nodvick 
saturable amplifiers. The codes can thus model spatially 
varying gain, depletion of gain due to energy extrac- 
tion, and saturation effects at high extraction. 

The "chain editor" is a powerful feature of the 
PROP92 codes, which allows a complex laser system to 
be described using a compact, simple input format. By 
using simple path definitions, the laser beam can be 
propagated in a multitude of different paths. This is 
especially useful for Beamlet, which consists of a 
multipass amplifier cavity that uses a Pockels cell 
and polarizer to switch the beam out of the cavity. 

A useful feature of the PROPl and PROP2 codes is 
their capability to assign measured spatial distributions 
of gain, transmission, or phase to each optical 
component, which is crucial to accurate modeling of 
laser systems. Spatial gain distribution measurements 
of the interior and end slabs of the Beamlet amplifier 
are discussed in detail in "Design and Performance of 
the Beamlet Amplifiers," p. 18. (Specifically, Fig. 4 of 
that article illustrates the diamond, interior, and X slab 
configuration.) This data is stored in three files-one 
corresponding to the interior slab and one for each end 
slab configuration. In a PROPl or PROP2 input file, 
each file is assigned to the corresponding amplifier 
slab defined in the system configuration file. 

parts: (1) dynamic or "pump induced aberrations that 
are a result of thermally induced distortions produced 
by flash-lamp pumping of the laser slabs, and (2) static 
distortions that arise from optical inhomogeneities in 
the bulk optical material or surface imperfections caused 
by the finishing process. Beam-steering measurements 
have been performed to determine the pump-induced 
aberrations in each amplifier slab configuration as 
discussed in "Design and Performance of the Beamlet 
Amplifiers," p. 18. The static aberrations of amplifier 
slabs, potassium dihydrogen phosphate optical switch 
and converter crystals, and other optical components 
have been measured using phase shift interferometry. 
The phase map data are stored in files and can be 

The phase aberration data consists of two main 
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arbitrarily assigned as an aberration to an optical 
component. These phase maps range in size from 
40 cm x 40 cm to 3 cm x 3 cm. The larger maps contain 
phase data with ripple scale lengths resolved to a few 
millimeters. The smaller phase maps contain phase 
data with ripple scale lengths resolved to less than 
a millimeter. 

Transmission masks can also be used by the codes to 
simulate the effects of various apertures in the propagation 
path. The most important application for a transmission 
mask is to model a beam apodizer. For example, the 
input apodizer for Beamlet is a serrated aperture. The 
Beamlet input list references a file that holds a transmis- 
sion mask for a serrated aperture? This mask file was 
created using a code specifically designed to create 
serrated aperture transmission patterns. 

The PROP1, PROP2, and HANK codes are also 
capable of including spatial filter/optical relay 
information. The spatial filter is the optical component 
used to reduce or eliminate optical component noise. It 
consists of a set of confocal lenses and a pinhole. The 
pinhole can be circular or rectangular in shape. The 
parameters for defining the filter in the model are the 
focal length of the input lens, the magnification, and 
the size and shape of the pinhole. 

In Beamlet’s front end, there is an additional beam- 
shaping component, called a gain compensator mask, 
that compensates for the amplifier slab gain roll-off due 
to amplified spontaneous emission. In the following 
examples, the gain compensator produces a spatially flat 
intensity distribution in the output beam. Figure l(a) 
shows a calculated beam profile after it has passed 
through a compensator mask transmission profile, 
which is parabolic in the x-direction and uniform in the 
y-direction. The minimum transmission of the mask is 
0.3 and the spatial separation between the 0.3 trans- 
mission point and the near unity peak transmission is 
1.5 mm. Figure 1@) shows the measured profile of a 
continuous-wave laser beam after it has passed 
through one of the actual masks used in Beamlet. 

To illustrate the capability of the PROP92 codes, we 
modeled the 1,053-pm propagation through Beamlet 
using PROP2. The simulation corresponds to an actual 
experiment in which Beamlet produced 6.6 kJ of 
energy at 1.053 pm in a temporally flat pulse of 3 ns 
duration. Figure 2 shows a schematic of the laser system. 
The simulation starts at the serrated apodizer and ends 
at the input to the frequency converter. An output fluence 
of -9 J/cm2 is specified for a temporally flat pulse shape. 
PROP2 automatically calculates the input fluence and 
the temporal shape of the input pulse required for 
these output conditions. 

UCRL-LR-105821-95-1 

In the PROP2 simulation of Beamlet, the following 
”real” optical component characteristics were used: 

Small signal gain profiles for the amplifier slabs, 
Pump-induced aberrations for the amplifier slabs, 
Static, large-scale (L >1 cm) aberrations for the 

Static aberrations (L >2 mm) for the optical switch. 
amplifier slabs, and 
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FIGW 1. Comparison of (a) the modeled and (b) the measured 
transmission profiles of a continuous-wave laser beam through the gain 
compensation mask in the front end of Beamlet. (70-35-0195-0319pbOl) 
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In the actual Beamlet, the amplifier slabs also have minor 
small-scale phase aberrations (-h/100 peak-to-valley) 
that cannot be included in the modeling because of 
grid size limitations. Hence, we expect to see less small- 
scale modulation on calculated beam distributions as 
compared with actual beam distributions. In addition, 
PROP2 does not account for small obscurations that 
result from dust, scratches, or other minor imperfections 
in, or on, the optical components. These imperfections 
can lead to spikes in the fluence distribution. 

Figure 3(a) shows the PROP2 calculated lo fluence 
central spatial x-profile at the laser system output, 
which is at the input plane of the frequency converter. 
The modulation at the top of the profile consists of 
both small- and large-scale phase aberrations. The 
small-scale modulation is due to the small-scale aberra- 
tions associated with the optical switch. The large-scale 
modulation is associated with pump-induced aberra- 
tions and large-scale static aberrations assigned to the 
amplifier slabs. Figure 303) shows the corresponding 
measured near-field fluence profile. Note that the mea- 
sured small-scale modulation is larger than predicted 
with the model (not all the small-scale noise sources are 
included in the model). Large-scale modulation for both 

FIGURE 2. Schematic 
of the propagation path 
through the Beamlet 
laser system showing 
all the components 
from the serrated aper- 
ture in the front end to 
the frequency tripling 
system. This diagram 
shows optical compo- 
nents traversed by the 
beam during each pass. 
(70-35-0494-19OOpbOl) 

Serrated aperture 
+ gain corrector 

the measured and calculated profiles are comparable. 
To further illustrate Beamlet's modeling performance, 

we present the calculated and measured output fluence 
distributions of a Beamlet high-energy shot. In this 
case, the output pulse has an energy of approximately 
12 kJ and a 3.0-ns flat temporal shape. Figure 4 shows 
the calculated and measured central vertical profiles of 
fluence. The measured profile has more small-scale 
modulation than the model results since all small-scale 
phase noise sources could not be included in the calcu- 
lation. Figure 5 shows the histogram based on calculated 
fluence data and the histogram based on measured 
fluence data at the input to the frequency converter. 
Note that the measured histogram has a higher peak 
abscissa value than the calculated histogram. We 
attribute the difference in the histograms to the fact 
that the phase noise source for the model does not 
contain all the noise sources that exist in Beamlet. 

Frequency Conversion Modeling 
To complement the PROP92 propagation codes, we 

have developed a family of codes to model frequency 
tripling in a dual-crystal scheme. The results have been 

Frequency 
converter 

\ 

Booster Transport filter 

Pass 4 

Pass3 I 

Rod amp 
Pass 1 

Pass 2 

Pass 3 
Pass 4 

Output 
relay plane 

Relay and 
injection optics 

Spatial ll-slab long 
filter cavity amp 
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in excellent agreement with the experiment. These 
codes have the following modeling capabilities for 
two-crystal conversion schemes: 

Frequency tripling of plane-wave, steady-state 
electric fields; 
Frequency tripling of plane-wave, time-varying 
electric fields-to model beams with applied 
bandwidth; and 
Frequency tripling of spatially varying (two trans- 
verse dimensions) steady-state electric fields-to 
model tripling of lo field distributions calculated 
by the PROP2 propagation code. 
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FIGURE 3. Comparison of (a) the modeled prediction and (b) the 
measured horizontal intensity profile at the input to the frequency 
converter. The predicted mean output fluence is approximately 
9 J/cm2 at a pulse width of 3.0 11s and energy of 6.8 kJ. This com- 
pares with the measured energy of 6.6 kJ at a pulse width of 3.0 ns. 
(70-35-0195-0320pbOl) 

The codes account for the following physical processes 
and parameters: (1) Three-wave mixing (frequency 
doubling and frequency tripling), (2) nonlinear index 
phase retardation (B-integral), (3) paraxial diffraction 
and walkoff (spatially varying fields), (4) dispersion 
(temporally varying fields), (5) crystal bulk losses and 
surface reflections, and (6) crystal surface roughness 
(spatially varying fields). Item 6 is extremely important 
in modeling of 3 0  beam transport after the converters. 
Small-scale phase ripples on the 3 0  beam convert into 
intensity ripples by diffraction and nonlinear processes 
in 30 transport optics. These intensity ripples and the 
associated nonlinear growth can lead to optical damage 
or poor focusability of the beam, or both. 
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FIGURE 4. Comparison of (a) the modeled and (b) the measured 
horizontal intensity profile at the input to the frequency converter. 
The predicted mean output fluence is approximately 12 J/cm2. The 
output pulse is temporally flat with a width of 3.0 ns and an energy 
of 12.6 kJ. This compares with the measured pulse of 12.0 kJ at a 
pulse width of 3.0 ns. (70-354195-0318pbOl) 
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The time-dependent plane-wave code was used to 
model Beamlet's 3 0  output for a lo temporally flat input 
beam that is phase modulated at 30 GHz bandwidth 
and has a lo intensity range of 2-4 GW/cm2. Figure 6 
shows the calculated 3 0  conversion efficiency as a 
function of 10 intensity for the case of no-added band- 
width and 30-GHz bandwidth phase modulation. It 
also shows the measured 30 conversion efficiency values. 
The departure at high intensities between calculated 
and measured values is attributed to spatial intensity 
and phase variations in the actual beam compared 
with the ideal plane wave assumed in the model. Also, 
at high intensities, conversion efficiencies are more 
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FIGURE 5. Comparison of (a) the modeled and (b) the measured 
fluence histograms for the Beamlet performance with a 3.0-ns 
temporally flat pulse with an energy of approximately 12 kJ. The 
histogram for the measured data has a higher peak abscissa value since 
the model does not include all noise sources. (70-35-0195-0321pbOl) 

sensitive to crystal detuning errors. In the model, we 
assume a fixed set of detuning angles designed to give 
the maximum conversion efficiency. However, experi- 
mentally the crystal detuning angle is varied to try to 
achieve an optimum mix-ratio and conversion efficiency. 
The precision with which the crystal detuning angles 
can be set experimentally is limited by the accuracy of 
the crystal mounts and the accuracy with which the exact 
phase matching angle of the crystal can be determined. 

We have also used the frequency conversion code 
that allows transverse spatial variation in the electric 
field to model the near-field 3w intensity profile at the 
output of the Beamlet tripler. Figure 7 shows these 
results compared with the actual measured output. In 
this case, the mean input drive intensity is approximately 
3 GW/cm2 in a 3-ns square pulse and the measured 
conversion efficiency is about 80%. On average, the 
two profiles have the same amount of modulation, but 
their shapes are different since the calculation of the 
model input lo beam does not include all the optical 
component phase and noise sources that exist in the 
actual Beamlet laser system. 

Plane wave, 30-GHz bandwidth 
Beamlet data, 3-11s square pulse 0 

0 
0 1 2 3 

10 input intensity (GW/cm2) 

FIGURE 6. Calculated and measured values of 3 0  conversion 
efficiency as a function of input lo intensity with 30 GHz of band- 
width applied to the 10 input beam. (70-50-1094-3624pbO2) 
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Summary 
A new family of propagation and frequency conversion 

codes has been used to model Beamlet's performance. 
These codes incorporate many of the actual measured 
characteristics of the optical components. In general, the 
results of the model calculations are in good agreement 
with the measured Beamlet performance. The models 
have also proven to be a reliable tool for planning and 
guiding the experimental program. 
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FIGURE 7. Comparison of (a) the modeled prediction and (b) the 
measured conversion efficiency for the 30 fluence profiles at the out- 
put of the tripler crystal. (70-35-0195-0323pbOl) 
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THE ROLE OF THE NATIONAL IGNITION FACILITY IN THE 
DEVELOPMENT OF INERTIAL FUSION ENERGY 

€3. G. Logan 

scale of the facility, which is the minimum size required 
to achieve inertial fusion ignition. The technical goal of 
the US. Inertial Confinement Fusion (ICF) Program as 
stated in the current ICF Five-Year Program Plan' is 
"to produce pure fusion ignition and burn in the labo- 
ratory, with fusion yields of 200 to 1000 MJ, in support 

Introduction 
We have completed a conceptual design* for a 1.8-MJ, 

500-TW, 0.35-p solid-state laser system for the National 
Ignition Facility (NIF), which will demonstrate inertial 
fusion ignition and gain for national security, energy, 
and science applications. Figure 1 shows the size and 

7 Control room 

FIGURE 1. 
(40-00-02941 
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amplifier system 
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conversion 
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. The 192-beam National Ignition Facility will demonstrate inertial fusion ignition for defense, energy, and science missions. 
0498ZpbO2) 
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of three missions: (1) to play an essential role in accessing 
physics regimes of interest in nuclear weapon design ...; 
(2) to provide an above-ground simulation capability 
for nuclear weapon effects ...; and (3) to develop inertial 
fusion energy for civilian power production.” This article 
addresses the third goal-the development of inertial 
fusion energy (IFE). 

In October 1994, US. Department of Energy (DOE) 
Secretary OLeary made the official decision (Key 
Decision 1, or KD1) to proceed with the NIF. The 
achievement of inertial fusion ignition, NIF’s primary 
near-term goal, is a key to developing IFE. In addition, 
the NIF will provide the means of optimizing the con- 
ditions for minimum driver energy, power, pulse shape, 
and symmetry required to get ignition and gain in a 
cryogenic deuterium-tritium (DT) capsule. This is the 
most difficult and important test of the feasibility of IFE 
with any driver. In fact, the 1990 National Academy of 
Sciences (NAS) review3 of the ICF Program recom- 
mended glass lasers, as used in the NIF, as the only 
driver sufficiently mature to proceed with an ignition 
demonstration facility (i.e., the NIF). The review also 
noted that ignition in the NIF would be a prerequisite 
to any future inertial fusion facility, even with other, 
future drivers. 

The development of IFE requires both the NIF and a 
parallel development program in efficient, high-pulse- 
rate drivers. The NIF, due to its defense mission, is not 
required to provide laser pulses more frequently than 
several hours apart; to produce IFE in future power 
plants, about 5 pulses per second will be required. In 
addition to a higher pulse rate, an IFE power plant driver 
must be more efficient than the glass laser driver selected 
for the NIF. Thus, the NAS has also recommended con- 
tinued development of other driver technology for 
defense and energy applications beyond the NIF. As an 
example, the DOE recently approved KD1 for the first 
half of the Induction Linac Systems Experiments (ILSE)4 
to demonstrate the feasibility of heavy-ion accelerators 
as a candidate IFE driver. 

This article reports a variety of potential contribu- 
tions the NIF could make to the development of IFE, 
drawn from a nationally attended workshop5 held at 
the University of California (UC) at Berkeley in 
February 1994. In addition to demonstrating fusion 
ignition as a fundamental basis for IFE, the findings of 
the workshop, summarized later in this article, are that 
the NIF could also provide important data for target 
physics and fabrication technology, for IFE target 
chamber phenomena such as materials responses to 
target emissions, and for fusion power technology- 
relevant tests. The NIF’s contributions to IFE in all 

The NIF plays an important role in IFE development. 

88 

these areas will help define the corresponding design 
requirements for an integrated IFE technology test 
facility. to follow the NIF, referred to by the Fusion 
Policy Advisory Committee as the Engineering Test 
Facility (ETF).6 In particular, tests of both direct- and 
indirect-drive targets on the NIF will be critical to the 
selection of the ETF driver and of the targets that would 
be compatible for the chosen ETF driver. Figure 2 shows 
that the NIF plays a central role in decisions for any 
follow-on ICF facility, including the ETF, the Laboratory 
Microfusion Facility (LMF),2,7 and a possible combined 
ETF/LMF sharing a common driver.s This is true even 
for other driver technology options for the ETF shown 
in Fig. 2, since the NAS review3 noted that the most 
critical target physics issues (capsule symmetry, 
hydrodynamic stability, and fuel mix) that would be 
addressed in the NIF are common to all ICF and IFE 
target options. 

Summary of the 1994 NIF-IFE 
Workshop 

Scope of the Workshop 
Sixty-one participants from 17 U.S. organizations 

attended the NIF-IFE workshop convened at UC 
Berkeley on February 22-24,1994. The participants 
were briefed on the NIF laser and target area experi- 
mental capabilities, and then were asked to identify 
possible experimental approaches for the NIF to address 
critical IFE issues apart from driver development 
(since drivers other than the glass laser type used by 
the NIF will be developed for IFE). Nondriver-specific 
IFE issues in the areas of target physics, fusion chambers, 
fusion power technology, and target technology were 
drawn from recent power plant ~tudies.~-ll Rather 
than test specific IFE power plant designs, the NIF 
experiments will be used to provide data to improve 
understanding of generic target and fusion chamber 
physics and technologies relevant to IFE. Then, by 
experimentally benchmarking various design codes 
using the NIF data, those codes could be applied to 
many specific designs for future IFE power plants and 
for defining corresponding tests in the ETF following 
the NIF. 

The workshop participants considered possible NIF 
contributions in four IFE areas: target physics, target 
chamber dynamics, fusion power technology, and target 
systems. Examples in each of these areas will be discussed 
in the following sections. The participants considered 
experiments that were generally consistent with the 
flexibility of the NIF conceptual design.l However, 
recognizing the preliminary nature of the proposed 
IFE experiments, the participants recommended more 
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detailed designs of these experiments to adapt them to 
the NIF target chamber design, and to define IFE 
development needs prior to the possible fielding of 
such experiments in the NIF. 

IFE Target Physics Experiments 
Many of the most important target physics issues 

for IFE will be addressed by the planned experiments 
on the NIF for ICF ignition and defense sciences, using 
the flexibility of the NIF laser system. Each of the 192 
beamlets ampllfy independent light input pulses, allow- 
ing s i w c a n t  flexibility to produce variable pulse shapes 
up to 20 ns and in different illumination geometries, 
including both direct- and indirect-drive capabilities. 
Figures 3 and 4 show two possible configurations of the 
NIF target area for indirect- and direct-drive experi- 
ments, along with some schematic examples of targets 
that might be tested in each beam configuration. For 
example, in Fig. 3, the indirect-drive target is relevant 
to heavy-ion IFE concepts,ll and in Fig. 4, the direct- 
drive target shown is relevant to Fast Ignitor12 and 
Diode-Pumped Solid State Laser13 IFE options. Figure 4 
also shows another target using the direct-drive NIF 
laser beam configuration that could simulate indirect- 
drive light-ion-type targets. The NIF ignition target 
physics program will explore a range of target yields 

and gain, studying capsule implosion characteristics 
and symmetry requirements, and capsule ignition and 
burn physics. In parallel with this effort, there will be 
development and benchmarking of ICF theoretical 
models and simulation codes also needed for the 
understanding of target physics requirements for IFE 
with laser as well as other drivers, and for direct-drive 
as well as indirect-drive targets. 

Beyond the target physics experiments planned for 
the initial ignition campaign for ICF and defense appli- 
cations, NIF can also perform experiments to explore 
target physics issues specific to IFE. Table 1 lists IFE 
target physics issues for generic ion and laser drivers, 
and for direct- and indirect-drive illumination geome- 
tries. The spaces marked with an " X  in Table 1 list 
those target physics issues that could be largely resolved 
using the NIF capabilities; the NIF can resolve most 
IFE target physics issues. The Omega Upgrade, PBFA 
11, and other ICF facilities around the world will be 
able to address the remaining issues. The completion of 
these experiments will provide the target physics basis 
to proceed with an ETF. 

Figure 5(a) shows a typical indirect-drive target for IFE 
using heavy-ion drivers, compared with a typical target 
planned for the NIF ignition tests shown in Fig. 5(b). 
The heavy-ion IFE target in Fig. 5(a) is based on the 
work of Ho and Tabak.14 The driver energies, target 
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FIGURE 2. The national ICF/IFE program strategy. The NIF provides data critical to driver and target decisions for the ETF facility options, 
providing integrated IFE technology development. Development of a suitable chamber technology in the ETF, by upgrading one of the 
ETF chambers to a accommodate a higher average fusion power, can lead to a demonstration power plant by 2025. Gray lines indicate an 
optional path. (05-00-0295-0387pbOl) 
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fusion yields, capsule convergence ratios, in-flight 
aspect ratios, capsule implosion speed, maximum 
compressed fuel density, and maximum hohlraum 
temperatures for each case are compared in the table 
immediately below the target cross sections [Fig. 5(a)l. 
The comparison shows that the NIF targets will achieve 
target parameters either comparable to, or more chal- 
lenging than, those required for the IFE target. 

Target Chamber Dynamics Experiments 
Three of the basic target chamber dynamics issues of 

IFE identified from past IFE power plant conceptual 
design studies9-11 that can be addressed on the NIF are 
(1) characterization of IFE target soft x-ray and debris 
emissions, (2) the response of first-wall materials and 
protective wall fluids to those target emissions, and 
(3) the subsequent gas dynamics of the vapor blow-off 
in chamber clearing, vapor condensation, and vacuum 
recovery. The NIF has a larger laser energy than the 
existing Nova laser at LLNL, so that tests of the above 
three issues are possible on material samples large 
enough to exhibit temporal and spatial scales more rel- 
evant to IFE, and at energy fluxes representative of a 
power plant. A typical NIF target output at a full target 
yield of 20 MJ will put -48 J/cm2 of soft x rays and target 
debris plasma on surfaces -1 m away from the target, 
similar to the deposition from 350-MJ yields on walls 
-4 m away in an IFE power plant target chamber. Thus, 

the NIF can provide a reduced-scale test chamber 
environment representative of an IFE power plant for 
a limited number of shots. There are also a number of 
one- and two-dimensional (1 - and 2-D) hydrodynamics 
and radiation-hydrodynamics codes that could be cali- 
brated and improved with NIF chamber dynamics data, 
including CONRAD,'~ HYADES>6 SIUPLJFF>7 L2D,18 
PHD-4,19 and TSUNAMI.I9 To acquire the data needed 
for these codes, NIF chamber dynamics experiments 
will need new diagnostics to measure the ion velocities 
(energies), species, and flux originating from targets, 
and modest improvements of existing instruments to 
measure gas dynamics and condensation phenomena 
(such as fast-response pressure transducer arrays). 

ment designed to test the predictions of a chamber 
dynamics code such as TSUNAMI. The test assembly 
consists of a conical chamber in which a test material 
at the back surface is ablated by x rays that are admitted 
through a hole in the larger front plate. The conical shape 
will provide a better test of the 2-D modeling capabil- 
ity of the codes than would a cylindrical chamber. The 
high fluences attainable on the NIF will permit the use 
of a relatively long chamber (for longer time-scale gas 
dynamics) while still providing a large amount of 
ablated vapor from the rear surface. 

The table in Fig. 6 immediately below the drawing 
shows how this NIF experiment is a relevant test to IFE 
first-wall designs (OSIRIS, HYLIFE-I1 and CASCADE), 

Figure 6 shows an example of a possible NIF experi- 

FIGURE 3. The 192 
beams of the NIF 
configured for indirect- 
drive are distributed 
around two pairs of 
cones with a vertical 
axis of symmetry. 
Examples of indirect- 
drive targets are shown 
on the right. 
(40-00-0894-3299pbOl) 

NIF indirect-drive laser target 

Heavy-ion-relevant 
simulation target 
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in the areas of x-ray fluence, ablation depth, and time 
scale for the ablation of material. Passage of the 
expanding vapor is recorded by pressure transducers 
placed along the length of the cone. This information 
will enable the confirmation of model predictions of 
velocities and shock reflection strengths (from the 
plate at the large end of the cone). The experiment will 
also allow estimates of condensation rates to be 
obtained from the reduction in pressures at later times. 
Distribution of condensed material will be determined 
from post-shot analysis of the cone's inner surface. 

Fusion power technology (FPT) in an IFE power plant 
includes components whose primary functions are 
energy conversion, tritium production and processing, 
and radiation shielding. The dominant issues for FPT 
in IFE power plants involve the nuclear and material 

Examination of the ablated disk after the shot will 
determine the amount of material ablated, an impor- 
tant input parameter for the gas dynamics calculations. 

Fusion Power Technology Experiments 

NIF direct-drive laser target 

Light-ion-relevant 
simulation target 

gas or 
foam 

FIGURE 4. By moving 
24 final beam optics 
assemblies to the equa- 
torial plane and repoint- 
ing each beam, direct- 
drive experiments with 
beam clusters illuminat- 
ing the capsule on 48 
spherically symmetric 
points can be per- 
formed. The light-ion 
simulation target is a 
potential indirect-drive 
target using a doped- 
foam soft-x-ray con- 
verter, but uses the NIF 
direct-drive-illumina- 
tion configuration for 
symmetry reasons. 
(40-00-0894-3299pbO2) 

TABLE 1. IFE target physics issues for ion and laser drivers, direct and indirect drive. An " X  indicates issues that can be largely resolved 
with the NIF capabilities. 

Ion drivers Laser drivers 
Direct Indirect Direct Indirect 

Usability of a variety of pulse shapes 
Radiation flow, illumination geometry, and internal pulse shaping 
Sensitivity of capsules to radiation asymmetry 
Materials issues (capsule, hohlraum, ablator) 
Fabrication surface finish and precision 
Capsule mounting and injection X 
Power vs energy trade-offs X 
Output spectra and shielding X 

Advanced targets X 

X 
X 
X 
X 
X 

Reduced tritium X 

X 
X 

X X X 
X X 
X X 
X X 
X X 
X X 
X X 

X X X 
X X X 
X X X 
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performance of components so as to achieve economic 
competitiveness and to realize safety and environmental 
advantages. The NIF will provide valuable information 
to IFE FPT, both with the demonstrated performance 
and operation of the basic facility itself and with data 
obtained from experiments designed specifically to test 

(a) Heavy-ion fusion target D-T fuel capsule 

Hohlraums 

1 Heavy-ion beams 

Heavy-ion fusion target NIF target 

Driver energy (MJ) 
Yield (MJ) 
Convergence ratio 
In-flight aspect ratio 
Imploded speed (cm/ys) 
Max density p (kg/m3) 
Max hohlraum temp (eV) 

(b) NIF target 

4 to 6 1.8 
300 to 450 15 

27 36 
40 45 
32 41 

260 300 
6.5 x lo5 1.2 x lo6 

0.35-pm laser beams 
in two cone arrays J 

Hohlraums 

FPT issues. The NIF's relevance to FPT is in its proto- 
typical size and configuration and its prototypical 
radiation field (neutrons, x rays, debris) spectra and 
intensity per shot. The most important limitation of the 
NIF for FPT experiments is the low repetition rate (low 
neutron fluence). The most important contributions of 
NIF to FPT development for IFE are the following: 

1. Fusion ignition. 
2. Design, construction, and operation of the NIF 

(integration of many prototypical IFE subsystems. 
3. Viability of first-wall protection schemes. 
4. Dose rate effects on radiation damage in materials. 
5. Data on tritium burnup fractions in the target, 

some important tritium inventory and flow rate 
parameters, and data on achievable tritium 
breeding rate in samples. 

and radiation shielding. 
6. Neutronics data on radioactivity, nuclear heating 

Figure 7 depicts an example of a possible NIF exper- 
iment addressing item 3: a NIF experiment to study the 
recovery of a protective liquid metal film flow following 
the effects of pulsed heating by the target output of soft 
x rays, target plasma debris, and neutrons, analogous to 
the first-wall protective film invoked in the Prometheus 
studylo In addition to soft x rays and target debris, the 
NIF target would generate 14-MeV neutrons/shot, 
sufficient to test liquid jet breakup at 25 to 50 cm distance 
due to isochoric neutron heating representative of the 
liquid-wall HYLIFE-I1 IFE concept.12 

Test material 
for ablation 

Post shot -- 
analysis - - 

,P Transducer 
shield 

X rays 
from target 

Capsule 
TFE first wall 

FIGURE 5. Key target parameters compared between (a) a heavy- 
ion target design for an IFE power plant, shown in schematic views, 
and (b) a typical NIF ignition target. (70-37-0894-3150pb04) 

NIF experiment OSIRIS HYLIFE-I1 CASCADE 

X-ray fluence 200 J/cm2 60 J/cm2 2000 J/cm2 60 J/cm2 
at radius 0.4 m 3.5 m 0.5 m 3.1 m 

Ablation 20 pm 20pm 200pm 3pm 

Time scale 40 ys 100 KS 50 FS 90 p5 

FIGURE 6. An experiment on the NIF to calibrate gas dynamic codes. 
The x-ray fluence, ablation depths, and time scales for the NIF exper- 
iment shown are comparable to many cases of interest in IFE first-wall 
concepts. Where the parameters differ, the NIF experiments can still 
be useful to calibrate the computational model. (05-00-0894-3048pb02) 
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One of the more unique features the NIF can provide 
is a very high dose rate in each shot that can be equiva- 
lent to 10-1000 displacements per atom per second. Even 
with single shot operation, the NIF will be useful for 
basic physics of radiation effects in materials. Examples 
include cascades (morphology, size, fraction of free and 
clustered defects, impurities), microstructural evaluation, 
electrical properties, optical properties (fiber optics, 
coatings), and molecular cross linking. In some low- 
activation materials like Sic, we predict that such a 
large number of damage sites can be produced in each 
pulse that the collection of interstitial atoms produced 
from one damage site can combine with the vacancies 
created not only at that site, but also from nearby sites. 
This would lead to higher recombination rates of inter- 
stitial atoms with vacancies than the steady-state situa- 
tion. The very high neutron dose rates provided by the 
NIF allow these dose rate effects to be tested. 

One predictive technique that can calculate and 
interpret material responses to NIF neutron damage is 
called Molecular Dynamic Simulation (MDS).20 MDS 
calculates responses at an atomic level by quantifying 
the response of a 3-D matrix of atoms to so-called 
"knock-on" atoms that impinge on the matrix from a 
range of angles and with a range of energies, as would 
result from an incident neutron flux. Potentially, MDS 
capabilities include predicting for a material the num- 
ber of vacancies and interstitials that will result from 
a neutron irradiation pulse, the cluster fraction of 
defects, atomic mixing and solute precipitation, and 
phase transformations. 

Target 

- 

-25 cm 

L 

IFE Target Systems 
The workshop separated IFE target systems topics 

into three broad areas: IFE target fabrication, IFE target 
transport, and IFE target systems. The following sub- 
sections discuss each of these areas, including some of 
the issues that must be resolved to successfully develop 
an IFE power plant, and examples of experiments that 
could be done in the NIF to help resolve these issues. 

IFE Target Fabrication 
IFE target fabrication includes target materials and 

configuration selection, capsule production, hohlraum 
production, target assembly, characterization, fill, and 
layering. The targets that fuel an inertial fusion power 
plant based upon the indirect-drive approach will be 
similar to the ignition and high-gain targets developed 
for the NIF. There are differences, however. The IFE fuel 
capsules will be two to three times larger in diameter. 
For a laser driver, hohlraums will scale similarly, but 
ion targets will require substantially different hohlraums 
and x-ray converters. As with NIF high-gain targets, 
IFE targets will be cryogenic. The major issues associ- 
ated with developing these targets, broadly stated, are 
(1) assuring the target component quality specifications 
as sizes increase and fabrication techniques change; 
(2) assuring a fast enough fuel fill rate to be able to 
maintain the plant's tritium inventory at acceptable 
levels; and (3) developing fabrication and inspection 
techniques that produce high-quality, economically 
viable targets. A fourth issue, dealt with in the section 
below on target transport, is providing targets that can 

Fits within a 12-in. 
(31-cm) NIF 
manipulator tube 

,,P Pressure transducer 

Interferometers 

FIGURE 7. Example of 
a protective liquid 
metal film flow experi- 
ment on the NIF (not 
drawn to scale). The 
debris window might 
be removed to study 
effects of soft x rays 
and debris separately. 
(05-00-0295-0386pb01) 

Target to experimental set up 
k-1-1.5m-4 
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withstand the accelerations attending chamber injec- 
tion and that can withstand the chamber environment 
once injected. 

Table 2 lists more fine-grained issues that must ulti- 
mately be addressed to produce and use IFE targets, 
and an assessment of the importance of the NIF in 
developing solutions. Those that require full scaling to 
IFE sizes, such as the effect of cryogenic layer quality 
on gain, cannot be completely tested to ignition on the 
NIF. Those that do not require such scaling, such as 
materials choices and automated cryogenic assembly 
techniques, should be tested on the NIF. The NIF 
would be a unique test bed, since the relevant test of 
success is ignition. 

IFE Target Transport 
Under the category of target transport, we include 

both transport from the target fabrication facility to the 
target injector and the injection of the target to the point 
of ignition. Completed targets will be stored in a cryo- 
genic storage system prior to transport to the injector 
and must be kept at constant temperature throughout 
the entire transport and injection process. Even after 
the target leaves the injector and enters the chamber 
environment, the allowed temperature rise of the cryo- 
genic fuel is very low, estimated to be less than 0.2 K. 
Targets must also survive the acceleration process. The 

TABLE 2. IFE target fabrication and target transport issues. 

target transport issues for IFE are listed in Table 2. As 
indicated, the NIF will be useful for addressing many 
of these issues. 

IFE Target Systems 
Target fabrication and injection systems for IFE will 

require developments listed in Table 3. For each target 
development activity, Table 3 indicates whether the 
development is needed for the ICF ignition campaign 
as well as for IFE (”Needed for NIF),  needed specifi- 
cally for IFE and able to be tested in the NIF (“Needed 
for NIF-IFE experiments”), or needed specifically for 
IFE beyond that which is to be tested in the NIF 
(”Needed for IFE). The last column on the right in 
Table 3 indicates, where applicable, in which ongoing 
ICF program each target development activity would be 
included. The label “B-target fabrication development 
activity” indicates that the activity would be included 
as part of the present ICF base program for development 
on noncryogenic targets, and the label ”D-National 
Cryogenic Target (R&D) Research and Development 
Program” indicates the activity would be part of the 
ICF Program to develop smooth DT cryolayer targets, 
initially for the Omega Upgrade direct-drive tests and 
later for the NIF. Some of the target fabrication issues 
must be faced early to field ignition targets on the NIF 
and will require continuation and expansion of current 

NIF usefulness* NIF uniqueness** 
Target Fabrication 

Low-cost mass-production techniques for capsules and their effect 
on quality, materials choice and gain 

2 3 

Low-cost mass production techniques for laser driver hohlraums 
The effect of cryogenic layer quality on gain 
Automated cryogenic assembly techniques 
Fast fill techniques for low tritium inventory 
High-throughput quality inspection techniques 

Target Transport 

Injection techniques for high-rep-rate cryogenic operation 
Time and space accuracy and sensing 
Integration 
Target survival under acceleration 

Thermal protection and temperature control 

Chamber environment effects on trajectory 
Demonstration of high-rep-rate operation 

0 
0 

2 

2 

2 

1-2 
2 

1 
1 

1-2 

3 

2 
3 

3 

* Usefulness: 3 = complete resolution; 2 = partial resolution; 1 = useful information; 0 = no use. 
**Uniqueness: 3 = NIF unique and required; 2 = NIF not unique but could be used; 1 = issues addressed better or cheaper in new facility; 

0 = issues addressed better or cheaper in existing facility. 
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target development activities. The proposed testing in 
the NIF of IFE-relevant targets will require that those 
targets first be developed. Relatively little has been done 
in that area to date, and the workshop recommended a 
program of target design and fabrication R&D to have 
prototypical IFE targets ready for testing on the NIF. 
This testing will come after the NIF primary mission of 
ignition has been achieved, which is about 5 yr after 
the startup of the NIF. 

Cryogenic ignition experiments on the MF will require 
cryogenic target transport systems. Development of 
these systems will benefit greatly from work on similar 
systems being developed for OMEGA Upgrade. IFE 
will require sophisticated target injection and tracking 
systems that have yet to be seriously studied. IFE target 
experiments on the NIF will require that a portion of 
the development needed on these systems be done. The 
workshop recommended that IFE tracking and pointing 
studies be done now to define the systems that could 
be tested on the NIF, followed by development of the 
required hardware for these experiments. These exper- 
iments would logically follow the static tests of IFE 
prototype targets described above. 

The NIF can provide integrated performance tests of 
candidate IFE targets as a function of reduced precision 
and manufacture cost. A series of non-ignited model 
targets could be injected in a 5-Hz burst, by stagger- 
firing 2-4 groups of laser chains -100 ms apart, to test 
the repeatability of beam-target engagement accuracy 
in a multishot chamber environment. Since each of the 
192 beamlets of the NIF can be fired separately, this type 
of experiment should be possible. It would also be useful 
to conduct experiments where uniform illumination 
of a target could be obtained using only a fraction 
(e.g., 1/4 or 3/4) of the beams. 

Conclusions 
The role of the NIF can uniquely cover a large 

and essential portion of needed IFE development in 
four areas. 

1. IFE target physics and design/performance opti- 
mization. NIF target physics experiments with 
both direct and indirect drive will give us the data 
needed to predict the minimum driver energy, 
power, pulse shape and symmetry requirements 
for a variety of potential IFE drivers and targets. 

TABLE 3. IFE target systems R&D needs. 

Needed for: 
Development Item NIF NIF-IFE experiments IFE Current R&D activity* 

Target Fabrication 
Targets for Ignition 

Ignition target design 
1-3-mm capsules 
High-pressure DT fill and condensation 
Cryogenic layering 
Cryogenic characterization 
Cryogenic assembly 

IFE target design 
IFE target fabrication 
Cost-effective fabrication 

Targets for IFE 

Target Transport 
Transport Systems 

Transport to reaction chamber 
High through-put transport 

Stationary mounting system 
Free-fall injection 
High-speed injection 
High-rep-rate, rad-hardened injection 
Target tracking 
Hardened target tracking 

Injection and Tracking 

X 

X 

X 
X 

X 

X 
X 

X 

X 

X 

X 

- 
X 
X 

X 
X 

- 
X 
X 

C 
- 

C 

*A = NIF design activity; B = target fabrication development activity; C = OMEGA Upgrade design; D = National Cryogenic Target Research 
and Development Program. 
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2. IFE fusion chamber dynamics and first-wall 
response. Using the output of ignited targets, NIF 
experiments will be able to characterize radiation, 
shock, and debris effects on various first-wall can- 
didates and on driver/reactor interface systems, 
providing the data necessary to design multiple 
pulse and high-rep-rate experiments for the ETF. 

3. IFE fusion power technology, materials science and 
safety. NIF experiments will be essential for cali- 
brating and improving the predictive capabilities of 
x-ray debris, and neutron emissions and their effects 
on tritium handling, nuclear heating, materials, 
and safety and the environment. The NIF facility 
will be prototypical of future IFE power plants in 
these areas. 

4. IFE target systems tests of precision and perfor- 
mance of mass-fabricated IFE targets and high- 
rep-rate target-injection systems. NIF experiments 
can study the target manufacturing tolerances 
required for mass production and the positioning 
requirements of the injection, tracking, and beam 
pointing systems. 

In conclusion, the NIF will be a centrally important 
experimental facility to support a broad range of research 
on the IFE development path. 
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Introduction Theory 
Indirect-drive targets planned for the National 

Ignition Facility (NIF) laser consist of spherical fuel 
capsules enclosed in cylindrical Au hohlraums. Laser 
beams, arranged in cylindrical rings, heat the inside of 
the Au wall to produce x rays that in turn heat and 
implode the capsule to produce fusion conditions in 
the fuel. Detailed calculations show that adequate 
implosion symmetry can be maintained by filling the 
hohlraum interior with low-density, low-Z gases.l The 
plasma produced from the heated gas provides suff i- 
cient pressure to keep the radiating Au surface from 
expanding excessively. 

As the laser heats this gas, the gas becomes a rela- 
tively uniform plasma with small gradients in velocity 
and density. Such long-scale-length plasmas can be 
ideal mediums for stimulated Brillouin Scattering (SBS). 
SBS can reflect a large fraction of the incident laser 
light before it is absorbed by the hohlraum; therefore, 
it is undesirable in an inertial confinement fusion (ICF) 
target. To examine the importance of SBS in NIF targets, 
we used Nova to measure SBS from hohlraums with 
plasma conditions similar to those predicted for high- 
gain NIF targets. The plasmas differ from the more 
familiar exploding foil or solid targets as follows: 
they are hot (3 keV); they have high electron densities 
(ne = 1021cm-3); and they are nearly stationary, confined 
within an Au cylinder, and uniform over large dis- 
tances (>2 mm). These hohlraums have <3% peak SBS 
backscatter for an interaction beam with intensities of 
1 4  x 1015 W/cm2, a laser wavelength of 0.351 p , f / 4  
or f/S focusing optics, and a variety of beam smoothing 
implementations. Based on these conditions, we conclude 
that SBS does not appear to be a problem for NIF targets. 

UCRL-LR-105821-95-2 

In the NIF targets, the laser beams will propagate 
through several millimeters of plasma (ne - 1021cm-3) 
before depositing energy in the hohlraum wall. In this 
case, ne/n, - 0.1 for 0.351-pm light, where n, is the 
critical density or the maximum density through which 
light of a given wavelength can propagate. The fraction 
of the laser energy that is collisionally absorbed in the 
low-Z (low atomic number) gas fill is modest (-10% at 
the peak of the laser pulse). However, estimates based 
on simple linear gain theory generate concern that SBS 
reflectivities could exceed acceptable levels for the 
large-scale-length plasmas in these targets. 

occur in a plasma. In the case of SBS, the laser light 
reflects off of an ion-acoustic wave in the plasma. A 
chain of events occur if certain resonance conditions 
are met: the size of the ion-acoustic wave increases, 
which causes the scattered light to increase, which 
causes the ion-acoustic wave to increase, etc., until 
nonlinear effects limit the process. SBS reflectivity 
>lo% may unacceptably degrade target performance 
by reducing the energy available for radiation heating 
and/or by disrupting symmetry. 

are weak (although they limited the growth region for 
SBS in previous experiments); however, damping of 
the SBS-produced ion waves by light ions in the gas fill 
is efficient2 and limits the SBS gain coefficient. Predicted 
gain coefficients for NIF plasmas, using linear theory, 
are >20, whereas gains of 4 5  are required to insure 
reflectivities of 10% or less. For such large gains, theo- 
retical estimates3 indicate that nonlinear mechanisms 
will limit the scattering to lower levels. Because non- 
linear damping is difficult to calculate, we must do 
experiments to verify these estimates. Previous SBS 

SBS is one of several parametric instabilities that can 

In the NIF plasmas, density and velocity gradients 
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experiments are insufficient, since the plasma conditions 
in past studies4 differ significantly from expected NIF 
conditions. For those exploding foil or solid targets, 
where scale lengths <1 mm and electron temperatures 
Te - 0.5-2 keV were typical, SBS is limited by detuning 
(loss of phase matching conditions), due to gradients in 
the flow velocity. The lack of quantitative theoretical 
understanding of those experiments discourages 
extrapolation to NIF conditions. There is little data on the 
effect of various beam-smoothing techniques, or increased 
laser bandwidth, interacting with NIF-type plasmas. 

and temporal smoothing 
methods such as smoothing by spectral dispersion 
(SSD)6 are commonly used in laser-plasma interaction 
experiments to increase the time-averaged beam uni- 
formity at the target plane. The idea is to avoid having 
higher-than-average intensities in the interaction region, 
since high intensities more easily drive SBS. Localized 
regions of higher intensity can occur because of imper- 
fections in the laser beam. They can also occur when 
there is filamentation of the beam in the plasma. The 
filamentation instability has thresholds very similar to 
those for SBS, and can be initially seeded by imperfec- 
tions in the laser beam. The smoothing techniques 
reduce the intensity variations in the beam but on a 
time scale that is often comparable to the SBS growth 
time. The interactions among SBS, filamentation, and 
the short-time-scale smoothed beam are complicated 
and not completely understood. One goal of these 
experiments is to test the f-number and temporal 
smoothing scale of SBS. 

Instability growth in an RPP intensity distribution7 
can vary with the size of the speckles. The role of 
speckles in determining instability levels is important 
for NIF because the underdense plasma size is large 
compared with the speckle length of the proposed f / 8  
beam focusing. In simulations,8r9 f/8 beams filament 
more than f/4 beams. Three-dimensional simulationslO 
show that SBS reflectivity, unlike filamentation, is not 
directly limited by the speckle length. In these simula- 
tions, SBS grows over the entire resonant region, which 
is several speckles long, with a total gain greater than 
that calculated for the average intensity. However, even 
if the bandwidth is less than the SBS growth rate, tem- 
poral smoothing reduces SBS by partially destroying 
the cooperative scattering among hot spots. Modification 
of the RPP intensity distribution by filamentation could 
also affect SBS. For the plasma parameters of these 
experiments and laser intensity I - 2 x 1015 W/cm2, 
simulations indicate that f/4 speckles are stable to 
filament but f/S speckles are ~ns t ab le .~  Temporal 
smoothing makes filamentation more difficult because 
the filament must form rapidly, before the hot spot 
moves to a different location. 

Random phase plates 

Experiment 
We use the Nova laser to produce plasmas with con- 

ditions similar to those predicted for NIF hohlraum 
targets and to measure SBS from these plasmas. In these 
experiments, the targets are cylindrical Au hohlraums 
with a length and diameter of 2.5 mrn? The hohlraums 
do not contain capsules, but are filled with neopentane 
(C5H!2) gas at a pressure of 1 atm (ne = 1021cm-3 when 
fully ionized). For some targets, a trace of Ar is also 
added for diagnostic purposes. As shown in Fig. 1, the 
gas is contained by two polyimide (C2,H,,N20,) 
windows -6500 A thick. Nine of Nova’s beams are used 
to heat the gas with -30 kJ of 0.351-p light in a 1.4-ns 
shaped pulse. The tenth beam is a probe, or interaction, 
beam whose intensity, pulse shape, f-number, and 
“smoothness” are varied. The SBS backscatter intensity 
and spectrum from the interaction beam are measured 
with temporal resolution of 100 ps and spectral resolu- 
tion of 1 A. The interaction beam has a trapezoidal 
pulse with a -600-ps flat top and a -300-ps rise and 
fall time. The interaction beam is typically delayed 
-600 ps relative to starting the heating beams and is 
smoothed spatially with an Rl’E providing peak average 
intensities in the range of 1 4  x 1015 W/cm2. Temporal 
smoothing is done either by SSD with FM bandwidth6 
or by four colors. (See ”Four-Color Irradiation System 
for Laser-Plasma Interaction Experiments,” p. 130 of 
this Quarterly for a discussion of four-color systems.) 
The four-color scheme propagates four different fre- 
quencies through four quadrants of the laser. The 
focusing lens overlaps the frequencies at the focal 
plane. The line separation is 61  = 4.4 A at 1.053 prn for a 
total line width of 13.2 A for these experiments (four- 
color bandwidth with 61 E 10 A is proposed for the NIF). 

To produce a uniformly hot plasma inside the Nova 
hohlraum, a substantial fraction of Nova’s energy 
(-12 kJ) must be coupled to the gas. Because the 

Interaction 

Heater beams 

Polyimide / 
window 

Au wall 1 Neopentane 
gas fill 

FIGURE 1. Schematic diagram of the target geometry Shaded 
regions show the focusing and pointing of the heater beams (light 
shading) and interaction beam (dark shading). (lo-01-0395-0652pbOl) 
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absorption length exceeds the target size for the 
temperatures of interest (>5 mm for 0.351-p light at 
Te = 3 keV), the energy absorbed in the gas is determined 
by the laser-path length. The heater beam geometry 
(shown in Fig. 1) has the long path length necessary to 
maximize the absorption in the gas and to produce the 
desired plasma temperature. We also use a ramped 
pulse for the heater beams, which keeps the initial 
intensities low, to minimize scattering from the solid 
window material or the initially cold fill gas. 

The detailed plasma conditions for the Nova gas-filled 
hohlraums and NIF targets are obtained from two- 
dimensional LASNEX12 simulations. The simulations are 
cylindrically symmetric about the hohlraum axis and 
include the Au hohlraum wall, the gas fill (including 
dopants in the Nova targets), the membrane over the 
laser entrance hole (LEH) which confines the gas, and 
(in the case of the NIF target) the capsule. Standard 
LASNEX models are used for Lagrangian hydrody- 
namics, laser absorption, electron and radiation 
transport, and nonequilibrium atomic physics. The 
simulations predict that a uniform plasma (-2 mm long) 
with ne - 1021cm-3, Te - 3 keV, and flow velocity 
<107cm/s is maintained for longer than 0.5 ns during 
the peak of the interaction pulse. Under these conditions, 
the small signal intensity gain coefficient for SBS is 

where 3L is the laser wavelength and L is the plasma 
length, both in micrometers; Te is in keV; ma and vi are 
the ion-acoustic-wave frequency and amplitude damp- 
ing rate, respectively; and I is in W/cm2. 

To illustrate the similarity between plasma condi- 
tions in NIF target designs and these Nova gas-filled 
hohlraums, Table 1 summarizes the SBS gain and the 
calculated values of the plasma parameters in the 
underdense plasma that determine the gain. 

The Nova plasma parameters are within -50% of 
the NIF values except for the Ti/Te ratio (where Ti is 
the ion temperature), which is lower in the Nova targets 

TABLE 1. Comparison of selected plasma parameters for Nova gas- 
filled hohlraums and NIF targets. 

Nova NIF 

Interaction length -2 mm -3 mm 
Line density (ne/n,)  dl -0.2 mm -0.3 mm 
Te 3 keV 5 keV 
Ti/Te ratio 0.1-0.2 0.4 
Gain coefficient G,, 
(2x1o'5w/cm2) 22 21 

due to the shorter time available for electron-ion equi- 
libration to occur. This difference leads to larger ion 
acoustic wave damping vi in NIF than in Nova targets.2 
However, the difference in path length compensates to 
give similar gain coefficients for NIF and Nova targets 
at the same intensity ( I  = 2 x 1015 W/cm2). Hence, these 
Nova targets access conditions that are very similar to 
NIF designs both in SBS linear gain and in the individ- 
ual plasma parameters that determine the scattering 
characteristics. Calculated gain coefficients for the 
highest-intensity Nova experiments (I 5 x W/cm2) 
exceed the NIF value by more than a factor of two. 

We performed extensive characterization to assure 
that predicted plasma conditions were achieved in the 
underdense plasma. The Te is inferred from both single- 
element and isoelectronic line ratios13 using Ti/Cr or 
K/C1 spectra from thin foils placed in the path of the 
interaction beam. In the isoelectronic technique, one 
looks at x rays emitted from different ions, which 
contain the same number of electrons (e.g., x rays from 
Ti and Cr ions that each contain one electron "H-like"). 
The ratio of the x-ray intensity from these differing ions 
is temperature dependent, but is nearly independent 
of other parameters, such as density.13 This makes the 
analysis and interpretation of the data more straight- 
forward. Detailed analysis of the isoelectronic spectra 
confirms that Te > 3 keV during the interaction p ~ 1 s e . l ~  
Time-resolved measurements without the interaction 
beam verify that electron conduction provides good 
temperature uniformity. Several diagnostics characterize 
the propagation of the heating beams through the 
(initially) cold gas. A streaked x-ray spectrometer 
records the temporal history of Au M-band x rays 
emitted through the LEH. This measures the time at 
which the laser beam begins to heat the Au wall of the 
hohlraum; from this data, we can deduce the average 
beam propagation speed through the gas. Time-gated 
(A00 ps) x-ray images, dominated by emission from 
1 % Ar dopant in the gas, provide evidence that the 
beams propagate without significant breakup or 
refraction. These experimental observations, which are 
in good agreement with LASNEX predictions, support 
important aspects of our modeling of NIF targets. 

SBS Data and Discussion 
Backscattered light near the laser frequency is col- 

lected by the interaction beam focusing lens and is 
measured with a grating spectrometer-streak camera 
combination to provide spectrally and temporally 
resolved data. The resolutions are 0.1 nm (spectral) 
and 100 ps (temporal). We also use time-integrating 
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calorimeters to provide an absolute calibration. Figure 2 
shows a typical spectrum. Just after time zero, before 
the interaction (or ”probe”) beam is turned on, weak 
sidescattered light is observed from the ”heater” beams 
as they interact with the polyimide window. At 0.6 ns, 
the ”probe” beam is turned on; its reflection from the 
expanding polyimide window at the LEH produces 
the unshifted feature observed to start at 0.6 ns. A 
stimulated Raman scattering diagnostic (not shown) 
observes m/2 scattered light (700 nm) at this time; 
since half-harmonic light is generated at the nc/4, this 
confirms the LASNEX prediction that the expanding 
window plasma density is still over nc/4 when the 
probe beam is first turned on. However, it quickly 
drops below the gas density of 0.1 nc, and red-shifted 
SBS is then observed. This SBS backscatter (shown in 
Fig. 2) peaks soon after the interaction beam reaches 
peak intensity and decreases before the intensity drops. 
We calculate that the decrease is due to an increase in 
the ion acoustic wave damping rate, as the ratio of 
Ti/Te increases. The time dependence of this ratio is 
due to the relatively slow heating of the ions; the ion 
heating depends on electron-ion collisions, which are 
relatively weak for low-Z plasmas. At the time of peak 
scattering, the wavelength of the peak emission is red- 
shifted -3-7 A. In the fluid limit, the frequency shift of 
SBS-scattered light Am = 2 ko (VI  I- CJ, where ko is the 
laser wavenumber, C, is the ion sound speed, and V I  I 
is the flow velocity parallel to the scattering vector; 
hence the observed red-shift is evidence that the SBS 

spectrum is dominated by scattering from regions of 
plasma where V I I < Cs, as predicted by linear gain 
analysis. In contrast, SBS spectra from lower-tempera- 
ture, expanding targets4 are routinely blue-shifted. 

Figure 3 shows the peak SBS backscatter into the 
lens as a function of intensity for f/4 and f/S interac- 
tion beams (using an RPP smoothed interaction beam). 
Peak SBS reflectivities with f/S interaction beams, which 
closely match the NIF beam configuration, are <3% for 
C5H12-filled targets. Time-integrated reflectivities are 
<1%. The scattering levels for all intensities are well 
below the >30% reflectivities predicted by linear the- 
ory. Reflectivity levels are not changed when four-color 
bandwidth is added. This insensitivity to bandwidth 
agrees with simulationslO only if ad hoc nonlinear 
damping rates are imposed to match the measured 
SBS reflectivity. At higher interaction intensities 
(>2 x 1015 W/cm2), the simulations indicate that fila- 
ments form and scatter significant light outside the 
lens cone. Experiments are planned to investigate the 
angular distribution of the reflected light. 

Peak scattering levels from f/4 interaction beams 
are comparable to the f / S  beams (1-2%). With SSD 
bandwidth of 3.5 A, scattering from the interaction beam 
is below the detection threshold of -0.1%. The apparent 
efficiency of SSD in suppressing SBS may be related to 
the details of the speckle motion: with SSD, the hot spots 
move in an effectively random way, whereas with four- 
color smoothing the hot spot pattern exactly recurs in a 
time 27c/Fm, where Fm is the line separation. 

0 1 2 
t (ns) 

FIGURE 2. Streaked spectrum of backscattered light from the f/S 
interaction beam. The plot shows temporal lineouts of the frequency- 
integrated reflectivity (black line) and the interaction beam intensity 
(gray line). The peak reflectivity is 0.015 and the peak intensity is 
I = 1.7 X lo1’ w/cm2. (10-01-0395-0653pbOl) 

1 

Detection limit 

n 
6 3 4 5 

Intensity at best focus W/cm2) 

FIGURE 3. Peak SBS reflectivity into the focusing lens for f /4  and 
f/S interaction beams, for an RPP-smoothed interaction beam. Filled 
squares show f / S  shots, adding four-color bandwidth with 4.4-A line 
separation. Reflectivities from f/4 shots with 3.5-A SSD bandwidth 
(filled circles) were below the detection threshold. 
(10-01-0395-0654pb01) 
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The observation of similar reflectivities from single- 
color f /4  and f/S interaction beams at comparable 
intensities is somewhat at odds with gain scaling cal- 
culations. For these large plasmas, beam divergence 
produces a significant drop in intensity (a factor of 
-2 for f / 8  and -4 for f/4) across the scattering region. 
This difference leads to larger calculated gain for f / S  
(GSBS = 22) than for f /4  (GsBs = 15) for the same inten- 
sity at best focus. Several possible explanations for 
these findings are under investigation, theoretically 
and experimentally. For example, for the large gains 
calculated for these targets, nonlinear saturation mech- 
anisms may limit the amplitude of the ion waves 
driven by SBS.3 

High Levels of SBS 
We observed only low levels of SBS when approxi- 

mately duplicating the expected NIF conditions. We 
used several Nova shots with f/4 focusing to see if 
truly significant levels of energy could be scattered at 
more extreme conditions. We found that, with the 
maximum Nova power, we could generate a high level 
of SBS by removing all beam smoothing, and simulta- 
neously removing H ions from the target. With no 
beam-smoothing techniques employed, the interaction 
intensity is difficult to define, making comparison with 
theory difficult. The spot size continually increases as 
the beam propagates from best focus, through the 
LEH, through the gas, to the Au wall. Furthermore, the 
unsmoothed Nova beams contain a substantial fraction 
of their energy in localized regions of high intensity. 

Ions of H are particularly adept at damping the ion- 
acoustic waves. Their low mass means that, at a given 
temperature, their thermal velocities are higher than 
those of more massive ions, and thus they are more 
closely matched to the ion-acoustic wave’s phase 
velocity. This enables them to draw energy away €rom 
the wave, effectively damping it. To remove H from 
the target, we used deuterated C5D12 gas. 

Figure 4 shows the resulting time-resolved SBS 
spectrum from this shot. Its features illustrate brief, 

0 0.5 1 1.5 1.9 
t (ns) 

nearly unshifted scatter from the window-plasma 
when the probe beam turns on followed by red-shifted 
SBS. Unlike the data shown in Fig. 2, taken with 
smoothed beams, the SBS persists throughout the 
probe pulse. This shows that the (non-H) ions, in this 
case, are ineffective at damping the acoustic wave. 
Also unlike the smoothed beam data, the scattering 
level is high. In this case, 18% of the probe energy was 
scattered back into the f /4  lens. 

Partially as a result of these experiments, the NIF 
target design now includes a small amount of H gas in 
the hohlraum to add an increased safety margin to the 
suppression of SBS. 

Summary 
We demonstrated low SBS reflectivity in NIF-relevant 

gas-filled hohlraum experiments on Nova. These targets 
approximately produced the calculated plasma conditions 
and SBS gain coefficients for NIF targets. The interaction 
beam mimics the NIF laser beam intensity, focusing, and 
beam smoothing. The maximum time-dependent SBS 
reflectivity is less than 3% for NIF-relevant conditions. 
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Background 
The Laser Program at Lawrence Livermore National 

Laboratory (LLNL) pioneered the use of large-scale 
glass lasers to heat inertial-fusion targets. Today, that 
same exploratory spirit applies to our latest laser-fusion 
effort-the National Ignition Facility (NIF). The NIF 
has the potential to pave the way to commercial power 
extraction from inertial fusion, as long as the generating 
system is affordable and it operates repetitively. These 
fundamental issues of cost and repetition rate have 
stimulated a search for alternative fusion-target drivers 
to replace large, single-shot lasers. We are developing 
an ion approach whereby converging beams of heavy 
ions act as the driver. Like lasers, the ions impart their 
energy to the target and produce fusion temperatures. 
The difference lies in the ability of particle accelerators 
to generate repetitive bursts of ions with a higher 
efficiency at a lower cost. 

for Inertial Fusion Energy (IFE).l The challenge is to 
identify an accelerator configuration that meets the 
technical requirements for heavy-ion fusion (HIF) and 
competes economically with existing and alternate 
energy sources. To meet the challenge, the LLNL HIF 
project is investigating a circular induction accelerator 
called a recirculator? as shown in Fig. 1. The recirculator 
is economically attractive because the beam acceleration 
sequence uses the most expensive accelerator compo- 
nents multiple times. However, the recirculator concept 
presents some unique technical challenges, because the 
sub-relativistic ion completes a circulation in a short 
time and is constantly gaining speed with each lap. 
Consequently, the pulsed modulators that accelerate 
and shape the beam must produce uniquely tailored 
pulses at repetition rates that are continuously variable 
and that can exceed 100 kHz. Therefore, our role in the 
HIF project is to investigate and to develop agile 
induction modulators that use the latest in solid-state 
power technologies. 

Several accelerator concepts are being investigated 

Development Overview 
Our efforts to develop agile induction modulators 

are guided by the future experimental needs of the HIF 
project. In close collaboration with Lawrence Berkeley 
Laboratory (LBL), we are developing a short-term and 
a longer-range experimental capability that will be 
shared between the two laboratories. The short-term 
experiment is a small-scale recirculator (4.5-m-diam 
ring), presently being built at LLNL, that will be the 
first demonstration of the recirculator concept. The 
longer-range experiment is a much larger scale 
recirculator (30-m-diam ring) that will be built using 
the proposed Induction Linac Systems Experiments 
(ILSE) accelerator at LBL as the heavy-ion source. Both 
of these experimental activities require significant 
advancements in the technology for induction- 
accelerator modulators. 

Injector -, ,,P Induction modulators 

Bending 
magnets 

FIGURE 1. The recirculator uses a multipass acceleration concept to 
reduce system costs. (30-00-0295-0486pbOl) 
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For our initial experiments, we selected a full-scale 
demonstration of solid-state power management based 
on the long-range requirements of the proposed LBL 
recirculator. A prototype modulator was built and 
tested that achieved the nominal parameters of 5-kV, 
200-A pulses that vary in format from 1 ps to 400 ns 
and repeat at a 50- to 150-kHz repetition rate. 

the induction cell modulators for a recirculator will 
ultimately incorporate a much more sophisticated 
power-management scheme. The amplitude and shape 
of each individual acceleration pulse must be tailored 
to accurately match the continually changing velocity 
and shape of the ion beam. This will require the imple- 

. mentation of feedback control capabilities to the basic 
modulator technology. At LLNL, we are presently 
developing an induction modulator for our short-term 
experimental needs on the small-scale recirculator. This 
new modulator will generate precisely programmed 
waveshapes in addition to pulse-width and repetition- 
rate agility. While the total peak power requirements 
are much smaller in this second developmental modu- 
lator (600-V, 100-A pulses), it must still operate in excess 
of 100 H z  while delivering a sequence of pulses that 
have a precisely controlled shape and amplitude. 

results from our initial work, which focused on the 
larger modulator technology for the LBL recirculator 
experiment, followed by our present efforts to develop 
a "smarter" modulator technology. We also summarize 
spin-off applications of the HIF induction technology 
currently being developed. 

In addition to pulse-width and repetition-rate agility, 

This article describes the requirements, designs, and 

Solid-state Induction Technology 
Induction machines accelerate the beam through 

electrical cavities that apply the accelerating voltage to 
the beam. These cavities contain toroids of ferromagnetic 
material that encircle the beam axis and enable the 
applied accelerating voltage to be impressed along the 
beam while the outer cavity surfaces remain at ground 
p~tent ia l .~  Figure 2 illustrates the differences between a 
linear induction accelerator and a recirculating induction 
accelerator. Figure 2(a) shows a linear arrangement of 
induction cells, where each cell receives fixed duration 
pulses of a relatively low pulse repetition frequency 
(pro? Figure 2(b) is a circular arrangement of the 
induction cells, but the pulse parameters for these cells 
differ greatly from their linear accelerator counterpart: 

Recirculators operate in a rapid burst of multiple 
pulses, corresponding to the number of beam circu- 
lations in the ring. 
The pulse separation changes during the burst because 
the ion beam gains speed from each preceding pulse. 

The pulse width changes during the burst because 
the beam is spatially compressed as it gains speed. 
The prf within the burst is very high (10-150 kHz) 
because the beam accelerates on each lap around 
the ring. 
The need for complex pulse agility led us to examine 

solid-state switching components that have an on/off 
capability. The intrinsic speed of solid-state switching 
satisfies our high prf requirements, while the on/off 
switching action of some semiconductor devices enables 
us to select an arbitrary pulse width. Eventually, we 
selected field effect transistors (FETs) as the preferred 
switching elements because they have fast rise and fall 
times, low gate-drive power, low on-state impedance, 
and a capacity for high-prf operation. 

The basic concept of our solid-state modulator is 
simple-close the FET switches to connect a large 
capacitor bank to the accelerator induction cell and open 
the switches when the pulse is long enough. However, 

(a) Linear induction accelerator 
/m;kder ation 

Induction 

Ferromagnetic cores 
(high inductive impedance) 

(b) Recirculating induction accelerator 

\ ~ 7 Ferromagnetic cores Acceleration gap 

To 
accelerating cell target 

chamber 
FIGURE 2. Ferromagnetic cores are used in induction cells to accel- 
erate the beams. (99-74-0491-0659pbOl) 
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this action becomes considerably more complicated 
due to the inductive nature and magnetic properties of 
the accelerator core: (1) The inductance of the accelerator 
cell is energized by the applied pulse. When the FET 
switches are commanded to open, the cell inductance 
generates a very large voltage in an attempt to maintain 
a constant current. (2) The applied pulse also magnetizes 
the core material and leaves it in a different state of 
polarization following the pulse. The difficulty lies in 
resetting the core to its former magnetic state in the short 
time between pulses. We resolved these difficulties by 
applying the circuit architecture shown in Fig. 3. 

When the switch S l  is closed, the energy storage 
capacitor C1 is connected directly across the induction 

Circuit diagram - . 
L1 

I C d l  

1 
Control I - 

D1 is on 

vc1 
I 
I 
I 
I 

Ice" 

t p- Reset interval 

Total cell curr nt P 
Idealized waveforms 

FIGURE 3. (a) Circuit that provides core drive and reset functions 
for a single induction cell. (b) Waveforms that illustrate the operation 
of the circuit shown in (a). In (b), t = time. (30-00-0295-0487pb01) 

cell L1. The voltage VCl accelerates the ion beam, but 
it also drives a steadily increasing magnetization current 
in the cell [Fig. 3(b)I. Once the acceleration pulse has 
ended, S1 opens and the cell current begins to decrease. 
The sudden change in cell current results in a rapid 
voltage reversal on L1, which continues in the positive 
direction until the diode D1 is forward biased. At that 
time, the cell current is fully diverted from the switch 
branch to the reset capacitor C2. The reset capacitor is 
precharged to the voltage VC2, which dictates the rate 
of cell current decay and helps to restore the magnetic 
flux density back to its original value. When the cell 
current reaches zero, D1 turns off and the pulse is ended; 
however, the core reset action is still incomplete. 
Additional reset is provided by reversing the flow of 
cell current. Energy for the current reversal is stored in 
the FET snubber capacitors (not shown) and reinforced 
by current from the external charging system. The 
diversion of cell current to C2 causes VC2 to increase 
with each pulse and results in a net accumulation of 
voltage during an acceleration sequence. However, the 
capacitance value of C2 is equal to or greater than C1, 
so the net voltage increase is very small. The regulator 
element in Fig. 3(a) maintains VC2 at a steady-state 
value by returning the recovered energy back to C1 at 
the end of each acceleration sequence. Note that C1 
contains far more energy than the ion beam and core 
material need per pulse, so C1 does not require 
recharging during a burst. 

ILSE-Scale Induction Modulator 
Our first attempt to implement the circuit architecture 

of Fig. 3 resulted in a 4-kV modulator and cell switched 
by a total of 24 FETs.~ Our latest HIF machine features 
a larger switching system, containing a total of 128 FETs. 
Figure 4 shows the physical layout of four parallel 1-kV 

FIGURE 4. Photograph of a circuit board containing FET switches 
and optically controlled drive circuitry. (30-00-0295-0489pb01) 
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I 

power FETs on each of 32 circuit boards along with the 
two isolated gate-drive circuits that control them. The 
on/off commands to each gate drive are delivered 
through a single optical fiber. Isolated control power is 
supplied from a dc/dc converter for each circuit board. 
The 32 circuit boards are divided into four modules 
each containing a stack of eight series-connected 
boards. The four modules and their capacitor banks 
surround a single induction cell, as shown in Fig. 5. 

I 

FIGURE 5. Photograph illustrating the close integration between the 
FET switching modules and the induction core. (30-00-0295-049OpbO1) 

Cell voltage 

Space is available to expand this modulator to a total 
of 8 modules, doubling its peak power capability from 
4 MW to 8 MW. 

Figures 6 and 7 contain preliminary performance 
data for 3-kV operation. Figure 6(a) shows cell voltage 
and the switch voltage on module 4 for a 1-ps pulse. 
Figure 6(b) shows currents from modules 3 and 4, indi- 
cating a good current balance between them. Each 
module has two current probes so that eight probe sig- 
nals are needed to show the total machine current. The 
general ramp-like shape of the current waveform is 
characteristic of an inductive load with a constant 
applied voltage. The narrow pulse at the start of the 

- 
7 

- 

7 7 Cell voltage L 

f (5 ps/div.) 

FIGURE 7. Five-pulse burst at 3 kV showing a 150-kHz pulse rate. 
(30-00-0295-0492pb01) 

0 

t (200 ns/div.) 

FIGURE 6. (a) Cell and switch voltages for a 3-kV charge voltage and a 400-V reset voltage. Waveforms are the acceleration portion of the 
whole voltage waveform. (b) Switch currents from modules three and four showing a 15-A peak current at the end of a 1-ps ramp. Peak cell 
current is the sum of all module currents (= 120 A in this case). (30-00-0295-0491pb02) 
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current signal is due to the discharge of external cable 
capacitance. Figure 7 shows the cell and switch voltage 
of module 4 during a 5-pulse burst at a 150-kHz rate. 
The machine has achieved full voltage operation at 5 kV, 
but much work still remains in modeling the system 
and understanding the behavior of the magnetic core 
during the burst. 

Small-scale Induction Modulator 

polarity to speed up the tail. There are several possible 
combinations of pulses that form an ”acceleration 
schedule” that may be used to accelerate the ion beam. 
Figure 8(a) shows one example, which details the 
schedule of acceleration pulses, and Fig. 8(b) shows 
the ear-pulse schedule. As the ion beam is bunched 
together, the acceleration pulses grow narrow and the 
ears become taller to restrain a spatially compressed 
beam. Figure 9 shows the ensemble of net accelerating 
voltages from start to finish. 

The small LLNL recirculator, currently under con- 
struction, consists of 32 accelerator stations spaced 
around a 4.5-m-diam ring. Each accelerator station 
houses a 600-V induction modulator and cell. When a 
stream of Iow-energy ions are injected into the ring, 
they are steered into a circular path by an arrangement 
of electrostatic dipoles. As the singly charged ion stream 
passes by each induction cell, the particles undergo a 
nominal 500-eV gain in energy, The ions complete 
15 revolutions in the recirculator before being extracted. 

cated by the large space charge of the ion bunch. To 
inhibit ion scattering, the recirculator must provide 
confinement forces that bind the beam in the radial and 
axial directions. The electrostatic quadrupoles provide 
the radial restoration, but the axial spread is controlled 
by shaping the acceleration pulse so that the space 
charge forces are balanced by the accelerating voltages. 
Basically, the ions in the lead receive less acceleration 
(lower mean voltage) than the trailing ions that receive 
additional acceleration (higher mean voltage). In prac- 
tice, the pulse shape is generated by adding a 500-V 
rectangular pulse with two triangle-shaped ”ear” pulses 
at the leading and trailing edges. The leading-edge 
ears have a negative polarity to decelerate the head of 
the beam, while the trailing-edge ears have a positive 

The transport scenario described is further compli- 
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FIGURE 9. This voltage waveform, which appears in the accelerat- 
ing gap, is the summation of the accelerator and ear pulses shown 
in Fig. 8. (30-00-0295-0494pbOl) 
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FIGURE 8. (a) Accelerator pulses vary from a 4-ps rise-time ramp to a I-ps rectangular pulse. Interpulse spacing starts at 17 ps and reduces to 
10 ps. (b) These ear pulses are added to the acceleration pulses to provide longitudinal confinement of the ion beam. (30-00-0295-0493pb02 1 
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Generating the pulse format shown in Fig. 9 is the 
responsibility of our "smart" induction modulator. In 
this case, FETs are still used to connect a precharged 
capacitor bank to an induction cell, but the smart feature 
of this new modulator lies in the use of the FETs as 
amplifier elements instead of on/off switches. In addi- 
tion, our new modulator and cell use two separate 
induction cores, one for the main accelerator pulse and 
one for the ear pulses, to generate the net voltages of 
Fig. 9. Figure 10 is a block diagram that illustrates the 
nesting of two cores and two modulator circuits. Fast 
feedback amplifiers are used to control two power FET 
arrays so that each core voltage is a scaled version of 
an applied input waveform. A computer system is used 
to command two programmable waveform generators 
to produce a properly shaped pulse train. The ear core 
in Fig. 10 is made from PE-11B ferrite while the main 
accelerator cores are an assembly of three 26055-3A 
Metglas6 cores. 

The modulator and core assembly are still in the 
design phase, but comprehensive modeling of the elec- 
tronic portion of the design is presently underway. We 
are using the Micro-Cap IV7 circuit analysis program 
to model the cell and power amplification circuits. 
Figure 11 is a typical simulation showing an input 
waveform compared with the output voltage at the 
accelerator cell. 

Spin-off Technologies 
The various power-control technologies being devel- 

oped for HIF are also applicable in other programs. For 
example, the Advanced Radiographic Machine (ARM), 
a multipulse electron-beam accelerator for dense-target 
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FIGURE 10. The gap voltage is generated by two separate core and 
modulator circuits. (30-00-0295-0495pb02) 
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tomography derives its power system from the HIF 
work, but requires a peak power and repetition rate far 
beyond those needed for heavy-ion recirculators. The 
ARM induction modulator is designed to generate 
15-kV pulses that vary in width from 200 ns to 1 ps at 
repetition rates up to 1 M H Z . ~  

We also applied our HIF knowledge to two other 
projects. During FY 1992, we built and tested a minia- 
ture induction modulator as a power source for pulsed 
plasma proce~sing.~ This work was based on the 
proposition that plasma processing is a dynamic elec- 
trochemical reaction that also requires an agile power 
source to help maintain an optimal process efficiency. 
During FY 1994, we applied our FET switching experi- 
ence to the design and construction of a compact 
power source for a solid state laser 
case, the work focused on enhancing the industrial and 
medical uses of the laser array by reducing the size and 
cost of the power system. 

In this 
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FIGURE 11. Circuit simulation showing two examples of (a) input 
voltage waveforms and 03) amplified voltages at the cell. The nega- 
tive bias on the amplified voltage signal is the result of the applied 
reset voltage. These simulations contain detailed amplifier models 
that are used to guide our design. (30-00-0295-0496pbOl) 
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Summary 
Induction accelerators are typically powered by 

energy stored in a pulse-forming network that delivers 
an accelerating pulse of a fixed duration and amplitude. 
This type of accelerator system is limited in prf to a few 
kilohertz and treats the dynamic beam as a simple time- 
invariant load. Our research has merged the growing 
capability of solid-state power control with induction 
accelerator technology to produce a new accelerator 
system that is fast, flexible, and interactive with the 
beam. As a result, the beam may receive variations in 
pulse shape, amplitude, width, and prf to suit a specific 
objective in beam quality or accelerator performance. 
The solid-state powered accelerator delivers intelligent 
beam power that is actively directed in the right pro- 
portions at the right time. The recirculator is only one 
example of how smart power management can improve 
the capability of well-established technologies. 
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Introduction 
The Secretary of the US. Department of Energy (DOE) 

commissioned a Conceptual Design Report (CDR) for 
the National Ignition Facility (NIF) in January 1993 as 
part of a Key Decision Zero (KDO), Justification of 
Mission Need. Motivated by the progress to date by the 
Inertial Confinement Fusion (ICF) program in meeting 
the Nova Technical Contract1 goals established by the 
National Academy of Sciences in 1989, the Secretary 
requested a design using a solid-state laser driver oper- 
ating at the third harmonic (0.35 pm) of neodymium 
(Nd) glass. The participating ICF laboratories signed a 
Memorandum of Agreement in August 1993, and 
established a Project organization, including a techni- 
cal team from the Lawrence Livermore National 
Laboratory (LLNL), Los Alamos National Laboratory 
(LANL), Sandia National Laboratories (SNL), and the 
Laboratory for Laser Energetics at the University of 
Rochester. Since then, we completed the NIF concep- 
tual design, based on standard construction at a generic 
DOE Defense Program's site, and issued a 7,000-page, 
27-volume CDR in May 1994.' Over the course of the 
conceptual design study, several other key documents 
were generated, including a Facilities Requirements 
Document, a Conceptual Design Scope and Plan, a 
Target Physics Design Document, a Laser Design Cost 
Basis Document, a Functional Requirements Document, 
an Experimental Plan for Indirect Drive Ignition, and a 
Preliminary Hazards Analysis (PHA) Document. DOE 
used the PHA to categorize the NIF as a low-hazard, 
non-nuclear facility. 

Figure 1 shows the NIF conceptual design, which 
was exhaustively reviewed during the past year. A 

* Sandia National Laboratories, Albuquerque, NM 
Los Alamos National Laboratory, Los Alamos, NM 

subcommittee of the Inertial Confinement Fusion 
Advisory Committee (ICFAC) reviewed and endorsed 
the laser performance of the 40-cm aperture, 192-beam 
multipass architecture in April 1994. The full ICFAC 
reviewed target design and ignition scaling in May 1994 
and recommended DOE approval of the preliminary 
design phase of the Project. Subcontractors to DOE 
Defense Programs scrutinized the engineering design 
during the design period, while an Independent Cost 
Estimator team commissioned by DOE Field 
Management intensively reviewed and validated the 
cost and schedule in March and April 1994. The perfor- 
mance, cost, and schedule represented in the CDR 
were formally submitted in June 1994 in a Project Data 
Sheet for inclusion in the FY 1996 DOE funding cycle. 

On October 21,1994 the Secretary of Energy issued 
a Key Decision One (KD1) for the NIF, which approved 
the Project and authorized DOE to request Office of 
Management and Budget-approval for congressional 
line-item FY 1996 NIF funding for preliminary engi- 
neering design and for National Environmental Policy 
Act activities. In addition, the Secretary declared 
Livermore as the preferred site for constructing the 
NIF. In February 1995, the NIF Project was formally 
submitted to Congress as part of the President's FY 
1996 budget. If funded as planned, the Project will cost 
approximately $1.1 billion and will be completed at the 
end of FY 2002. 

This article presents an overview of the NIF Project. 

NIF Design Criteria 
The identified laser power and energy operating 

regimes for indirect-drive fusion ignition targets are 
displayed in Fig. 2 and are the basis for the primary 
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design criteria for the facility (Table 1). Each point on 
the operating map corresponds to a different temporal 
pulse shape, typically one with a relatively long foot- 
pulse (10-20 ns), followed by a short peak-pulse (2-8 ns) 
having a high contrast ratio (25-100:l). In the high- 
power, short-temporal-pulse region, performance is 
limited by laser-plasma instabilities, while in the low- 
power, long-temporal-pulse region, performance is 
limited by hydrodynamic instabilities. 

The baseline target, shown in Fig. 3, requires a laser 
system that routinely delivers 500 TW/1.8 MJ at 0.35 p 
in a 50:l contrast ratio pulse through a 500-pm spot at 
the laser entrance hole of the target hohlraum with a 
positioning accuracy of 50 p. Each beam must achieve 
a power balance of approximately 8% rms (over any 
2-ns interval) with respect to a reference value. As 
summarized by the design rules in Table 2, symmetrical 
implosion of the capsule requires two-sided target irra- 
diation with two cones per side, each having an outer 
cone:inner cone laser power ratio of 21, and at least 

eight-fold azimuthal irradiation symmetry. The cone 
angles, nominally at 53" (outer) and 27" (inner), and 
laser power ratio are chosen to maintain time-depen- 
dent symmetry of the x-ray drive seen by the 
imploding capsule. 

To avoid laser-plasma instabilities, such as filamenta- 
tion and stimulated scattering, the baseline indirect-drive 
target hohlraum requires laser spatial beam smoothing 
using phase plates and laser temporal smoothing with 
a combination of four beams at different center wave- 
lengths, each separated by 3.3 a (3.3 x lo4 p). This 
separation is set by a beam-smoothing requirement on 
the motion of the kinoform-induced speckle pattern at 
the target focus. 

As a consequence of these symmetry design rules, 
the laser system must deliver at least 192 beams to the 
target chamber. A laser system designed to meet these 
criteria has a power and energy safety margin of 
approximately two for achieving ignition, as indicated 
in Fig. 2. These laser system requirements, optimized 
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FIGURE 1. The NIF overview. The NIF will be a low-hazard, non-nuclear facility. (40-00-0294-0498Zpb03) 
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for indirect-drive ignition targets, are consistent with 
those proposed for direct-drive ignition targets. 

Table 1 represent a small subset of the functional 
requirements for the facility, which include other 
mission-related and lifecycle requirements for the 
laser, experimental area, radiation-confinement systems, 
building and structural systems, safety systems, envi- 
ronmental protection systems, and safeguard and 
security systems. The NIF was designed for a generic 
site and is consistent with all relevant orders, codes, 
and standards. The U-shaped building configuration 
satisfies a key functional requirement: providing for the 

The primary criteria for the NIF systems given in 

Ignition margin 
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FIGURE 2. The indirect-drive target operating regime in laser 
power-energy space at 0.35 p. The operating regime is constrained 
by laser-plasma instabilities and hydrodynamic instabilities. Each 
point on the plane corresponds to a unique two-step temporal pulse. 
The baseline design at 500 TW/1.8 MJ has approximately a factor of 
two safety margin for ignition. This energy and power safety margin 
above threshold provides room to trade off asymmetry, laser-plasma 
instabilities, and other uncertainties. (50-05-0494-1803pbO2) 

TABLE 1. Primary criteria for the National Ignition Facility. 

Laser pulse energy 

Laser pulse wavelength 
Beamlet power balance 
Beamlet pointing accuracy 
ICF target compatibility 
Annual number of shots with fusion yield 

Laserpulsepeakpower 

Maximum credible DT fusion yield 
Classification level of experiments 

1.8MJ 
WTW 
0.35 p 
43% r m ~  over 2 11s 

Cryogenic and nonuyogenic 
P 

100 with yield 1 kJ-100 kJ 
35 with yield 100 kJ-5 MJ 
10 with yield 5 MJ-20 MJ 
45 w 
Classified and unclassified 

future addition of a second large target chamber to 
accommodate special requirements of other communi- 
ties, such as for weapons effect tests, with minimal 
interruptions to system operations. Preliminary analysis 

"Inner cones" 

Axis of symmetry 

"Outer cones" i 
Laser 
beams, 
same on 
other side 

Plane of 
reflection 
symmetry t 

Window (0.4ym-thick 
hohlr{k%4 polyimide) .;! 

2.95 mm 

5 . 9 m m u  

- - - - - - - 

FIGURE 3. A baseline NIF target was used to establish design criteria 
for the facility. The outer cones enter at 57" and 48", with a 5 0 0 - p  
best focus at the entrance hole (f/8). The inner cones enter at 23" and 
32", with a 500-w best focus -3 mm inside the hohlraum (f/S). 
(40-00-0294-0596Apb01) 

TABLE 2. Minimum number of 192 beams delivered to ignition 
target is determined by implosion symmetry requirements. 

Beam 
Symmetry multiplier Notes 

Time dependent 3 Outer cone at -53" 
hydrodynamic at 2x energy/power 

Inner cone at -27" 
at lx energy/power 

Azimuthal 28 (or 8,9,10.. .) Number of inner-cone laser 
spots on hohlraum wall 

Reflection 2 
Beam smoothing 4 Smoothing by multiple 

apertures/colors 

Required number 21 92 
of beams (or 192, 216, 240 ... ) 
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has shown that a modest upgrade of the currently 
designed NIF target area and target chamber system 
would accommodate direct-drive ignition target exper- 
iments without impacting the indirect-drive mission. 

Laser System Design 
The Nd:glass laser system must provide at least 

632 TW/3.3 MJ in a 5.1-ns pulse at 1.053 p to account 
for modest beam transport losses, and energy and 
power conversion efficiencies of 60% and 85%, respec- 
tively. Figure 4 shows a schematic of one NIF beamline. 
It uses a four-pass architecture with a large-aperture 
optical switch consisting of a plasma-electrode Pockels 
cell and polarizer combination. 

The laser chain in this beamline was designed using 
the CHAINOP family of numerical codes that model 
the performance and cost of high-power solid-state 
ICF laser systems. These codes vary a number of design 
parameters to maximize laser output per unit cost, while 
remaining within a set of constraints. The constraints 
include fluence maxima, nonlinear effects, and pulse 
distortion. CHAINOP contains several analytical mod- 
els that simulate the optical pumping process, the 
propagation of the laser beam through the system 
(including gain, loss, diffraction, and nonlinear optical 
effects), frequency conversion, and cost. This design 
procedure is excellent for cost scaling and system 
trade-off studies, but does not suffice for predicting 
detailed performance, which requires analysis with a 
suite of nonlinear physical optics codes, or determining 
project costs, which are estimated using a detailed 
engineering design and a rigorous item by item or 
"bottom-up" costing described later in this article. 

The laser chain used in the CDR as the baseline for 
estimating NIF system cost and performance has a hard 
aperture of 40 x 40 cm2. The amplifiers contain 19 Nd- 
doped glass laser slabs arranged in a 9-5-5 configuration 
as shown in Fig. 4. Each Brewster-angled slab is 3.4 cm 
thick. Figure 5 shows the 1.053-pm performance of this 

laser chain. At the 5.1-ns design point each laser chain 
should generate 3.9 TW/20.5 kJ. Because only 162 beams 
are required to achieve the performance criteria, a 192- 
beam system has a design margin of greater than 15%. 
A prototype beamline, called Beamlet, is undergoing 
tests at LLNL to demonstrate NIF performance projec- 
tions using the large-aperture optical switch. Variations 
of a NIF design with reduced-aperture switches have 
comparable performance projections when optimized. 

The NIF design incorporates 4-high x 12-wide arrays 
of laser beams as shown in Figure 1. The design is more 
compact than previous laser fusion systems, increasing 
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FIGURE 5. The 1.05-pm power/energy performance as a function of 
pulse length for the 9-5-5 configuration (shown in Fig. 4). The gray 
line shows the baseline performance (nominal-gain and -loss case). 
The black line illustrates the performance with line-center gain and 
with improved optical transmission of the laser glass and optical 
switch. For a 5.1-11s effective pulse length, determined by the NIF 
temporal pulse shape, the maximum gray-line performance of 20 kJ 
sets the number of required beams at 162. This would produce 3.3 MJ 
of 1.05 pm light and would deliver 1.8 MJ of 0.35-pm light to the laser 
entrance hole of the target hohlraum. Changing the system total from 
162 to 192 (240) beams would provide an 18% (48%) laser design mar- 
gin to meet the target hohlraum requirements. (40-0U-0394-1378pbUI) 
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FIGURE 4. A schematic of one beamline of the NIF laser from pulse injection to final focus on target. (40-00-0394-0789ApbOZ) 
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overall electrical and optical efficiency while simulta- 
neously reducing system size and cost. The optical-pulse 
generation system provides individually controlled 
input pulses from one of four tunable fiber oscillators 
and an integrated optics network located in the master 
oscillator room (MOR). The outputs from the MOR are 
delivered on single-mode polarization preserving fibers 
to each of 192 preamplifiers. These stand-alone packages, 
located beneath the transport spatial filters, provide 
individual power balance capability for each of the 
192 beams. The output beams from the preamplifiers 
are injected into the far-field pinholes of the transport 
spatial filters, passed through the boost-amplifier stages, 
the optical switch assemblies, and then captured inside 
the multipass cavities. The flash lamps located in the 
amplifier enclosures that uniformly pump the glass laser 
slabs are energized with approximately 260 MJ of elec- 
trical energy from a modular bank of thin film, metallized 
dielectric capacitors. After four passes through the cavity 
amplifiers, the pulses are switched out of the multipass 
cavity, further amplified by the boost stage, and then 
transported to the target chamber. The laser arrangement 
allows for top and bottom access to the amplifiers and 
the optical switch arrays. The pulsed power is trans- 
mitted to the amplifiers overhead with large, 30-cm-diam, 
coaxial conductors. The space below the amplifiers 

allows access for assembly and maintenance of any 
four-high amplifier column. 

Wavefront aberrations resulting from the long-term 
thermal cooling of the glass laser slabs ultimately limit 
the shot rate of the laser system. The NIF is currently 
designed to achieve about 700 full-system performance 
shots/year. A novel feature of the current design is the 
use of deformable mirrors in place of the end cavity 
mirrors (see Fig. 4) to correct for static and pump- 
induced short-term wavefront aberrations, which will 
allow for higher shot rates. It is expected that through 
continued engineering design of the wavefront-correc- 
tion and cooling systems, the laser shot rate will increase 
substantially. This is consistent with engineering 
improvements on all previous ICF glass laser systems, 
including Nova, which has had its shot rate increase 
by a factor of six since operations began in 1985. 

Target Area Design 
Figure 6 shows a cutaway view of the switchyard 

and target area. The 192 laser beams are optically relayed 
via the transport spatial filters in 48 2 x 2 groupings to 
the final optics assemblies. The beams are constrained 
to only s- and p -polarized reflections in the optical 
switchyard and target areas so that they maintain linear 

FIGURE 6. A cutaway 
view of the NIF target 
area showing major 
subsystems. 
(40-00-0394-1 030pb01) 
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polarization and radial symmetry with respect to the 
cylindrical axis on the hohlraum. Consequently, there 
is complete azimuthal symmetry. The 48 final optics 
assemblies (Fig. 7) are positioned on the 53" outer cones 
(16 assemblies) and 27" inner cones (8 assemblies) at 
the top and on the bottom of the target chamber. At the 
chamber each 2 x 2 grouping is converted to 0.35 prn 
by a Type I (potassium dihydrogen phosphate, or 
KDP)/Type I1 (deuterated KDP, or KD*P) crystal array 
in the final optics assembly. The final optics assemblies 
mount to the exterior of the chamber, and also provide 
2 x 2 lens arrays for focusing the light onto the target 
and 2 x 2 debris shield arrays for protecting the lenses 
from target shrapnel. (The debris shields also contain 
the kinoform phase plates.) Each beam in every 2 x 2 
grouping can be operated at a different center wave- 
length to provide the requisite laser temporal beam 

KDP/KD*P frequency 

smoothing. The final optics assemblies are offset from 
the nominal cone angles by +4" to provide isolation 
between opposing beamlines. 

The target chamber is housed in a reinforced-con- 
Crete building with three separate operational areas 
(see Fig. 6). The upper and lower pole regions of the 
target chamber house the final optics and turning mir- 
rors in a class 1000 clean room. Personnel access to 
these areas will be limited to preserve cleanliness levels. 
The cantilevered floor sections of the building provide 
a separation of the clean-room enclosures at the polar 
regions from the equatorial target diagnostics area. 
This horizontal, planar architecture simplifies the 
design of the access structures required to service the 
optical components and target diagnostics. 

10-m internal-diam spherical A1 shell designed to 
The NIF baseline target chamber is a 10-cm-thick by 

7 FOCUS lens with low FIGURE 7. The final 
optics assembly has 
multiple functions: 
Frequency conversion, 
focusing, spatial 
smoothing, optics 
protection, 10/2w dis- 
persion, 3w calorimetry, 
and vacuum interface. 
(40-00-0294-0600Bpb01) 

3w 

diagnostic beam to 
calorimetry 

UCRL-LR-105821-95-2 115 



THE NATIONAL IGNITION FACILITY PROJECT 

M93 I M94 

accommodate the suite of x-ray and neutron diagnostics 
required to measure the performance of targets that 
can achieve ignition. The A1 wall provides the vacuum 
barrier and mounting surfaces for the first-wall panels, 
which protect the A1 from soft x rays and shrapnel. 
The unconverted laser light hitting the opposite wall is 
absorbed by other panels offset from the opposing beam 

M95 M96 I M97 M98 I M99 I MOO Mol M02 FY03 

FIGURE 8. Implementation of direct drive requires that 24 of the 
48 beams be repositioned. This can be accomplished easily using the 
NIF optical system design. Compare to Fig. 6. (40-00-0694-2750pb01) 

KDO KDl KD2 KD3’ KD3 
v v v v v  

port. The exterior of the chamber is encased in 40 cm of 
concrete to provide neutron shielding. The chamber is 
supported vertically by a hollow concrete pedestal and 
horizontally by radial joints connected to the cantilevered 
floor. The target area building, chamber, and auxiliary 
systems are designed to handle 145 shots/ year of yields 
up to 20 MJ as shown in Table 1. 

Recent engineering analyses and target physics cal- 
culations show that the baseline design can be easily 
modified, as illustrated in Fig. 8, to incorporate a 
direct-drive ignition capability, further broadening the 
utility of the facility. 

NIF Project Schedule 
The summary schedule shown in Fig. 9 illustrates 

the sequence of events leading to NIF operations in 
October 2002. This overall schedule assumes the NIF 
Project is initiated by line-item funding in FY 1996 con- 
sistent with a KDZ. A more detailed integrated Project 
schedule (not shown) reveals the critical path that affects 
the Project duration. The major NIF critical path consists 
of design, site selection, design and construction of the 
laser and target areas building, laser and other special 
equipment installation, completion of the acceptance test 
procedures, and start-up. Construction completion, 
equipment installation, and start-up are overlapped to 
shorten the critical path within limits of a practical 
funding profile. The release of design, construction, 
procurement, and operating funds is constrained by the 
DOE Key Decision (KDl through KD4) process. 

KD3a KD4 v v 

Detailed design and begin long-lead procurements 

U 
Facility construction Site 

preparation I 
Start-up - 
0 

Operations 

FIGURE 9. NIF Project schedule (hash marks and solid triangles indicate completion). (40-00-0195-0269Hpb01) 
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NIF Project Cost 
The NIF Total Project Cost (TPC) is the sum of the 

Total Estimated Cost (TEC) and the Other Project Cost 
(OPC). The TEC is funded by Plant and Capital 
Equipment (PACE) funds and the OPC is funded by 
Operating Expense (OPEX) funds. Division of costs 

TABLE 3. Summary of NIF costs for 192-beam system, in millions 
of dollars. 

Base costs Contingency Total Total 
($M FY94) ($M FY94) ($M FY94) ($M escalated) 

TEC 586 121 707 842 
OPC 199 N/A 199 231 
TPC 785 121 906 1073 
Annual operating 57 N/A 57 N/A 
costs 

Level 
1 

WBS 

WBS 
Level 

3 

between TEC and OPC is provided in DOE guidelines. 
TEC activities include, for example, Title I and I1 design, 
and Title I11 engineering; building construction; pro- 
curement; assembly and installation of all special 
equipment; and sufficient spares to pass the acceptance 
test procedures. OPC activities include, for example, 
conceptual design; advanced conceptual design; NEPA 
documentation; vendor facilitization and pilot produc- 
tion; vendor component qualification/reliability / 
lifetime testing; operational readiness reviews; startup 
costs; and operational spares. 

The costs shown in Table 3 were derived from a 
bottom-up estimate based on a detailed work break- 
down structure (WBS) that is summarized at WBS 
Level 3 in Fig. 10. The Project adopted the Martin 
Marietta Energy Systems, Inc. Automated Estimating 
System (AES) as its cost management tool. The AES is 
consistent with DOE Order 5700.2d, ”Cost Estimating 
Analysis and Standardization,” and has been used in 
many other DOE projects in the past. The labor rates, 
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FIGURE 10. NIF Project WBS elements to Level 3. (1.4.0893.2859Mpb01) 
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overhead costs, allowances for incidental costs not 
directly estimated, and other indirect costs were applied 
to the database using the AES. Contingency informa- 
tion provided by each estimator for every Level 3 item 
was used in a separate probabilistic contingency analy- 
sis performed by Bechtel Corporation using their 
MICRORAC code. The results of that analysis were 
entered into the AES. Integrated project schedule data 
were combined with the cost information in the AES to 
estimate escalation and calculate the Budget Authority 
and Budget Outlay profiles required in the Project 
submission to DOE. The annual operating costs for the 
facility, shown in Table 3, were estimated by identifying 
all the NIF unit operations based on Nova experience. 
It does not include, per DOE guidance, the annual 
ICF Program costs (currently at approximately 
$175 million/yr). 

Figure 11 gives a second-level breakout of TEC and 
a third-level breakout of OPC (without contingency or 
escalation). The engineering design was sufficiently 

1.1 Project office (5%) 
0 1.2 Facilities (21%) 

1.3 Laser (46%) 
1.4 Target area (7%) 

H 1.5 Computer control (3% 

1.6 Optics (18%) 

I Start-up management 

Start-up (activation) (279 
Operational Readiness 
Review (ORR) (1%) 

Assurances (1%) 

PSAR (1%) 

Environment/NEPA (2% 
Conceptual design (6%) 
Advanced conceptual 
design (5%) 
Technical support (48%) 
ES&H/supporting R&D 

detailed to generate costs, typically, at Level 5, and, in 
some cases, at Level 6 or 7. Approximately 70% of the 
costs (in dollars) were derived from catalog prices, 
vendor estimates, or engineering drawings. The costs 
in Table 2 have been validated by the DOE and by an 
Independent Cost Estimator team commissioned 
by DOE. 

Summary 
The NIF design is the product of the efforts of a 

multilaboratory team, representing more than 20 years 
of experience at the LLNL, LANL, SNL, and the 
Laboratory for Laser Energetics at the University of 
Rochester. Using the worlds most powerful laser to 
ignite and burn ICF targets, the NIF will produce con- 
ditions in matter similar to those found at the center of 
the Sun and other stars. New, well characterized, high- 
energy-density regimes will be routinely accessible in 
the laboratory for the first time. The NIF will impact 
and extend scientific and technical fields such as con- 
trolled thermonuclear fusion, astrophysics and space 
science, plasma physics, hydrodynamics, atomic and 
radiation physics, material science, nonlinear optics, 
advanced coherent and incoherent x-ray sources, and 
computational physics. The importance and unique- 
ness of the NIF to these wide-ranging fields of science 
and technology have been recently reviewed in a series 
of workshops? If authorized in FY 1996, the NIF could 
begin operations in FY 2003. 
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FIGURE 11. Cost breakouts for (a) TEC without contingency in 
unescalated dollars, broken down to Level 2 and for (b) OPC in 
unescalated dollars, broken down to Level 3. (40-00-0494-172OApb01) 
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TERMINAL-LEVEL RELAXATION 
IN ND-DOPED LASER MATERIALS 

C. Bibeau 

S. A. Payne 

Introduction 
During the energy extraction of a 1 - p  pulse in a 

Nd-doped laser material, the Nd-ion population is 
transferred from the metastable 4F3/2 level into the ter- 
minal 4111,2 level, as shown in Fig. 1. The terminal-level 
lifetime, zllI2, is defined in this case as the time it takes 
the Nd-ion population to decay from the 4111 /2 level 

Nd energy levels 

Higher excited states 

Metastable level 

1-pm extraction line 

Output extraction pulse Input extraction pulse 

n- 
f) 

tP 
15/2 

Tenninal level 

13/2 
4 
1, 

11/2 

T ~ ~ , ~  = terminal-level lifetime 

9/2 5 
FIGURE 1. A Nd3+ energy level diagram that shows the 1-pm laser 
transition from the 4F3/2 metastable level into the 4111/2, terminal 
level. During this transition, the input extraction pulse IS amplified 
to produce a more energetic output pulse. The nonradiative relax- 
ation from the 4111,2 level into the 419,2 ground state is known as the 
terminal-level lifetime ( T ~ ~ , ~ ) .  (70-15-0993-3196pb01) 

into the 419/2 ground state. Several experimental and 
theoretical approaches over the last three decades have 
been made to measure the terminal-level lifetime. 
However, an agreement in the results among the dif- 
ferent approaches for a large sampling of laser materials 
has never been demonstrated. 

This article presents three independent methods 
(pump-probe, emission, and energy extraction) for 
measuring the terminal-level lifetime in Nd:phosphate 
glass LG-750. We find remarkable agreement among the 
data and determine the z11/2 lifetime to be 253 f 50 ps. 
We extend our studies to show that the results of the 
pump-probe and emission methods agree to within a 
factor of two for additional Nd-doped glasses and 
crystals investigated, thus offering validation for the 
emission method, which is a simpler, indirect approach. 

Background 
As explained, zll /2 is the time it takes the Nd-ion 

population to decay from the 411,/2 level into the 419,2 
ground state during the energy extraction of a 1-pm 
pulse. If the decay time is infinitely fast compared with 
the length of the extraction pulse (z11/2 << tP) then the 
41,1/2 level will appear to be virtually unpopulated for 
the duration of the extraction pulse. Since the small 
signal gain coefficient (go) is directly proportional to 
the population inversion (AN) between the upper 4F3/2 
level and the lower 4111/2 level, the incoming laser 
pulse will extract more of the stored energy if the 4111/2 
level remains unpopulated. Conversely, if the length of 
the extracting pulse is much less than the terminal-level 
lifetime ( t  ;< z11/2) then the population in the 411,/2 
level will remain populated or bottlenecked. As a con- 
sequence, the extraction process will be less efficient 

P 
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since stimulated emission and absorption processes can 
become competitive and thus cause the re-excitation of 
the Nd-ion population in the 4111/2 level back into the 
4F3/, level during extraction. 

Figure 2 is a plot of the ideal extraction efficiency for 
Nd:phosphate glass as a function of the ratio R = t p /~ l l /T  
For comparison, a few additional data are shown, 
including the oxide crystals Nd:YAG and Nd:YALO 
and the fluoride crystal Nd:YLF. The data points for 
these materials do not lie exactly on the phosphate 
curve due to differences in the spacing of the energy 
levels that affect the degeneracies of the upper and 
lower laser levels and thus the values for the extraction 
efficiency. The pulse lengths are assumed to be square 
in shape with a length of 3 ns, with the exception of the 
National Ignition Facility (NZF) data point, where tp is 
8 ns. The proposed design of the NIF will use a Nd- 
doped phosphate glass similar to LG-750 and will 
require longer pulse lengths. We discuss a derivation of 
this curve in a later section, but for now it illustrates 
that the extraction efficiencies for a Nd:phosphate 
glass laser are only moderately impacted by the short 
terminal lifetime (< 1 ns), whereas for Nd:YLF the long 
terminal lifetime (-10 ns) can become a limiting factor. 

- 

Nd:YLF 
t = 3 n s  
P 

~ I 

Nd:phosphate glass 
t = 3 n s  
P 

Given the importance of the terminal-level lifetime 
for phosphate glass, we employ three different meth- 
ods for measuring its value. We first describe a novel 
and more accurate direct approach that employs a 
pump-probe technique.l We also explore an indirect 
emission method, which is based on the "energy-gap 
 la^,"^,^ since this method continues to be the preferred 
method due to its simple and straightforward 
approach. However, it is a method that presupposes 
that the lifetime of a different nonradiative transition 
(4G,/2+4G,/2, 2G7/2), whose energy gap coincidentally 
matches that of the relevant transition (4111 ,2+419/2), 
provides a reasonable assessment of the actual terminal- 
level lifetime. Based on the validity of the energy gap 
law, the two lifetimes are expected to be equal. Finally, 
we model data taken from a previous set of experiments 
and show that the terminal lifetime for phosphate 
glass derived from the best fit to the data is in agree- 
ment with the values derived from the pump-probe and 
indirect emission experiments. 

In addition, we found in the process of modeling 
the extraction data that it would be useful if an 
approximate solution of the energy transport and 
kinetic differential equations existed that explicitly 
include the terminal lifetime and the pulse length. The 
motivation for finding an empirical solution was to be 
able to use a simple expression within the existing 
models that would include the effects of the terminal- 
level lifetime without having to tediously integrate the 
energy transport and kinetic differential equations. To 
date, the only analytic solutions that exist are for the 
two extreme cases of t p / ~ l l / 2  << 1 and tp /z l l~2  >> 1, 
that is, very short or long pulse lengths relative to the 
terminal lifetime.4 We formulated an empirical solution 
of the saturation fluence that explicitly includes the 
ratio tp/~11/2 and is therefore valid in the intermediate 
region of tp /~ l l / 2  = 1 as well. Our empirical solution of 
the saturation fluence can be substituted within the 
well known Frantz-Nodvik4 analytic solution to model 
the energy extracted from an amplifier. We present a 
modified expression for the saturation fluence and 
describe how we used it to model the energy extraction 
data for Nd:phosphate glass. 

 we first describe the direct (pump-probe) method 
followed by the indirect (fluorescence) method and 
discuss the lifetime results for LG-750. Next, we model 
the extraction data previously taken by Yarema and 
Milam5 and discuss our model. We show concurrence 
among the three methods with an averaged lifetime of 

253 ps with an rms error of k50 ps. In the final 
section we compare the results from the direct and 
indirect methods for 13 materials and show that the 
simpler, indirect method can be used to determine the 
terminal lifetimes with an uncertainty of less than a 
factor of two in most circumstances. 

=11/2 = 
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Direct Method: Experiment 
and Results 

To directly measure the population decay time 
between two electronic levels of interest, we must first 
find a way to selectively populate the upper level and 
then be able to detect and accurately measure the pop- 
ulation decay. The total decay rate of the emission signal 
is a sum of the radiative and nonradiative decay rates. In 
most Nd-doped hosts, the small energy gap (4500 cm-l) 
of the 4111/2-+419/2 transition and high phonon frequen- 
cies (up to 1300 cm-l) enable the nonradiative rate to 
be much faster than the radiative rate. This causes the 
photon emission signal from the 4111/2 level to be very 
weak, thus making an accurate measurement of the 
nonradiative lifetime inherently difficult. Until recently, 
many of the direct measurements employed either an 
energy-extraction or gain-recovery method coupled 
with a numerical m ~ d e l . ~ . ~  

We designed a unique pump-probe experimental 
technique to directly measure the nonradiative lifetime 
for the 4111/2+419/2 transition in various Nd-doped 
glasses and crystals. Figure 3 shows a series of energy 
level diagrams describing the sequence of events for 
the experiment: (1) A 2 . 4 1 - p  pump beam excites a 
fraction of the ground state Nd ions into the 4113,2 level, 
after which the Nd ions will nonradiatively decay into 
the 4111/2 level. (2) After an incremental time delay, a 
1 . 0 6 - p  probe beam excites a fraction of the 4111/2 pop- 
ulation into the 4F3/2 level. (3) The 4F3/2 population can 
decay into several of the lower 41, levels, but we chose 
to record the 0.88-pm emission signal corresponding to 
the 4F3/2+419/2 transition. The time-integrated 0.88-pm 
signal is proportional to the 4111 /2 population. This 
sequence of events is repeated for each increased time 
delay between the pump and probe pulses. Therefore, 
as the time delay between the pump and probe pulses 
increases, the value of the integrated 0 . 8 8 - p  emission 
signal diminishes since most of the 4111/2 population 

Pump 

will eventually return into the ground state. A plot of 
the time-integrated 0.88-pn emission values vs time delay 
(zd) will construct the temporal evolution of the 4111,,2 
population. In passing we note that directly populating 
the 4111/2 level can be difficult due to the increased 
intrinsic absorption of the host medium at 5 p. 

Figure 4 shows a simplified experimental diagram. 
The 1 .06 -p  output of a mode-locked laser operating at 
a repetition rate of 76 MHz is injected into a regenerative 
amplifier. The output pulses emerge from the amplifier 
at a 10-Hz repetition rate with an energy of 55 mJ per 
pulse. Two nonlinear frequency conversion processes 
are required to generate the 2.41-pm pump beam: a 
Raman process to generate 1 . 9 1 - p  output and a dif- 
ference frequency generator to produce the 2 . 4 1 - p  
output. The 1 . 0 6 - p  pulse is split with a beam splitter 
that allows 80% of the 1.06-pm energy to pass through 
a high-pressure (55-atm) Raman cell filled with H,. 
The 1 . 0 6 - p  beam excites several vibrational modes of 
the H2 molecules, allowing the output beam to emerge 
with several different Stokes- and anti-Stokes-shifted 
frequencies. We chose a difference frequency mixing 
scheme with a lithium niobate (LiNbO,) crystal that 
requires the collinear mixing of a 1.91-pn and a 1 . 0 6 - p  
beam. Therefore, the first Stokes-shifted 1 . 9 1 - p  output 
from the Raman cell is mixed with the other 1 . 0 6 - p  
beam in the LiNbO, crystal to produce the 2 . 4 1 - p  
pump beam. The residual 1.06-pm beam from the con- 
version process is used as the probe beam and is sent 
into a variable time delay that consists of a reflective 
corner cube mounted onto a computer-controlled 
translation stage. The delay stage allows for precise 
incremental time delays between the pump and probe 
beams. The pump and probe beams are independently 
focused into the sample, and the 0.88-pm emission sig- 
nal is recorded with a photomultiplier tube placed at 
the side of the sample. Two independent reference 
detectors are used to account for fluctuations in the 
laser output. All three signals from the detectors are 

Probe Monitor 

4%/2 4 ~ 3 / 2  A %/2 

1.06 pm + 
Time delay 

15/2 (Td) 15/2 15/2 

13/2 

11/2 

9/2 9/2 

4 
2.41 pm 1, 

11/2 

711/2 7 
Increase zd and repeat 

FIGURE 3. The pump-probe experiment. A 2.41-pm pump pulse excites a fraction of the ground state population into the 4113,2 level. After a 
time delay (Q, the 1.06-y.m probe pulse excites the Nd ions from the 4111/2 level into the upper 4F3,, level. The 0.88-pn emission corresponding 
to the 4F3/2-f419/2 transition is time integrated and recorded. This sequence of events is repeated for longer time delays. (70-154194-0202pb02) 
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sent into electronic boxcars that integrate the wave- 
forms. A hardware interface allows a computer to store 
the integrated signals. After the data are stored, the 
computer translates the delay stage and records a new 
set of data. 

Figure 5 shows an example of the data taken with 
this setup. The data are illustrated with circles; the line 
is the numerical model. Details of the numerical model 
have been described elsewhere.' In brief, the model of 
the data includes information about the 4113/2-34111/2 
and 4111/2+419/2 nonradiative transitions. Three 
adjustable physical parameters fit the data to the model. 
We calculated a lower bound of the terminal lifetime 
by correcting the effective lifetime for the -200 cm-l 
smaller gap in the 4111 /2+419/2 transition compared 
with the 4113/2+4111/2 transition. The terminal lifetime 
(lower-bound) was found to be 250 ps with an error 
of +loo ps. 

Indirect Method: Experiment 
and Results 

Before discussing the indirect method, we first 
briefly explain the energy gap law. The nonradiative 
rate for the transition of a rare-earth ion such as Nd 

amplifier 

within a glass or crystalline host medium can be 
written as 

where A and a are host-dependent parameters and p is 
the normalized energy gap of the transition, AEgaP/hve,. 
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FIGURE 5. The analysis of the data yielded a terminal lifetime of 
211,2 = 250 ps with an error of d0O ps. (70-15-0194-0202pb04) 
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FIGURE 4. A simplified experimental diagram for the pump-probe experiment. The 1.06-pm output of the laser is mixed with the 1.91-pm 
Stokes-shifted output from an H, Raman cell to produce a 2 . 4 1 - p  pump beam. The residual 1.06-pm beam is delayed and used as the probe 
beam. Three individual detectors and boxcars record and integrate the signals, which are stored on the computer for subsequent data analysis. 
(70-15-0194-0202pbO3) 
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This expression assumes that for transitions involving 
approximately two or more phonons, only the highest 
frequency of vibration (veg) in the host plays a sigrufcant 
role in enabling the nonradiative transition. Therefore 
the smallest number of high-frequency phonons needed 
to bridge the energy gap (AEgap) tends to dominate the 
nonradiative decay. In addition, the theory assumes 

4- A 

\ 4 
F3/2 

532-nm 
Pump 

Similar 
energy 
gaps- 

\ 600-nm 
emission 

-4 11/2*/ 
9 / 2  

FIGURE 6. An energy level diagram for the emission experiment. A 
532-nm pump beam transfers a fraction of the ground state population 
into the 4G7/2 level. The resulting emission at 600 nm from the 4G7/2 
level is recorded. Since the nonradiative decay for the 4G7,.2+4G,,,, 
2G7,2 transition will be much faster than the radiative decay rate, the 
600-nm emission signal will be a direct measure of the T ~ / ~  lifetime. 
(70-00-0295-0391pbOl) 

that only the size of the gap is important and not the 
specific details of the initial and final electronic states 
over which the transition takes place-hence the reason 
for the name “energy gap law.” 

For most Nd-doped materials, the upper 
4G7/2+4G5/2, 2G7/? transition and the lower 4111/2+419/2 
transition have a similar-size energy gap. Figure 6 
shows the energy level diagram for the pumping and 
emission processes. If the energy gap theory is assumed 
valid, then the values of the T ~ / ~  and T ~ ~ / ~  lifetimes 
should also be quite similar. Since the Nd ions are easily 
excited from the ground state to the 4G7/2 level with 
the frequency-doubled output of a 1 . 0 6 - p  laser, one 
must only monitor emission signals from the 4G7/2 
level for a direct measure of the T ~ / ~  lifetime. This is 
because the rate of decay of the emission signal will be 
largely dominated by the 4G,/2-+4G5/2, 2G7/2 nonra- 
diative rate. After exciting the ground-state Nd ions 
with the 532-nm pump, the 600-nm emission signal 
corresponding to the 4G7,2 population decay is 
recorded. A technique suitable for measuring time- 
resolved fluorescence emission spectra characterized 
by weak signal levels and/or pichsecond lifetimes is 
called “time-correlated single photon counting.” 

suring the 7712 lifetime that employs a photon count- 
ing system. The frequency-doubled output of a 
mode-locked Nd:YAG laser produces 1 W of 532-nm 
light with a 90-ps pulse length at a rate of 76 MHz. The 
532-nm light is split into two paths. In path 1, the sam- 
ple is illuminated and the fluorescence is collected and 
focused into the monochromator. A multichannel plate 
photomultiplier tube (MCP-PMT) is placed at the out- 
put of the monochromator and detects the 600-nm 

Figure 7 illustrates an experimental scheme for mea- 

Start detector 

(76MHz) 

Stop detector Computer 

bl 
FIGURE 7. An experimental scheme for the emission experiment using a time-correlated single-photon counting technique. The 532-nm pulse is 
split into two beams. In path 1, a beam illuminates the sample, and the resulting 600-nm emission is detected with a multichannel plate detec- 
tor. The beam from path 2 is time delayed and focused onto a silicon detector. The photon counting electronics (constant fraction discriminator, 
time-to-amplitude converter, multichannel buffer) condition the electronic pulses from the two detectors. After multiple excitation pulses, the 
600-nm emission waveform is reconstructed. (70-00-0295-0391pb02) 
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emission signal. The photon counting method assumes 
that the probability distribution for the emission of the 
first photon after excitation is also the intensity vs time 
distribution of the photons emitted as a result of the 
excitation. Therefore, by measuring the time at which 
the first photon is emitted for a large number of excita- 
tion events, the experiment eventually constructs the 
full probability distribution.8 This method uses the 
high repetition rate of the laser system to build up the 
emission signal after many excitation pulses. 

The sequence of electronic events, as shown in 
Fig. 7, is as follows: The MCP-PMT monitors the 
arrival of the first 600-nm photon emitted after the 
sample has been excited. From the single photon 
event, the MCP-PMT is able to generate an electronic 
signal known as the start pulse. The constant fraction 
discriminator (CFD) conditions the electronic signal 
from the detectors so that the signals going into the 
time-to-amplitude converter (TAC) have a precisely 
timed leading edge independent of the amplitude fluc- 
tuations. The pulses entering the TAC initiate the 
charging of a capacitor. In path 2, the 532-nm pulse is 
time delayed and sent into a silicon photodetector, 
which outputs an electronic pulse to stop the charging 
of the capacitor. The amount of charge stored on the 
capacitor is proportional to the time interval (At) 
between the start and stop pulses. The TAC outputs an 
electronic pulse with an amplitude (A) that is directly 
proportional to the stored charge on the capacitor. A 
multichannel buffer (MCB) stores the value of the 
pulse amplitude. 

The sequence is repeated until enough single-photon 
events have been sampled to accurately reconstruct the 
emission signal. Figure 8 shows the data and model for 
LG-750. The znj2 lifetime inferred from the kinetic 
analysis is found to be z11/2 = z7/2 = 228 k 50 ps on the 
basis of the 4G7/2+4G5/2, 2G7/2 relaxation time. 

Energy Extraction Experiments 
and Modeling 

In 1982, Yarema and Milam7 performed a series of 
energy extraction experiments for several Nd-doped 
glasses, including LG-750. Figure 9 shows a plot of the 
fluence out vs fluence into an LG-750 amplifier for 1-ns 
and 20-11s pulse durations. The data show that at higher 
input fluences, the 20-11s pulses begin to extract the 
stored energy more efficiently. Based on the experimental 
values of the terminal lifetime derived from the two 
experiments previously discussed, we would expect the 
20-11s data to extract the energy more efficiently since 
there is virtually no bottlenecking of the terminal level. 
This is because the 20-ns pulses are 80 times longer than 
the terminal lifetime, as opposed to the 1-ns pulses, 
which are only 4 times longer. The difference in the 
two data curves can be accounted for by including the 
terminal-level lifetime in the solution to the coupled 
population rate and transport differential equations. 
However, as mentioned earlier, no analytic solution 
exists, and therefore the equations must be integrated 
for each new value of the pulse length t or the terminal P 

1 

0.8 

0.2 

0 

Nd:phosphate glass 
z7/* = 228 k50 ps 

0 500 1000 1500 2000 2500 3000 
t (ps) 

FIGURE 8. A plot of the 600-nm emission as a function of time. The 
T ~ / ~  lifetime derived from the data analysis is 228 f 50 ps. 
(70-00-0295-0391pb03) 
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FIGURE 9. A plot of the extraction data taken by Yarema and Milam 
for 1- and 20-ns square pulses in the phosphate glass composition 
LG-750. A model that includes the ratio of the pulse width to the 
terminal-level lifetime is shown as the two solid lines. The terminal- 
level lifetime was left as a variable fitting parameter within the model. 
A best fit to the data yielded zIll2 = 280 2 100 ps. (70-00-1194-3749pb02) 
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lifetime z11/2. We have found an empirical formula for 
the saturation fluence F'sat that explicitly includes tp 
and T~~ /2: 

r 1 

(2) 

and energy transport equations for a lossless system 
can be written as 

(4a) 

where B(R) is a function of R = t / T ~ ~ / ~ ,  oem is the 
emission cross section, and g2/Z is the ratio of upper 
to lower level degeneracies of the laser transition. The 
derivation of the function B(R) will be discussed in the 
next section. The empirical formula for the saturation 
fluence can be substituted within the Frantz-Nodvik6 
solution for energy extraction to model both the 1-ns 
and 20-ns data. The Frantz-Nodvik solution is written as 

where Go is the small signal gain and Fi, is the input 
fluence. The model is shown as the curves in Fig. 9. The 
terminal-level lifetime was left as a fitting parameter 
within Eq. (3). The best fit to the data yielded a termi- 
nal lifetime of z11/2 = 280 ps f 100 ps. This result is 
within the experimental error of the lifetimes derived 
from the previous sections. The average terminal life- 
time and estimated error from all three experiments is 
253 ps with an rms error of k50 ps. 

Derivation of the Modified 
Saturation Fluence 

There are six steps involved in finding the functional 

1. Transform the coupled rate and transport equa- 
tions that include the terminal-level lifetime 
( T ~ ~ / ~ )  to a coordinate system that moves within 
the frame of the pulse. 

2. Simplify the equations by integrating over the 
spatial dimension so that only a set of coupled 
ordinary differential equations in time remain. 

3. Integrate the coupled equations for a range of 
R values. 

4. Substitute the modified saturation fluence defined 
in Eq. (2) into the Frantz-Nodvik solution, Eq. (3), 
fit each of the empirical output-vs-input fluence 
solutions to the exact numerical solutions found 
in step 3, and determine B(R). 

form of B(R) in Eq. (2). 

5. Find an analytic form for B(R). 
6. Determine the range of input parameters over 

which the modified saturation fluence Fsat can 
be used. 

We begin by assuming that the upper laser level has 
a population N2(0) created by a previous pumping 
process when the input pulse arrives. The coupled rate 
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and 

where N2(t) and Nl(t) represent the upper (4F3,2) and 
lower (4111/2) level populations, B,, is the single-ion 
stimulated emission cross section for the 4F~/2-+4111/2 
transition, and Gabs is the single-ion absorption cross 
section for the 4111/2+4F3/2 transition. The intensity 
of the laser pulse is denoted by I(z,t). In a glass, B,,, 
oabs, and zllI2 are supposed to be site-averaged or 
ensemble values. 

Eqs. (4a)-(4c) can be simplified by transforming them 
to a moving coordinate system that travels at the velocity 
of the pulse by making the following transformation of 
variables: T = t-(zn/c) and Z = z. Using the prescription 
of Trenholme et al.9 we also define /3 = Npem to be the 
gain coefficient of the upper level ions and a = Nloabs 
to be the absorption coefficient of the lower level ions. 
The ratio of degeneracies is defined to be the constant 
K = oabs/csern. The result is 

and 

a1 -=I[/3-a] . az 
Eqs. (5a)-(5c) can be further simplified by observing 
that integration over their spatial dimension is possi- 
ble, leaving a set of ordinary differential equations in 
time to be solved. Continuing to follow Trenholme, the 
quantities LI(t) and Ut)  are defined as 

, 
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and 
e 

L(t) = j a(z, t)dz . 
0 

Integrating Eqs. ( i)-(5c) along the length of the 
amplifier, we find that the problem now reduces to 
solving the following set of coupled differential equa- 
tions of Trenholme9: 

and 

(7) 

(9) 

where the known initial conditions U(O), L(O), and Iin(t) 
are used to integrate Eqs. (7)-(9) forward in time. The 
integrated output intensity yields the output fluence 

FOut(numerical) = jI,(t)dt = Ilin(t)eU-L dt , 

where Fout (numerical) is the exact solution to the loss- 
less coupled rate and energy transport equations that 
includes effects of the terminal-level lifetime (zll /2). The 
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numerical solutions of Eq. (10) for square pulses with 
R = tp/zll/2 = 0.01,2, and 100 are plotted in Fig. 10(a). 
For each numerical solution shown, a best fit of the 
empirical solution, Eq. (3), was found by adjusting the 
value of B(R) to minimize the x2 fitting error. The empir- 
ical solutions are also shown in Fig. 10(a) along with the 
corresponding B(R) and x2 values where we define 

N=100 
x2 = p:srn(i) - FzZp(i)]L 1 N-1 

2=1 

(11) 

In Fig. 10(a), only three different values of B(R) were 
determined. To find a functional form for B(R), addi- 
tional values were needed. In Fig. 1O(b) ,  over 1000 fits 
are shown to produce a nearly continuous curve for 
B(R) (solid line). As required, B(h) converges to the 
asymptotes of 1 and 0 for tp/~11,2 << 1 and tp/z11,2 >> 1, 
respectively. The B(R) curve shown in Fig. 10(b) was 
fit to three exponentials (open circles). This allowed for 
an improved fit to the B(X) curve compared with the 
single exponential form originally proposed by . 

Trenholme.lo The exponential sum is written as 

B(R) = al exp (-R/bl) + a2 exp (-X/b2) 

+ a3 exp ( -R /b3)  I (12) 

where the coefficients are 

al = 0.59735, a2 = 0.34025, u3 = 0.0605 (13a) 
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FIGURE 10. (a) A plot of the numerical solution of the coupled differential equations, Eq. (lo), is shown as the solid line. The open circles 
represent the empirical solution, Eq. (3). The value for B(R) and the x2 fitting error are also shown. (b) Over a thousand fits, such as those 
shown in (a), were made to form a nearly continuous curve for B(R). A best fit to the curve for a sum of three exponentials is shown by the open 
circles. (70-00-0295-0393pbOl) 
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and 

b, = 1.29348,bZ = 4.14937, b, = 30.38384 . (1%) 

To match the experimental data, Eq. (12) was evaluated 
for the following input parameter values: 

Go = 6.9 , (14b) 

and 

lh(t) being a square pulse approximated by a super- 
Gaussian of power 30. In addition, the relevant range 
of input fluences are defined with 

<3.5 . 
hv/o,, 

The empirical expression for the saturation fluence, 
Eq. (3), with B(R) defined in Eq. (12), can be used to 
calculate the output energy with an error of less than 
1.5%. Our choices for the value of the parameters-g2/g1, 
Go, and li,(t)-and therefore B(R) are specific to Yarema 
and Milam’s extraction experiment. Equation (12) 
has some applicability for alternative ranges of 
input parameters.” 

mate form for B(R)’ was derived and shown to be 
In a recent publication by Beach et a1.,12 an approxi- 

’ 1 - exp (-R) B(R) = 
R 

However, Eq. (15) proved to be useful only for input 
fluences less than the saturation fluence of the medium 
(Fin < hv/oem). We have nonetheless found that an 
adequate fit to B(R) can be achieved over a larger Fin 
range if an additional phenomenological parameter is 
introduced by taking the entire expression to the 1.13 
power (i.e., [B(R)’l1.I3). By substituting this alternative 
form of B(R) into Eq. (2), we can determine the output 
energy with an error of less than 1.5% for the input 
parameters in Eqs. (14a)-(14c). 
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Comparison of the Direct and 
Indirect Methods for Several 
Nd-Doped Materials 

We have discussed three possible experiments for 
measuring the terminal lifetime for Nd:phosphate 
glass. It would be convenient if the simplest method 
were shown to be sufficiently accurate for measuring 
the terminal lifetime of any Nd-doped laser material. 
Table 1 lists lifetime data for 13 different Nd-doped 
laser materials taken from the pump-probe and emis- 
sion experiments previously discussed. In Fig. 11, the 
lifetime from the direct data ( T ~ ~ , ~ )  is plotted against 
the lifetime from the indirect method ( T ~ , ~ ) .  The figure 
shows a line representing the best fit to the data of the 
form y = mx. Ideally, if both methods yielded the same 
results, then the slope m would be equal to one. 
However, the best fit produced a slope of 1.15, which 
suggests that the simpler, indirect method can be used 
to determine the terminal-level lifetime for most Nd- 
doped materials within a factor of two provided that the 
excitation pulses are short enough and the detectors and 
electronics have the required sensitivity and resolution. 

10 
10 lo2 103 104 1 

T ~ , ~  lifetime (ps) 

FIGURE 11. The terminal lifetimes from the direct and indirect mea- 
surements are plotted. A best fit to the data is shown as the solid line 
of the form y = mx. The slope is 1.15. We find that the indirect method 
can be used to measwe the terminal lifetime to within a factor of 2 for 
most Nd-doped laser materials. (70-00-0295-0394pbOl) 
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The rightmost column of Table 1 lists our best 
assessment of the terminal lifetime from the two 
approaches. In comparing the lifetimes of the various 
groups of materials, we find that the phosphate glasses 
have a factor-of-two shorter lifetime than the silicate 
glasses. This is primarily due to the high phonon fre- 
quencies of the network forming PO4 complexes in the 
phosphate host as opposed to the relatively low-fre- 
quency Si04 complexes in the silicate glasses. The 
shortest lifetime measured was from the phosphate 
crystal Nd:C-FAP. This material has both high phonon 
frequencies and a small energy gap. Within the oxide 
crystals, we find that Nd:YAG has the shortest lifetime 
and correspondingly the smallest energy gap. And 
finally, as expected, we find that for the fluoride 
materials, including Nd:YLF, the relatively low 
300-600 cm-l phonon frequencies give rise to slower 
(nanosecond) lifetimes. 

Conclusions 
We measured the terminal-level lifetime of the Nd- 

doped phosphate glass LG-750 from three independent 
measurements and found the average value to be 
T ~ ~ / ~  = 253 ps with an rms error of +50 ps. In the pro- 
cess of modeling data from the energy extraction 
experiments, we developed an empirical formula for 
the saturation fluence that can be used to account for 
the bottlenecking effects of the 4111,2 level in the 
Frantz-Nodvik analytic solution for energy extraction. 
We determined that the indirect emission measure- 
ments yield lifetimes that are within a factor of two of 
the direct pump-probe measurements. This result gives 
us confidence in using the simpler indirect approach for 
estimating the terminal lifetime for new prospective 
Nd-doped laser materials. 

TABLE 1. Results from the direct, pump-probe measurements and the indirect, emission measurements. The right 
column lists our best assessment of the terminal lifetimes. 

Lifetime Lifetime Best assessment of 
Material ‘11/2 (PS) ‘7/2 (Ps) lower-level lifetime (ps) 

Phosphate glasses 
LG-750 250 228 250(a) 
APG-1 192 215 192Q) 
APG-x 200 210 200“) 
APG-y 158 150 158(a) 

C-FAP, Ca, (PO,),F 156 70 70(b) 
Phosphate crystal 

Silicate glasses 
LG-660 
LG-650 
SOL-GEL 

Oxides 
YAG, Y3A1,0,, 
YALO, YA10, 
GSGG, Gd,Sc,Ga,O,, 

Vanadate 
no4 

Fluorides 
YLF, LiYF, 
SrF, 

Fluoride glass 
ZBLAN, ZrF4-BaF,-AlF,-LaF,-NaF 

535 
510 
247 

215 
210 
245 

115 
896 
401 

200 
1090 
715 

531 190 

10,500 
>5000 

9100 
7000 

>5000 18,000 18,000(b1 

(a) Lower limit of the lifetime from the direct method agrees with the lifetime measured from the indirect method 
e) Indirect method is preferred since data is more accurate. 
cc) Energy gap relevant to 411,,, and 4G,/, states are anomolously different so the T , , , ~  and T ~ / ,  lifetimes do not agree. 
(dl Basis for difference between the and T ~ , ~  lifetimes is uncertain. 
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Introduction 
Since 1986, optical smoothing of the laser irradiance 

on targets for Inertial Confinement Fusion (ICF) has 
gained increasing attention.ls Optical smoothing can 
significantly reduce wavefront aberrations that produce 
nonuniformities in the energy distribution of the focal 
spot. Hot spots in the laser irradiance can induce local 
self focusing of the light, producing filamentation of 
the plasma. Filamentation can have detrimental conse- 
quences on the hydrodynamics of an ICF plasma, and 
can affect the growth of parametric instabilities, as well 
as add to the complexity of the study of such instabilities 
as stimulated Brillouin scattering (SBS) and stimulated 
Raman scattering (SRS).6-10 As experiments approach 
and exceed breakeven (i.e., where driver energy = fusion 
yield), the likelihood of significant excitation of these 
processes increases. As a result, we are including a 
scheme for implementing optical-beam smoothing for 
target experiments in the baseline design for the pro- 
posed next-generation ICF facility-the National 
Ignition Facility (NIF).ll 

To verify the efficacy of this design for the suppres- 
sion of parametric instabilities in NIF-like indirect-drive 
targets, we successfully modified a Nova beamline to 
simulate the proposed NIF conditions. In this article, we 
discuss the laser science12 associated with a four-color 
target campaign on Nova to test the effect of f-number 
(ratio of focal length to beam diameter) and temporal 
smoothing on the scaling of SBS with a four-segment 
interaction beam using NIF-like parameters. The results 
of the target series associated with the four-color con- 
figuration are discussed in "Laser-Plasma Interactions 
in Large Gas-Filled Hohlraums," p. 97 of this Quarterly 
and elsewhere.13-15 

The NIF'I design has four beamlets per beamline, 
which overlap to form an effectivef/8 beam focus. Each 
beamlet is smoothed by a random phase plate (RPP). 

RPPs consist of many randomly distributed on/off 
phase elements deposited on a fused-silica ~ u b s t r a t e . ~ ~ ! ~ ~  
The focal-plane intensity distribution resulting from 
focusing light through a bilevel RPP consists of an over- 
all envelope, modulated by fine-scale spatial structure 
within that envelope. The envelope is produced by 
diffraction from a single-phase element, and the fine- 
scale structure, or speckle, is due to the superposition of 
the diffraction patterns from each of the phase elements. 
The speckle size corresponds to the diffraction limit of 
the full-aperture beam incident on the RPP. Because 
speckle size increases with f-number, an f/8 beam should 
filament more than the f/4.3 beams on N O V ~ . ' ~ ~ ~ ~  
Simulations indicate that SBS reflectivity increases due 
to filamentation, with a total gain greater than calcu- 
lated for a uniform laser intensity. SBS reflectivities 
>lo% may unacceptably degrade target performance by 
disrupting symmetry or reducing the energy available 
for radiation heating. The introduction of temporal 
and spatial incoherence over the face of the beam using 
techniques such as smoothing by spectral dispersion 
(SSD)* or induced spatial incohyrence (ISD5 reduce the 
rms-intensity variations in the laser irradiance when 
averaged over a finite time interval, providing temporal 
smoothing. Temporal smoothing makes filamentation 
less likely because the filament must form before the 
hot spot moves to a different location. 

Broadband light, produced in this case by electro-optic 
phase modulation (FM), is spectrally dispersed by a 
grating, and then amplified, frequency converted, and 
focused through an RPP on to a target. Each distinct 
frequency component produces a speckle pattern, 
resulting in a superposition of many speckle patterns. 
Since each frequency propagates at a different angle 
through the phase plate, the speckle patterns spatially 
shift as a function of frequency. As the frequencies 
change throughout the length of the pulse, the rapidly 

Figure 1 is a schematic of the SSD technique. 
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fluctuating interference of the displaced speckle fields 
for the different spectral components causes the irradi- 
ance to appear smooth on a time-averaged basis. The 
most effective beam smoothing is obtained when the 
speckle field for each spectral component is spatially 
shifted at the target plane by at least one-half speckle 
diameter, dl/2 = 1.22hf/D, where D is the beam diameter 
on the phase plate, h is the third harmonic (30,351 nm) 
wavelength, andfis the focal length of the lens? This 
level is achieved when the 3w dispersion at the output 
aperture is fixed at dWv = dl/,/f6v in rad/Hz, for a 
specified spacing between spectral components, 6v, and 
speckle size, d, /2.  

The time-integrated smoothness, o/I, is defined as the 
spatial nns-intensity variance normalized to the average 
at the target plane. The smoothness is equal to 
1 /a, where N is the number of decorrelated speckle 
fields superimposed at each point on the target. The 
effective time-integrated smoothing level for spectrally 
dispersed beams can be approximated by 

L J 

where 6v is the effective separation between indepen- 
dent spectral components in Hz, 7 is the coherence 
time in seconds (inverse of the frequency-converted 
bandwidth), and d0idv is the spectral dispersion at 3 0  
in rad/Hz. For optimal dispersion, N is the total number 
of spectral components in the beam and 6v is the mod- 
ulation frequency of the electro-optic phase modulator. 
Instantaneously, o/I E 1 due to basic Rayleigh speckle 
statistics, but this value decreases rapidly as the irradi- 
ance variations are averaged over time. The initial 
smoothing occurs on a time scale proportional to 1 /T, 
reaching the asymptotic level given by Eq. (1) in a time 
determined by 1/6v. The initial onset of smoothing is 
delayed due to the spatially varying time delay across 
the beam imposed by the grating (i.e., a delay of h/c per 
iIluminated grating line). This time delay Ft is propor- 
tional to 1/6v, and therefore N is proportional to 6 t / ~ .  

In the case of m beamlines, each with a different 
central frequency and n decorrelated FM components 
per beamline, o/I = 1 / f i  , where N = nm = Av / 6v . 
The value of D in Eq. (1) becomes the individual beam- 
let diaqeter, and the coherence time T is proportional 
to 1 /Av, where Av is the total bandwidth of the four 
FM-modulated central frequencies. With a four-color 
segmented beam, as used in the current Nova experi- 
ments, the superposition of the four narrowband 
speckle fields should produce a smoothing level of 
50% (o/I = 0.5) at the target plane. Since all four colors 
are present simultaneously throughout the pulse, the 
asymptotic level is achieved within a few picoseconds. 
The smoothing rate is proportional to the number of 
beamlines and is unaffected by the grating time delay, 
6t. The resulting pattern fluctuates with a periodicity 
determined by the narrowest frequency separation. 
The addition of FM bandwidth to the four-color beam 
allows additional temporal smoothing by creating many 
additional decorrelated speckle fields. This smoothes 
very rapidly due to the wide overall bandwidth. The 
rate of four-color beam smoothing with FM bandwidth 
and spectral dispersion is four times faster than one- 
color FM smoothing, assuming the same bandwidth 
per beamline, reaching a 50% lower o/I at the same 
f-number per beamlet. 

One of the primary limitations on previously used 
beam-smoothing techniques is the reduced frequency 
conversion efficiency to the third harmonic due to 
bandwidth.*O High-efficiency frequency tripling can be 
achieved only over a narrow spread in wavelength for 
a given crystal phase matching condition; thus to remain 
within 10% of the maximum conversion efficiency, the 
input bandwidth should be limited to -0.2 nm, or 
-60 GHz. However, while beam smoothness is strongly 
dependent on both the amount of dispersion and spec- 
tral bandwidth used, the larger the bandwidth (i.e., the 
shorter the coherence time), the more rapidly the struc- 
ture changes, and the more rapidly the time-averaged 
intensity smoothes. 

The NIF design can simultaneously achieve high 
third-harmonic conversion efficiency with broad 
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FIGURE 1. Schematic 
illustration of the 
smoothing by spectral 

f-*-) dispersion (SSD) 
technique. 
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bandwidth for rapid smoothing. The NIF is proposed 
to have four beamlets focused to a single spot per beam- 
line, each with a different frequency and separated by 
1 nm.I1 Each individual beamlet will have a bandwidth 
of only 0.25 nm, allowing high-efficiency frequency 
tripling. The superposition of four beamlets with differ- 
ent frequencies will produce the wide overall-spectral 
width required for good temporal smoothing. 

To simulate this configuration, a Nova beam was 
modified to have an f / S  geometry, with a segmented 
four-quadrant beam. We developed a multifrequency 
bandwidth source that is spatially separated into four 
quadrants, each containing a different central frequency 
separated by up to 0.88 nm. Each quadrant is indepen- 
dently converted to the third harmonic in a four-segment 
Type I/Type I1 potassium dihydrogen phosphate (KDP) 
crystal array with independent phase matching in each 
quadrant for efficient frequency conversion of the four 
frequencies. In addition, a limited amount of bandwidth 
(-0.2 nm) can be added to each frequency component 
to more closely approach a continuous broadband 
spectrum. We compared the results obtained with this 

Rod Rod 
amplifier amplifiers 

method with those previously obtained on Nova with 
a continuous bandwidth source and a single-frequency 
conversion array.*O Using this method, we obtained a 
factor of four increase in 30 output energy with 
comparable overall bandwidth. 

Four-Color Implementation' 
on Nova 

Significant modifications to the oscillators, mid- 
chain optics, SSD table, frequency-conversion arrays, 
laser diagnostics, target diagnostics, and final focus 
lens allowed implementation of four-color capability 
on Nova, as shown in Fig. 2. To perform target experi- 
ments, the four-color input spectrum must be stable to 
+lo% in energy, with frequency jitter <0.0019% and be 
reproducible from shot to shot. Energy balance between 
the four quadrants must be better than +lo% at l w  and 
QO% at 3 0 .  The composite beam is required to have 
>2 x lOI5 W/cm2 at the third harmonic in a 500-p-diam 
focal spot. This section describes the modifications 

Master MOR rod 

modulator f 

KDP array diagnostics 

FIGURE 2. Layout of Nova's four-color system. Areas modified to accommodate the four-color system are shaded. (70-00-0395-0792pbOl) 
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required to meet these conditions and the overall laser 
performance of the four-color system. 

Four-Color Bandwidth Source 
Four-color target experiments required the develop- 

ment of a four-color laser source with a bandwidth 
capability similar to that planned for the NIF. The tech- 
nique chosen to provide the four discrete frequencies is 
based on the nonlinear mixing of two frequencies in an 
optical fiber. Two photons at the pump frequencies are 
annihilated to create two photons at frequencies shifted 
toward the blue and red sides.*lrZ These newly created 
spectral components result in self-phase modulation 
(SPM)-induced broadening of the pulse. The phase 
shift incurred by propagation through the fiber is pro- 
portional to the fiber length L and the pulse intensity I ,  
and the number of sidebands generated is linearly 
proportional to this phase shift. The number of lines 
generated is controlled by changing the pump intensity 
into the fiber, while the separation between frequencies 

1 li, 

is varied by tuning the frequencies of the oscillators. 
This technique produces a broad comb of discrete 
single-mode frequencies (up to -40 lines), which can 
be spectrally separated to provide a tunable single- 
frequency source. 

We produce the two-frequency input to the fiber by 
etalon-tuning two single longitudinal mode, Q-switched 
Nd-doped yttrium lithium fluoride (Nd:YLF) oscilla- 
t o r ~ ~ ~  to 1053.23 nm and 1052.79 nm, respectively. The 
measured frequency variation of each oscillator is 
<0.0016%. The output beams are temporally and spa- 
tially overlapped, and shortened to a 15-ns nominally 
square pulse and coupled into a single-mode polariza- 
tion preserving fiber. The spectrally integrated beam 
energy is recorded at the input and output of the fiber. 
The time-integrated and time-resolved output spectra 
and spectrally integrated pulse shape are also recorded. 

Time-integrated spectral measurements, like the 
example shown in Fig. 3(a), indicate that the energy 
content of the central spectral lines remains constant to 
within *lo% as the input energy increases and the spec- 
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FIGURE 3. Multifrequency spectrum generated by self-phase modulation of two frequencies separated by 0.44 nm in an optical fiber. (a) 
Shows a representative time-integrated spectrum for an intensity-length product, IL  = 1.2 TW/cm. (b) Shows the temporal evolution of the 
same spectrum. The number of spectral lines increases and decreases linearly with the 4-11s rise and fall of the pulse. (70-00-0395-0793pb02) 
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trum broadens. The amplitude between lines varies 
<+lo%, while the output energy of the integrated 
spectrum varies <4% from shot to shot. A maximum 
spectral width of 14-nm full-width at half maximum 
(FWHM) is obtained by this technique. The temporal 
buildup of the SPM spectrum, shown in Fig. 3(b), 
reflects the change in pulse intensity caused by the 4-ns 
rise and fall time of the input pulse. The central 3-5-ns 
section of the 15-ns pulse is nominally flat in time 
across the generated spectrum. A temporally uniform 
1-ns slice is selected from the center of that section by 
the main pulse shaping system in the Master Oscillator 
Room (MOR), then shaped to precompensate for 
square-pulse distortion later in the laser The 
time-resolved spectra shown in Fig. 4 demonstrate that 
each spectral component is stable on the time scale 
required for four-color experiments for low- and high- 
energy input to the fiber. 

To produce the main pulse for the other nine Nova 
beams, we split off a percentage of the energy in one of 
the frequencies before it enters the fiber, as shown in 
Fig. 2. The split-off pulse is then re-injected into the 
main beam path before it enters the temporal pulse 
shaping system. Following spectral and temporal 
shaping, the beam propagates through a double-pass 
electro-optic phase modulator, which allows the addi- 
tion of 0.2 nm of FM bandwidth to each frequency 
component to provide SSD. The time-resolved spec- 
trum of the FM-modulated pulse is shown in Fig. 4(c). 
Since both the multifrequency and single-frequency 

(a) 

1050.3 1058.1 

beams share this beam path, FM bandwidth is present 
on all 10 Nova beamlines when the modulator is active. 

Grating Separator 
The multifrequency beam from the MOR is amplified 

in the preamplifier section of Nova, where its energy 
increases to several Joules before being routed to the 
appropriate beamline. The time-multiplexed multi- 
frequency and single-frequency beams are separated 
into different beamlines by a Pockels cell/polarizer 
combination in the preamplifier section. The multi- 
frequency pulse is directed to beamline 7 (BL7), which 
contains the wavelength separation optics, while the 
single-frequency pulse is sent to the other nine beam- 
lines via beam splitting and delay optics. The four-color 
separation optics in BL7 introduce sufficient delay, 
relative to the other arms, to allow all pulses to arrive 
simultaneously at the target. 

accommodate the four-color separation optics. These 
optics, shown schematically in Fig. 5, convert the single 
multifrequency beam into a four-quadrant beam with 
one frequency per quadrant. The system is equivalent 
to four monochrometers sharing a common output slit; 
as a result, the four output beams are coincident and 
parallel. This "multichrometer" consists of a four-seg- 
ment grating array followed by a 1:l relay with the slit 
at the focal plane. The image of the grating array is 
relayed to the output plane where the wavelength of 

We modified the existing SSD table2 in BL7 to 

1050.3 1058.1 
Wavelength (nm3 

1050.3 1058.1 

0 1 
Intensity 

FIGURE 4. The time-resolved spectra of the amplified I-ns sliced pulse demonstrate that each component of the multifrequency spectrum is 
stable on the time scale required for four-color experiments. The separation between each color is 0.44 nm. (a) Low-energy input to the fiber, 
IL = 0.2 TW/cm. 03) High-energy input to the fiber, IL  = 1.3 TW/cm. (c) High-energy input into the fiber with 0.2 nm of FM bandwidth per 
component, IL = 1.3 TW/cm. (70-00-0594-2299pb01) 
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each segment is selected by independently angle tun- 
ing each grating. The unwanted frequencies in each 
segment are blocked by the slit. A charge-coupled 
device (CCD) camera imaging the slit monitors the 
unselected frequency components, allowing alignment 
of the grating components before each shot. A spec- 
trometer after the slit provides a record of the four-color 
output spectrum. 

The gratings separate each of the four main frequency 
components with up to 0.3 nm of FM bandwidth per 
frequency, by more than the focal spot size, allowing 
passage through the slit without interference from 
adjacent frequency-modulated bandwidth components. 
In addition, sufficient dispersion is used to separate 
each frequency-modulated bandwidth component at 
the target by at least one-half speckle diameter to achieve 
optimal beam smoothing. We chose 1800 grooves/mm 
gratings with a dispersion of 5.64 x lo” rad/nm at 
1053 nm to meet these constraints. The gratings used 
in the array were fabricated in-house to obtain the 
highest possible diffraction efficiency and damage 
threshold.26 To reduce the temporal delay of the pulse 

front across the beam, the gratings are arranged in a 
“V” configuration. This reduces the temporal skew 
from 600 to 300 ps, producing a chevron-shaped tempo- 
ral distortion across the face of the beam, symmetric 
about the horizontal midline. The non-Littrow grating 
configuration produces a geometric distortion that is 
corrected with a four-quadrant heart-shaped apodizer, 
as shown schematically in Fig. 5. This preforms the 
beam into a heart-shaped design before the grating 
array, which then diffracts into a circular beam. 

To compensate tor unequal SPM sideband ampli- 
tudes, the line shape of the amplifier gain, and other 
spectral inhomogeneities, we independently adjust the 
energy in each segment to achieve an equal distribu- 
tion of energy at the target. To balance the quadrant 
energies, a four-quadrant array of absorbing filters, 
adjustable in 5% increments, is placed before the grat- 
ing. Rod shots, in which only the preamplifier section 
fires, are used to balance the energies between the 
quadrants. Using this method, better than k6% energy 
balance at 10 and 4 7 %  at 30  is routinely achieved. 

Each grating is tuned to allow a different 
color through a single pinhole 

4-grating 
array Relay plane - - - - - - - 

IX \  
Relay plane beam Relay plane 

FIGURE 5. Schematic of the special optics installed in the four-color beamline to convert the single multifrequency beam into a four-quadrant 
beam with one frequency per quadrant. In the output plane, the wavelength of each segment is selected by independently angle-tuning each 
grating. The unwanted frequencies are blocked by a slit at the focal plane. The beam shape is preformed into a heart-shaped design before the 
grating array, which diffracts into a circular beam due to the grating configuration. (70-50-0993-3246pbOl) 
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Frequency Converter 
The full-aperture 2 x 2 frequency conversion array, 

shown in Fig. 6, converts the four-color beam to the 
third harmonic. Each quadrant contains a 12-mm-thick 
Type I doubler and a 10-mm-thick Type I1 tripler, using 
27-cm Nova KDP crystals. We use the Type I/Type I1 
frequency tripling scheme because of increased perfor- 
mance previously demonstrated on N ~ v a F ~ r ~ ~ a n d  its 
adaptability to angle tuning. The four crystal segments 
are mechanically off set in angle and independently 
tunable, to allow placement of any of the four wave- 
lengths in each quadrant. The array allows independent 
tuning of all eight crystals, although the bandwidth of 
the doublers is sufficient to accommodate the frequency 
span of the four colors with a single angular orienta- 
tion. Although the area provided by the four 27-cm 
crystals is smaller than the full Nova aperture (-80101, 
the expected energy on target is sufficient for four-color 

target experiments. We chose the crystal separation to 
maximize the beam area (-2600 cm2), compatible with 
the beam apodization on the grating separation table. 
Once installed and aligned, a rocking curve was per- 
formed to tune the array for maximum performance. 
This four-color array design achieves up to 65% 3w 
conversion efficiency, providing up to 2.3 kJ on target. 

Four-Color System Performance 

FIGURE 6. Photograph of the Type I/Type I1 four-color frequency 
conversion array (70-10-0494-2032pb01) 

I I I 
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lw Propagation Experiments 
We performed a series of lo propagation tests to 

assess various issues associated with the propagation 
of a multifrequency beam through the Nova pream- 
plifier section. The energy and near-field image of the 
unsegmented multifrequency beam are recorded 
midway through the Nova preamplifier section. The 
characteristics of the 161 segmented four-color beam are 
recorded in the input sensor immediately following sep- 
aration, and again in the output sensor package before 
conversion to the third harmonic. The output sensor 
diagnostics include near-field photography of the spa- 
tially separated four-color beam, measurement of the 
integrated beam energy via calorimetry and diode 
measurements, and measurement of the integrated 
pulse shape of the full beam. The energy in each fre- 
quency is determined by integrating the fluence in each 
quadrant of the output sensor near-field camera. A 1-m 
spectrometer provides a time-integrated spectrum of 
the full beam. In addition, an array of four photodiodes 
records the pulse shape of the individual frequencies. 

We observe substantial spectral gain narrowing of 
the SPM spectrum in the Nova chain. Amplification 
(gain - reduces the unamplified SPM spectrum 
shown in Fig. 3(a) from -9.8 nm FWHM to the -2.1 nm 
FWHM spectrum shown in Fig. 7(a). This results from 
spectral gain narrowing produced by the 2.15-nm 

1050 1055 
Wavelength (nm) 

I I 

1050 1055 
Wavelength (nm) 

FIGURE 7. (a) Significant gain narrowing of the input spectrum occurs after full amplification in the Nova chain (gain - lo2'). A frequency 
spacing of 0.88 nm can be obtained with this spectrum by selecting alternate lines. (b) The central four lines of a low-power SPM spectrum 
produce a 0.44-nm separation for the first set of four-color target experiments. (c) A series of lines offset from the center of the spectrum are 
selected for the second four-color target series. The four colors selected by the grating array are indicated by 1,2,3, and 4, while 5 is the 
heater beam frequency (70-00-0395-0794pb02) 
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FWHM fluorescence line width of Nd:glass28 and 
bandwidth limiting components in the laser chain. As 
the extraction frequency moves off the peak of the 
laser glass fluorescence spectrum, the gain coefficient 
decreases. Thus, to maintain a constant output fluence 
from the amplifier chain, the input energy must increase 
to compensate for the reduction in gain off the peak. 
Experimental measurements show that although the 
gain and saturation fluence differ for each wavelength 
as expected, the differences in square pulse distortion 
are minimal. We performed small-signal gain measure- 
ments for the multifrequency spectrum by propagating 
low-power shots through the laser chain without firing 
the disk amplifier section. These measurements indicate 
that the maximum bandwidth that can be supported 
by the Nova chain is -3 nm. At maximum bandwidth, 
it is necessary to keep the energy in the preamplifier 
section below the fluence threshold for self-focusing 
and other nonlinear interactions. 

For the first four-color target series, we chose a 
0.44-nm separation between the four selected frequen- 
cies. The intensity propagated through the optical fiber 
was reduced to allow the generation of only six lines, 

0 

FIGURE 8. Comparison of the temporal pulse shape for each of the 
four colors (a) at the source and (b) at the output of the laser chain 
for a 0.44-nm separation. (70-00-0395-0795pbOl) 

as shown in Fig. 703). The four lines selected on the 
grating table are centered on the peak of the Nd:glass 
gain curve to maximize the gain in the amplifier chain, 
producing 6 kJ at lo in 1 11s. Figure 7(c) shows the Mine 
spectrum propagated to the grating array for subsequent 
target experiments. For these experiments, the four- 
color gratings were tuned to select four colors shifted 
off the peak of the gain curve. Four colors with a 
maximum separation of 0.88 nm can be obtained by 
selecting alternate lines in the SPM spectrum shown in 
Fig. 7(a), with sufficient 30 energy to perform target 
experiments simulating the NIF frequency separation. 

at the source and the output of the laser chain for a 
0.44-run separation between the four colors. The pulse 
shapes of each frequency at the source, shown in Fig. 8(a), 
are comparable to within the diagnostic background 
noise. In Fig. 8(b), the four-quadrant output-diode 
traces show that three of the pulses lie on top of each 
other, while the fourth shows a slight difference in con- 
trast ratio, consistent with the higher output fluence in 
this quadrant. At this fluence and line separation, it is 
possible to balance the la energy between the four 
quadrants to better than +6%, with temporally smooth 
pulses to within the diagnostic resolution. Figure 9 
shows a representative near-field image of the 10 beam 
taken with the output sensor diagnostic CCD camera. 

Figure 8 compares the pulse shape of each frequency 

0 2.63 
Intensity (GW/CIII~) 

FIGURE 9. Representative near-field image of the lo beam taken with 
the output sensor diagnostic CCD camera. The lo energy in each of the 
four quadrants is balanced to better than f 6%. (70-00-0495-0924pbOl) 
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Four-Color Beam Smoothing 
The two-beam laser diagnostic station (TBLDS)29 was 

used to characterize the beam smoothing properties of 
the four-color irradiance. We used a 3.3-mm-diam, 
square element phase plate with the standard Nova 
f/4.3 focal geometry to produce approximately the 
same size focal spot (550 pm) as the f/S geometry in 
the 10-beam chamber. The near-field, far-field, and 
expanded far-field images; temporal profile, energy, 
and spectra were recorded in the TBLDS following 
frequency conversion to the third harmonic. Figure 10 
shows the effect of beam smoothing at 30 in the equiv- 
alent target plane images for (a) an unsmoothed Nova 
beam; (b) a single-frequency beam with an RPP; (c) a 
four-color beam with 0.44 nm, or 122 GHz, separation 
between colors at l w  and an RPP; and (d) a four-color 
beam with 0.2 nm or 5.4 GHz of FM bandwidth per 
component at lo and an RPP. All four images have 
equivalent magnification. The nonuniformities in the 
unsmoothed irradiance shown in Fig. 10(a) demon- 
strate the need for beam smoothing. The far-field image 

of a single-frequency beam with the RPP in Fig. I O @ )  
shows that the intensity structure is broken up into a 
homogeneous well-controlled speckle pattern. This 
pattern remains static throughout the pulse length. The 
normalized rms variance of the focal irradiance, o/I, is 
-0.79 for this image. This is less than the theoretical 
predicted value of one for a single speckle pattern, but 
consistent with previous measurements on Nova and 
e l s e ~ h e r e . ~ ~ , ~ ~  This may be an indication that some 
polarization smoothing is occurring due to birefrin- 
gence in the focus lenses. In Fig. lO(c), the pattern 
produced by the four-color beam shows the smoothing 
obtained by superposition of four independent speckle 
patterns, with the significant residual speckle structure 
expected from the limited number of static patterns. 
The four-color beam produces a time-integrated 
smoothing level of o/l - 0.25, in contrast to the theo- 
retically predicted value of o / I  = 0.50. The reduced 
o/ l  may be associated with the effects seen in Fig. 10(b). 
Also note that the intensity-length product for these 
experiments exceeds the threshold for stimulated rota- 

I 
" " 

tional Raman scattering in air by -25%,3l~~~ as observed 
experimentally. The chromatic dispersion of this addi- 
tional bandwidth by the additional optics used to direct 
the beam to the TBLDS may also contribute slightly to 
the lower olI measured on this shot. Figure 10(d) 
clearly shows that SSD with four colors and FM band- 
width produces a much smoother focal spot than the 
previous three images. Discrete speckles are no longer 
observable and the irradiance is smooth and uniform. 
The vertical streaks in the image are formed by the 
one-dimensional nature of the dispersion. This image 
has a o/l  - 0.16. This is less smooth than theoretically 
predicted, but is consistent with previous measure- 
ments of smoothing with FM bandwidth on Nova?O 

Theoretical modeling of the temporal dynamics of 
beam smoothing demonstrates that the multiple- 
aperture SSD technique described here can give very 
rapid and effective beam smoothing at the target 
plane. Simulations of the power spectra and the 
smoothing capability for (a) one-color SSD with 108 GHz 
of bandwidth at 10, (b) four colors with 136 GHz sepa- 
ration at l~ and no FM bandwidth, and (c) four colors 
with 136 GHz separation and 54 GHz of bandwidth at 
10 are shown in Figs. 11 and 12. Figure ll(a) shows the 
spectrum for a one-color beam with 108 GHz of FM 
bandwidth at 103,324 GHz at 30. There is sufficient 
dispersion to decorrelate each FM component of this 
'pectrum at the target plane (o.21 pad/GHz at 3W). 
These values represent the maximum bandwidth/dis- 
persion that can be propagated through the Nova chain 
with decorrelated spectral components without clip- 
ping in the spatial filter pinholes. The smoothing rate, 
(do /d t ) /o ,  reaches a peak rate of 0.11 ps-l in 2-3 ps, 
comparable to the inverse of the total bandwidth. The 
intensity cross-correlation between the speckle field at 

FIGURE 10. (a) Nonuniformities in the equivalent target plane image 
of the 301 beam at best focus demonstrate the need for beam smooth- 
ing. The effect of beam smoothing at 3w can be seen in the equivalent 
target plane images for (b) a single-frequency beam with an RPP, (c) a 
four-color beam with a 0.44-nm separation and RPP, and (d) a four- 
color beam with a 0.44-nm separation, 0.2 nm of FM bandwidth per 
color, and RPP. The normalized rms intensity variance, o/l ,  for these 
images is (b) -0.79, (c) -0.25, and (d) -0.16. (70-00-0395-0796pbOl) 
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a given time and the initial speckle field drops from 1.0 
to a value near zero in the same 2-3 ps. The normal- 
ized smoothing level, 0, drops from near unity to 0.707 
in the first 2-3 ps, and to 0.5 in 8-10 ps, as shown in 
Fig. 12(a). It reaches an asymptotic level of -0.15 after 

n v 
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FIGURE 11. Power spectrum of a beam with (a) 324 GHz of FM 
bandwidth at 30, (b) four colors with 405 GHz separation at 30, and 
(c) four colors with 405 GHz separation and 162 GHz of FM band- 
width on each color. (70-00-0395-0797pbOl) 

1 ns, consistent with time-integrated smoothing levels 
previously measured on Nova under these conditions?0 

Figure 11Cb) shows the 30  output spectrum for a 
four-color beam with frequencies separated by 136 GHz 
at 10 or 405 GHz at 30. Figure l l (c )  shows the same 
four-color spectrum, but with 54 GHz of 10 FM band- 
width (162 GHz at 30) added to each of the four colors. 
We use a spectral dispersion of 0.29 prad/GHz at 30  in 
the simulations, corresponding to the value used in the 
four-color experiments on Nova. The initial smoothing 
rate for four-colors alone is five times faster than for the 
single-color FM bandwidth case. A peak rate of 5 ps-l 
is achieved in less than 1 ps, corresponding to the 
inverse of the total frequency spread of 1.2 THz, reach- 
ing a = 0.5 within 2.5 ps. The speckle field initially 
decorrelates in <1 ps, but the cross-correlation returns 
to unity at every beat period of the closest frequency 
spacing (405 GHz), and the field repeats every 2.47 ps. 
Thus even though the initial smoothing rate is very 
high, once (5 reaches 0.5, as expected for the sum of 
four independent speckle fields, no further smoothing 
is obtained, as shown in Fig. 12(b). With the addition 
of FM bandwidth to each of the four colors, the initial 
high smoothing rate is still achieved, but the integrated 
smoothing level continues to decrease rapidly, reach- 
ing an asymptotic value of 0.08 in a few tens of 
picoseconds [Fig. 12(c)l. Since the overall spectrum is 
not continuous, the intensity cross-correlation shows 
secondary and tertiary peaks at times related to the 
beat frequencies of the principal four colors; however, 
these peaks are significantly damped within 8-10 ps, 
reducing in magnitude over one FM period when all 
frequency components are available for smoothing. 
The combination of four colors with F'M bandwidth 
provides both a rapid initial smoothing level and effec- 
tive time-averaged beam smoothing at the target plane. 

3 0  Four-Color Performance 
To simulate the f/S geometry proposed for the NIF, 

we retrofitted the four-color beamline to accommodate 
an f/8 target chamber lens on the 10-beam chamber. 
The incident beam diagnostic (IBD) is used to diagnose 
the 3 0  performance of the four-color system.33 The 
IBD records the spatially integrated 30 energy, the near- 
field image, and the temporal pulse shape integrated 
over all four quadrants. Figure 13 shows a representative 
near-field image of the 3 0  beam taken with the IBD 
CCD camera. The energy in the four quadrants is bal- 
anced to better than d 7 % .  

After installation on the 10-beam chamber, the four- 
color KDP array was rocked k500 prad to establish the 
best tuning coordinates, achieving a 30  array efficiency 
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of up to 65%. This delivers up to 2.3 kJ at 30 in 1 ns to 
the target. In addition, since the standard master oscil- 
lator is tuned 0.22 nm off Nd:YLF line center to produce 
the four-color beam, the pulse to the other nine arms is 
also shifted in frequency. Thus, the KDP arrays on the 
other nine arms of Nova are appropriately tuned to 

1 

0 

t (ps) 
FIGURE 12. Calculated rms intensity variance, o/I, of the focal irra- 
diance plotted as a function of integration time for (a) 324 GHz of 
FM bandwidth at 3w, (b) four colors with 405 GHz separation at 303, 
and (c) four colors with 405 GHz separation and 162 GHz of FM 
bandwidth on each color. (70-00-039~9798pbO1) 

compensate for this shift. Conversion efficiencies on 
the other nine arms with the Nova Type II/Type I1 
arrays at the shifted wavelength are within 10% of 
their nominal conversion efficiencies on YLF line cen- 
ter. The addition of 0.2 nm of FM bandwidth to the 
four-color beam and the other nine arms reduces the 
30 conversion efficiency by <5%. 

Pointing experiments performed with the f/ 8 lens 
after the four-color array activation show the expected 
beam symmetry and size at best focus, with all four 
quadrants within 50 p of their expected positions. 
The arrival of the four-color beam at target chamber 
center relative to the other nine arms is synchronized 
to within 20 ps using techniques developed for the 
Precision Nova project.34 A 5.8-mm-diam, square ele- 
ment phase plate inserted in the four-color beamline 
after the f/8 lens, produces a 570-pm focal spot diame- 
ter with a peak intensity of 2 x lOI5 W/cm2 for target 
experiments. To determine the effectiveness of the 
four-color system in controlling instabilities in NIF-like 
plasmas, the Full-Aperture Backscatter Station was 
used to measure the spatial distribution of the back- 
wards propagating SBS from a target in each of the four 
beam quadrants, as well as the wavelength-resolved 
temporal evolution of the SBS in each quadrant. 
Measurements show that the four-color system produces 
4% SBS backscatter at >2 x 1015 W/cm2 when used to 

1.13 

FIGURE 13. Representative near-field image of the 3w beam taken 
with the incident beam diagnostic CCD camera in the 10-beam 
chamber area. The 3 0  energy in each of the four quadrants balances 
to better than f 17%. (70-00-0495-0924pbO2) 
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probe NIF-like plasmas. Further details of the plasma 
physics experiments performed using the four-color 
system are described in "Laser-Plasma Interactions in 
Large Gas-Filled Hohlraums," p. 97 of this Quarterly 
and elsewhere. l3-I5 
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cajrity amplifier, exits the cavity, and again passes 
through the booster amplifier and out of the laser 
towards the target. The Pockels cell and polarizer are 
required to switch the beam out of the cavity. After 
pass 1, the Pockels cell is turned "on" to rotate the 
beam polarization 90°, making passes 2 and 3 the cor- 
rect polarization to pass through the polarizer and stay 
in the cavity. The Pockels cell is turned "off" at the end 
of pass 3,  so pass 4 reflects off the polarizer to lea17e the 
cavity. Because the beam is reflected out of the cavity, 
the booster amplifier is at a different le\7el than the 
cavity amplifier. 

In contrast, the Megajoule laser and the NIF backup 
designs do not use a full-aperture Pockels cell and 
polarizer to switch the beam out of the cavity. Instead, 
they use a relatively small set of optics, called a 
Reverser, located in the center section of the transport 
spatial filter to steer the beain from pass 2 to pass 3 
(Fig. 2). This steering is possible because the beam is 
intentionally pointed off-axis through the amplifiers 
for both architectures so that each pass focuses at a 
separate location at the center of the spatial filter. 
(Beams are focused through a small hole at the center 

Introduction 
We completed proof-of-principle tests on Beamlet 

for a new multipass laser architecture that is the base- 
line design for the French Megajoule laser and a backup 
concept for the U.S. National Ignition Facility (KIF) laser. 
These proposed laser facilities for Inertial Confinement 
Fusion (ICF) research are described in their respective 
Coiiceptiinl Design lieports.',' The lasers are designed to 
deliver 1.8 MJ and 500 of 0 .33-p  light onto a fusion 
target using 240 independent beams for the Megajoule 
laser and 192 beams for the NIF laser. Both lasers use 
flash-lamp pumped glass amplifiers and have approxi- 
mately 38-cm square output beams. Holvever, there are 
significant differences in their architecture. 

Figure 1 shotz:s the NIF baseline architecture. A single 
beam consists of three amplitier modules with a total 
of 19 laser slabs, cavity and transport spatial filters, 
two cavity mirrors to form a multipass cavity, and a 
full-aperture Pockels cell and polarizer to s\i4tch the 
beam out of the cavity after four passes. During a shot, 
a beam from the optical pulse generator is injected into 
the transport spatial filter. The beam passes through 
the booster amplifier, makes four passes through the 

FIGLKF 1. A single 
beam of the proposed 
Sational Ignition 
Facility (NIF) lam-. 
(7\?-3d4Y5-1 ilO5pbOl I Cavity spatial filter 

Passes 1 and 4 

pulse generator 
(Pass 1) I'3sses 3 and 3 
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of the spatial filter to remove high spatial-frequency 
noise from the beam.) Separation of the passes permits 
the Reverser to extract the beam on pass 2, manipulate 
it, and re-inject it on pass 3. This same feature permits 
beam injection into the laser using a small mirror near 
the pinholes as shown in Figs. 1 and 2. The energy of 
the beam after pass 2 is low enough that a mirror only 
a few centimeters square can survive without being 
damaged. Consequently, the beam can be turned 
around with small optics rather than a large Pockels 
cell and polarizer. 

The Reverser 
In its simplest form, the Reverser consists of a small 

pick-off mirror that directs the pass 2 beam to a colli- 
mating lens and a retro-mirror. The retro-mirror points 
the beam back through the same collimating lens and 
along the beamline of pass 3. Practical considerations 
lead to at least one additional turning mirror between 
the pick-off mirror and lens, as shown in Fig. 2, and an 
isolation unit to protect against back reflections. The 
size of the beam in the collimated section is determined 
by the desired fluence on the Reverser component with 
the lowest damage threshold. The pick-off mirrors are 
sized to withstand the amount of energy expected at 
the end of pass 2. The size of the pick-off mirrors deter- 
mines the pinhole spacing, and the pinhole spacing 

determines the off-axis angle of the beam through the 
laser. This angle causes the beam position to shift 
slightly in the amplifier aperture from pass to pass and 
reduces the maximum beam size that can pass through 
a given amplifier aperture. Since a smaller beam size 
means less energy on target, this loss, called vignetting 
loss, should be minimized. For NIF, a pick-off mirror 
about 5 x 5 cm2 is large enough to avoid damage, but 
small enough to cause about the same vignetting loss 
as the NIF baseline. 

The French and U.S. Reverser designs are the same 
in principle, but are implemented differently-the 
French version is the L-turn and the U.S. version is the 
U-turn. The L-turn is simpler, with only seven compo- 
nents required (see Fig. 3) .  After the pick-off mirror, a 
second mirror directs the beam through a collimating 
lens to the cavity mirror, which is oriented to reflect 
pass 2 back along pass 3. The isolation system, a Pockels 
cell between crossed polarizers, blocks forward and 
backward transmission, except during a 50-ns window 
to allow passage of the shot pulse. The insertable half- 
wave plate is used for alignment, but not for a shot. 
Both passes 2 and 3 go through each of the L-turn com- 
ponents. This requires component apertures slightly 
larger than for the beam by itself, due to vignetting. 
Also, if the pulse length is long enough to overlap in 
time on an L-turn optic, interference increases the flu- 
ence on that optic substantially. 

f Pick-off mirror Reverser 
Passes 2 and 3 

Cavity spatial filter 
Passes 1 and 4 

Transport spatial fiIter 

FIGURE 2. The generic 
Reverser in a four-pass 
laser architecture. 
(70-50-0495-1 006pb01) 

Side view Alignment and 
diagnostic system 

FIGURE 3.  The French 
version of the Reverser, 
called L-turn. 
(70-50-0495-1 003pb01) 
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In the U-turn, the pulse passes through each compo- 
nent only once, as shown in Fig. 4. Consequently, it has 
about twice as many components (13 vs 7), which are 
slightly smaller because there is no vignetting. The iso- 
lation system uses a half-wave plate to properly orient 
the polarization of the output pulse. With these excep- 
tions, the corresponding components function the same 
as in the L-turn. The added complexity required to 
separate passes 2 and 3 in the U-turn provides design 
flexibility. For example, the cavity mirror of the L-turn 
can be replaced by a corner cube as shown in Fig. 4, 
which potentially improves the output pointing stability 
of the laser. The corner cube inverts the beam profile 
horizontally and vertically, so that any odd-order aber- 
ration that accumulates on passes 1 and 2, such as a 
drift in pointing, is canceled on passes 3 and 4. 

to change the beam size between passes 2 and 3. If 
passes 1 and 2 have a beam area about half that of 
passes 3 and 4, vignetting loss is determined by passes 
3 and 4 only, not all four passes, which reduces 
vignetting loss by about 50%. This scheme also reduces 
aberrations, because the first two passes are through 
the center of the amplifiers, avoiding the more aber- 
rated edges of the amplifier slabs. However, this 
scheme requires a change to the pinhole configuration 
that we did not attempt in these tests. 

tial advantages over the NIF baseline architecture. 
They replace the large Pockels cell and polarizer with 
much smaller ones (10 x 10 vs 40 x 40 cm2 apertures). 
Smaller components are lower in cost, easier to fabri- 
cate, and generally have better quality. They allow a 
straight, more compact layout with all the amplifier 
slabs in two modules to improve amplifier efficiency 
by reducing end losses. They eliminate the elbow mirror 
and one of the full-aperture cavity mirrors and allow 
the beam to pass through all the amplifier slabs four 

Separation of passes 2 and 3 also makes it possible 

The L- and U-turn Reverser architectures have poten- 

FIGURE 4. The US. 
version of the Reverser, 
called U-turn. 
(70-50-0495-lOO2pbOl) 

Side view 

Pockels cell 7 

times. The beam passes through the booster amplifier 
only twice in the NIF baseline. This increases the total 
system amplification and allows a smaller output 
energy from the front end. Nevertheless, a full-size, 
proof-of-concept device had never been built before 
and was needed to establish the viability of the 
Reverser concept. 

Joint French/U. S. Testing of the 
L- and U-Turn Designs 

In March 1994, a team from Lawrence Livermore 
National Laboratory (LLNL) visited the French Centre 
*Etudes de Limeil-Valenton (CEL-V) to discuss a joint 
venture to build and test a Reverser on LLNL's Beamlet 
laser. CEL-V had previously expressed its desire to test 
the L-turn on Beamlet, and U-turn tests were scheduled 
for early FY 1995. It was impractical to test each design 
independently, because of the limited time available on 
Beamlet (October-December 1994). Therefore, both 
teams hoped to jointly decide on one design. 

The goal was to prove the feasibility of the basic 
concept. In both cases the device would be installed 
into the transport spatial filter of Beamlet. The require- 
ments for isolation components and alignment and 
diagnostic sensors were the same. However, it was 
important to test the unique features of each design. 
Therefore, rather than decide on either the L- or U-turn, 
the teams jointly agreed to share responsibility for 
building a Reverser that could be reconfigured to test 
both designs by changing only a few components. The 
objectives were to (1) compare performance of L-turn, 
U-turn, and baseline concepts; (2) evaluate L- and U-turn 
alignment; (3) learn about control of parasitic beams 
caused by back reflections and amplified spontaneous 
emission; and (4) determine vulnerability of Reverser 
optics to pinhole debris. 

Half wave plate J 
Alignment and 

diagnostic system 

Pass 3 
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Pass 2 

\ I  
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Since our primary goal was to prove viability of the 
Reverser concept, we did not mod* the Beamlet layout 
for optimum Reverser performance. We added the 
Reverser hardware and removed the large Pockels cell 
and the harmonic generators, which were not needed. 
Figure 5 shows the baseline Beamlet layout, indicating 
the location of the Reverser hardware in the center of 
the transport spatial filter. All the Reverser compo- 
nents fit within the existing transport spacial filter's 
24-in.-diam vacuum tube, and existing ports on the 
tube were used for access. Figure 6 shows the U-turn 
corner cube mounted in the mid-section of the Beamlet 
transport spatial filter. 

Figure 3 illustrates the configuration of the L-turn 
that was tested on Beamlet. The beam enters through 
the pass 2 pinhole on the lower right, makes two passes 
through all the L-turn optics, and exits through the 
pass 3 pinhole. The alignment and diagnostic system 
includes a calorimeter for determining the energy of 
the pulsed beam, and a near-field camera that can 
image any of the components during alignment or at 
shot time. A motorized cavity mirror provides pointing 
adjustments during routine alignment. The half-wave 
plate was inserted during alignment to allow transmis- 
sion of the system alignment laser. As shown, other 
components were also motorized to allow adjustment 
under vacuum, but they were only needed for the 
initial setup. 

Figure 4 illustrates the U-turn layout, which we 
tested. It has similar optics to simplify conversion 
between the two layouts. Only the corner cube mirrors 
and the two pick-off mirrors replace corresponding 
components of the L-turn. The pass-2 lens was present 
for the L-turn, but not used. When reconfiguring from 

the L-turn, polarizer 2 had to be rotated 90" and the 
half-wave plate was inserted during shot time and 
removed for alignment. 

tial profiles of the injected beam from the front end 
were the same as they had been for previous tests with 
the baseline ~onfiguration.~ The injected beam had a 
parabolic spatial profile, higher at the edges than the 
center by about a factor of two, to compensate for gain 
roll-off toward the edges of the amplifiers. The input 
pulse was shaped temporally to compensate for gain 
saturation and to give an approximately square pulse 

For both L- and U-turn tests, the temporal and spa- 

FIGURE 6. The middle section of the Beamlet transport spatial filter 
(end section removed). The corner-cube assembly of the U-turn is 
shown inside the 2-ft-diam tube. (70-50-0595-1191pb01) 

Top view 

Mirrors 

Polarizer (bottom) 

Optical pulse generator 

UCRL-LR-105821-95-2 

FIGURE 5. The 
Reverser's position in 
the transport spatial 
filter of the Beamlet 
laser. 
(70-50-0495-1001pb01) 
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at the output. The main beam was 32.5 cm square at its 
lop2 intensity boundary with corners rounded at a 
radius of 5 cm and a fill factor of 84% (defined as the 
ratio of the beam energy to the energy if the entire 
32.5 x 32.5 cm2 beam were filled at the fluence of the 
central area of the beam). 

The focal length of the lenses in the L- and U-turn 
optics was 110 cm to give a 4.0-cm square beam at the 

intensity point in the collimated sections. The cor- 
responding beam size on the first pick-off mirror was 
2.2 cm square. For the L-turn, the angle between passes 
2 and 3 was 27.3 mrad. The Pockels cell was a cylindri- 
cal-ring-electrode type with a 95% deuterated potassium 
dihydrogen phosphate (KD*P) crystal, an aperture of 
7.3 cm in diam, and a length of 9.2 cm. The polarizers 
transmitted 297% of the p-polarized light and rejected 
up to 99.8% of the s-polarized light. The measured 
damage threshold of the polarizers was 210 J/cm2 at 
1.5 ns. In the L-turn configuration, the pulse length was 
limited to 2.3 ns to avoid beam overlap on polarizer 2. 

L-Turn Tests 
We arbitrarily chose to test the L-turn configuration 

first. In its original configuration, we used only polar- 
izer 1 in the isolation unit. The Pockels cell was oriented 
such that it gave a quarter-wave retardation for a single 
pass with no applied voltage. The resulting isolation 
was 8 x lo4, good for a Pockels cell and polarizer of 
that aperture, but not enough to protect the front end 
against back reflections from lenses in the transport 
spatial filter. To increase the isolation, we added polar- 
izer 2, as shown in Fig. 3, and oriented the Pockels cell 
for zero retardation with no applied voltage. Then, 
back-reflected energy made two complete passes 
through the isolation unit to reach the front end, and 
the isolation improved to 1.5 x 10”. This reduced the 
back-reflected energy at the front end to that of the 
injected energy, a level for which the front end was 
adequately isolated. The transmission through the 
L-turn was 53%. 

Figure 7 shows the output fluences (energy per unit 
area) for the L-turn and baseline architectures as func- 
tions of input energy. Output fluence was used for the 
comparison rather than output energy, because the beam 
size for the L-turn was slightly smaller, 32.5 vs 34 cm 
square, to avoid clipping on the turning mirrors. (The 
turning mirror mounts were designed to clear only one 
pass, as required for the baseline. In the Reverser con- 
figuration, the beam reflects three times off the turning 
mirrors at offset positions. Since the mounts were not 
big enough to clear the three offset positions, we reduced 
the beam size slightly.) The maximum output energies 

for the L-turn at 2.3 ns and the baseline at 3 ns were 
11.0 and 12.5 kJ, respectively. Note that the L-turn 
input energy required for a given output was 10 times 
less than for the baseline, because of the two extra 
passes through the booster amplifier. Clearly, the L-turn 
architecture gives comparable energy performance to 
the Beamlet baseline. 

Figure 8 shows output irradiance (power per area) 
relative to output fluence (energy per area) for Beamlet. 
The Beamlet baseline architecture was originally opti- 
mized to provide maximum performance at 3 ns, but 
tests were also conducted at other pulse lengths, as 
shown, Outputs were limited by potential optical dam- 
age due to self-focusing at pulse lengths below 3 ns, 
and by the damage threshold of the polarizer above 3 ns. 
The shaded area in Fig. 8 indicates the maximum 
expected output at varying pulse lengths. The 11-kJ 
L-turn shot is the maximum irradiance attempted on 
Beamlet to date. 

Because the large Pockels cell was removed for the 
Reverser tests, the amount of glass in the beamline was 
less, lowering the potential for nonlinear growth of 
output modulations. However, the two additional 
beam passes through the booster amplifier and the two 

0 0.25 0.5 0.75 
Injected energy (J) (x 10 for L-turn) 

FIGURE 7. Injected energy vs output fluence for the Beamlet base- 
line and with the L-turn. The L-turn input energy required for a 
given output was 10 times less than for the baseline due to the two 
extra passes through the booster amplifier. (70-50-0495-lO96pbOl) 
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FIGURE 8. Irradiance vs fluence for Beamlet baseline and L-turn 
shots. (05-00-0494-2167pbOl) 
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passes through the L-turn optics added aberrations. 
Consequently, the output modulation for the L-turn 
was slightly worse than for the baseline. For example, 
Fig. 9(a) shows the near-field image of the L-turn out- 
put at 4.3 GW/cm2, which is equivalent to the highest 
irradiance baseline shot at 4.2 GW/cm2. This image is 
a cumulative intensity distribution for the flat-top area 
of the output beam. There are 400 x 400 pixels, with each 
pixel corresponding to a beam area of 0.7 x 0.7 mm. 
Figure 9(b) shows horizontal and vertical lineouts. The 
peak-to-average fluence modulation in the image was 
1.4:l. The comparable baseline modulation at this irra- 
diance was 1.3:l. 

Figure 10 shows near-field image data from L-turn 
shots at three values of peak irradiance. The number of 
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FIGURE 9. Near-field (a) image of the output beam with the L-turn 
at 4.3 GW/cm2 and (b) horizontal and vertical lineouts through the 
image. (70-50-0595-1265pb01) 

pixels at each fluence (normalized to the maximum) is 
plotted vs that fluence (normalized to average fluence). 
There is virtually no difference between the modulation 
at 1.53 and 4.25 GW/cm2. However, at 5.4 GW/cm2, 
the modulation jumps from 1.4 to 1.5, implying the 
onset of nonlinear growth. To avoid risking optical 
damage, this regime of nonlinear growth is generally 
avoided, limiting the performance of the laser. This 
type of increase in modulation has also been observed 
in the baseline c~nfiguration.~ 

U-Turn Tests 
In the U-turn configuration tests, the isolation pro- 

vided by one pass through the polarizers and Pockels 
cell was 1 x lo4 (see Fig. 41, which was barely accept- 
able for protection against back reflections. Note that 
the L-turn isolation was higher because the beam made 
two passes through the polarizer and Pockels cell. 
Conversely, the 70% U-turn transmission was better, 
because one pass through the isolation unit had less 
loss than the two passes with the L-turn. 

the L3 lens around so that the surface previously in 
vacuum was in air. Two damage spots on the vacuum 
side of L3 were created during tests before the L-turn 
experiments, and they increased to 6 and 8 mm at the 
lens surface during the L-turn shots. Since the vacuum 
side of the lens was in tension, these damage spots 
could have lead to crack propagation and lens failure, 
so the lens was turned around before the U-turn exper- 
iments began. This put the damage spots on the air 

Before the first U-turn tests, it was necessary to turn 
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FIGURE 10. Near-field image data for output with the L-turn at three 
irradiances, showing nonlinear modulation growth at 5.3 GW/cm2. 
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(70-50-0595-1266pb01) 
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surface where they were in compression and not a 
threat to the lens integrity. 

Attempting to duplicate the L-turn shots, the first U- 
turn shot delivered 780 J, but caused damage to several 
of the U-turn and front-end optics. In the front end, the 
injection mirror had a 1-mm portion of the coating 
removed, and small pits formed on the injection win- 
dow and injection lens. In the U-turn, the pass 3 lens, 
both polarizers, and the Pockels cell had 1-mm dam- 
age, although none of the mirrors was damaged. In the 
Pockels cell, there were two damage tracks through the 
KDHP crystal. 

The damaged components were replaced or reposi- 
tioned, and low-energy shots allowed a detailed 
investigation of what caused the damage. Near-field 
images of the beam showed numerous pencil beams 
and ghost foci, but the most prominent was the one 
generated by L3’s air surface. Reflectivity tests on the 
spatial filter lenses indicated that the antireflection 
coating (sol-gel) on that surface had deteriorated, from 
the typical value of about 0.1% to 3.2%. The measured 
reflectivities of the L3 vacuum surface and both L4 sur- 
faces were normal. The cause of the coating deteriora- 
tion is not known. 

It became clear that turning the L3 lens around 
caused the U-turn to damage, whereas in L3’s earlier 
orientation the L-turn was protected. This was because 
the deteriorated coating was on the vacuum-side during 
the L-turn tests. The vacuum side of the lens is concave 
with respect to pass 4, causing the reflection from that 
surface to focus in the air between the lens and booster 
amplifier. This focus causes the air to break down and 
absorb or deflect most of the energy in the reflection. 
Consequently, the unusually high energy of this reflec- 
tion was greatly decreased by air breakdown, and the 
L-turn components were protected. However, when the 
lens was turned around at the start of U-turn tests, the 
defective coating went to the air surface of the lens, 
which is convex with respect to pass 4. The reflection 
from the convex surface did not focus, and consequently, 
there was no air breakdown to protect the U-turn optics. 

sitic pencil beams originating from the reflection off 
We believe the optical damage was caused by para- 

FIGURE 11. Reflections, 
from the input lens to 
the transport spatial fil- 
ter lens, L3, are formed 
into pencil beams by 
the pinholes in the cav- 
ity spatial filter. 
(70-50-0495-1004pb01) 

Cavity ’ mirror 

\ Pencil beams 

the air surface of L3. Figure 11 shows how the pass-4 
output beam generates pencil beams from L3. (All 
beam passes through the lenses create reflections, but 
the final pass reflection is the most dangerous because 
it has the most energy.) Both reflections (one from each 
surface) pass through the booster amplifier and focus 
near the pinhole plane in the cavity spatial filter. Most 
of the light is blocked by the cavity pinhole plate, but 
some light passes through the pinholes forming three 
beams. (There are four pinholes, but the injection mir- 
ror blocks light from going through pinhole 1 .) These 
beams are diffraction limited, and they remain small 
throughout the laser, from a couple of millimeters to 
about 1 cm, thus, the name ”pencil beams.” Because 
these pencil beams propagate parallel to the shot beam, 
they pass through the amplifiers and increase in fluence. 

The pencil beam that caused damage in the U-turn 
was formed by cavity pinhole 4. That pencil beam con- 
tinued backwards through the system to pass through 
the main amplifier twice, through cavity pinhole 3, 
through the booster amplifier, through pinhole 3 in the 
transport spatial filter, and into the U-turn. With a cal- 
culated fluence of around 270 J/cm2, this pencil beam 
was more than sufficient to damage optics. Five factors 
contributed to this pencil beam’s high fluence. (1) It 
had 15 to 30 times more energy than typical, because 
the coating reflected 3.2% rather than the typical 0.1 to 
0.2%. (2) It propagated through both amplifiers twice, 
experiencing a gain of about 1200x before entering the 
Reverser. (3) It was down collimated into the Reverser 
(in this case 32.5- to 4-cm2), which magnified the flu- 
ence of the pencil beam by a factor of 66. (4) It focused 
near the U-turn Pockels cell, which further increased 
its fluence by about 2x. (5) It was generated during a 
low-output-energy shot, 780 J, that was close to the 
most dangerous output with respect to back reflections. 
(As laser output energy is increased, gain saturation 
reduces the amount of energy left to amplify back 
reflections. Therefore, the highest-energy back reflec- 
tions do not occur at maximum output but at about 
2-kJ output.) Note that factors 1,2, and 5 are system 
factors, and only factors 3 and 4 relate to the Reverser. 

Reflections 

Main amp Cavity spatial filter Booster amp Transport spatial filter 
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Some energy from this same pencil beam passed 
through the U-turn as it damaged the Pockels cell and 
continued in reverse direction along passes 2 and 1. 
This energy was amplified by another pass through the 
booster amplifier and two more passes through the 
main amplifier, resulting in enough fluence to damage 
the injection mirror. The source of the damage to the 
injection lens and window was traced to a different 
pencil beam from the same L3 air surface. This pencil 
beam was formed by pinhole 2 in the cavity spatial filter, 
passed twice through the main amplifier (backwards 
along passes 2 and l), and focused enough to damage 
the injection window and injection lens. It is important 
to emphasize that this damage had nothing to do with 
the U-turn and would have occurred in the baseline 
configuration if L3's air surface reflectivity had been 3%. 

Two attempts were made to eliminate the L3 pencil 
beams-tilting L3 and inserting a beam block on the 
cavity mirror. Tilting L3 far enough eliminates the pencil 
beams by preventing its reflections from illuminating 
the pinholes in the cavity spatial filter. However, this 
required a tilt of more than 2", which caused unaccept- 
able output aberrations. The goal of the second scheme 
was to absorb the pencil beams with a 1-cm disk of 
absorbing glass fixed on the cavity mirror. The beams 
were blocked, but diffraction around the edges of the 
glass caused an unacceptable 20% increase in output 
beam modulation. 

A more ambitious solution would have been to 
reduce the energy of the pencil beams at the Reverser 
by taking the Pockels cell and polarizer out of the 
Reverser and locating them at full-aperture near the 
cavity mirror, as shown in Fig. 12. In this configuration, 
the Pockels cell would cause half-wave retardation 
with applied voltage and zero retardation with no 
applied voltage. Unlike the NIF baseline, this Reverser 
architecture uses the Pockels cell and polarizer only for 
isolation and not to switch the beam from the cavity. 
Consequently, this isolation unit can be located any- 
where in the beamline. By being located at the start of 
pass 4 (near the cavity mirror), the Pockels cell and 
polarizer reject the back reflections at full aperture and 
after only one pass through the amplifiers. This lowers 

the fluence of the pencil beams entering the Reverser 
by a factor of more than 10,000. This change would 
also be effective in eliminating other types of back 
reflections such as from pinholes or targets. It does, 
however, require a full-aperture Pockels cell and polar- 
izer, which would eliminate some of the initial appeal 
for the Reverser concept, but the other benefits remain. 
This change is of interest for future Beamlet tests, but 
moving the large Pockels cell and polarizer would have 
taken longer than the remaining time available for these 
Reverser experiments. As a result, we did not risk dam- 
age by taking any more high energy shots. 

Summary 
These experiments demonstrated the basic viability 

of the Reverser concept. They showed that the concept 
of turning pass 2 into pass 3 with small mirrors and 
lenses in the transport spatial filter is valid. The Reverser 
output compares well with the results for the baseline 
architecture, and it achieved the highest irradiance 
output to date on Beamlet of 5.3 GW/cm2. We encoun- 
tered no problems with ASE or degradation to optics 
due to pinhole blowoff or vacuum conditions. Also, 
routine alignment of both L- and U-turn architectures 
was straightforward. 

These experiments also exposed a serious weakness. 
They identified the inadequacy of a small-aperture iso- 
lation unit to protect the laser against back reflections. 
Although the damage to the front end from the L3 pencil 
beams would have occurred even with the baseline 
architecture, the severity of the damage to the Reverser 
optics resulted from two features of this Reverser design. 
(1) Back reflections make two complete passes through 
the amplifiers before entering the Reverser. (2) Back 
reflections are down collimated into the Reverser, mag- 
nifying their fluence by a large factor. 

A change to the Reverser design would provide 
much greater tolerance to back reflections. Moving the 
isolation unit so that it attenuates the back reflections 
sooner along their backwards path through the laser 
substantially reduces their maximum fluence. With the 
Reverser, the Pockels cell and polarizer are not used to 

Passes 2 and 3 
Pockels cell 1 Amp 1 Amr, 2 

FIGURE 12. Locating 
a full-aperture Pockels 7 Pick-off mirror 
cell ne& the cavity 
mirror would provlde 
better isolation. 
(70-50-0595-11 87pb01) 

Cavlty spatial filter 
Passes 1 and 4 

Transport spatial filter 
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switch the beam from the cavity, so they can be located 
anywhere. One attractive location is near the start of 
pass 4, where the fluence of the out-going pulse is lower 
than in its baseline position, and where it attenuates 
reflections from final optics after only one backwards 
pass. This location for the isolation unit provides signif- 
icantly better tolerance to back reflections. Therefore, 
we are considering a large Pockels cell and polarizer at 
this location for future Reverser tests on Beamlet. 

Notes and References 
1. Avant Projet Sommaire, Laser Megajoules, Direction Des 

Applications Militaires (CEA), 14 March, 1995. 
2. J. Paisner, National Ignition Facility Conceptual Design Report, 

Lawrence Livermore National Laboratory, Livermore, CA, 
UCRL-PROP-117093 (May 1994). 

3. B. M. Van Wonterghem, et al, ICF Quarterly Report 5(1), 1-17, 
Lawrence Livermore National Laboratory, Livermore, CA, 
UCRL-LR-105821-95-1 (1994). 

Acknowledgments 
The authors are grateful for the insight and direction 

provided by Howard Powell* and Michel Andre: and 
for significant contributions from the technicians- 
Mireille Guenet; Alain Pierre,+ Cal Robb," 
Dave Roberts,* Raymond Rossage; and Ron Wing." 
We also thank Mark Rhodes for managing the offline 
Pockels cell test. 

*Lawrence Livermore National Laboratory, National Ignition Facility Project, Livermore, California 
+Centre &Etudes de Limeil-Valenton, Laser Megajoules, Valenton, France 

150 UCRL-LR-105821-95-2 



FABRICATION AND TESTING OF GAS-FILLED TARGETS FOR 
LARGE-SCALE PLASMA EXPERIMENTS ON NOVA 

G. F. Stone M .  R. Spragge 

C.  J. Rivers" R. J. Wallace 

Introduction 
The proposed next-generation ICF facility, the 

National Ignition Facility (NIF), is designed to produce 
energy gain from x-ray heated "indirect-drive'' fuel 
capsules. For indirect-drive targets, laser light heats 
the inside of the Au hohlraum wall and produces 
x rays which in turn heat and implode the capsule to 
produce fusion conditions in the fuel? Unlike Nova 
targets, in NIF-scale targets laser light will propagate 
through several millimeters of gas, producing a plasma, 
before impinging upon the Au hohlraum wall. The 
purpose of the gas-produced plasma is to provide suf- 
ficient pressure to keep the radiating Au surface from 
expanding excessively into the hohlraum cavity. 
Excessive expansion of the Au wall interacts with the 
laser pulse and degrades the drive symmetry of the 
capsule implosion. 

We have begun an experimental campaign on the 
Nova laser to study the effect of hohlraum gas on both 
laser-plasma interaction and implosion symmetry.lt2 
In our current NIF target design, the calculated plasma 
electron temperature is Te -- 3 keV and the electron 
density is ne = lo2' ~ m - ~ .  To simulate NIF conditions 
in a Nova target requires a tar et with a gas confined 

are calculated to produce the required plasma condi- 
tions based on an initial gas fill of 1 atm neopentane 
C,H,,. To measure the T,  of the plasma by spectro- 
scopic line ratios, Ar and C1 bearing gases are added to 
the mixtures. Metal coated carbon fibers and plastic 
foils are added as an additional spectroscopic tempera- 
ture diagnostic. Changes in ne are made by varying 
the density of the main and spectroscopic seed gases. 
To aid in diagnosing the plasma, additional features 
such as diagnostic shields, x-ray backlighting patches, 

in an -0.01 cm3 vol. at =1 atm. ,2 These gas-filled targets 

and imaging slits are added to the target design as 
experimental requirements dictated. 

To study these plasma conditions, targets are being 
fabricated and shot on the Nova laser using open- and 
closed-geometric designs. Open geometry refers to the 
gas-bag style targets that have a fairly unlimited or 
open diagnostic view of the plasma and are nearly 
spherical, plastic gas cells built on a metal or plastic 
support rings4 Closed geometry refers to indirect-drive 
style targets with a radiation enclosure that confines 
the plasma within a cylindrical Au hohlraum.1T2 Views 
of the plasma in a closed-geometry target are through 
diagnostic holes or slots cut into the wall of the Au 
hohlraum and covered with gas-tight patches. This 
article describes the major steps and processes neces- 
sary to fabricate, test, and deliver these gas targets for 
shots on the Nova laser at LLNL. 

Target Design 
To fabricate these gas-filled Nova targets to simulate 

the NIF-like conditions, we integrate a gas manifold 
with a pressure transducer, the target and gas fill lines, 
gas mixing, testing and filling systems, and the Nova 
target positioner. To ensure a proper fit and interference 
with existing target handling hardware, we analyze 
scaled computer-aided design (CAD) drawings of the 
target and associated components. 

Figure 1 is a CAD drawing of a closed-geometry 
target. CAD drawings are essential for the closed- 
geometry targets to allow the precise placement of 
shields, fibers, foils, and other target components rela- 
tive to diagnostics on the Nova target chamber. In 
three dimensions, alignment tolerances for the closed- 
geometry targets are _+25 p and 52".  

*W. J. Schafer, Livermore, California 
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Target Material Selection 
and Fabrication 

To aid in target and feature alignment at the Nova 
target chamber, both types of targets need an optically 
transparent, thin, low-Z ductile material for the gas/ 
vacuum barrier. The density of the gas is chosen so that 
when completely ionized and heated to 3 keV, the elec- 
tron pressure will be sufficient to significantly slow the 
hohlraum wall motion in a NIF target. The density 
cannot be too large, however, or the plasma ne will 
exceed the critical value for 0.25 pm light propagation, 
resulting in complete reflection of the incident light. 
The density of 3 mg/cm3 of neopentane results in a 0.1 
critical density electrons/cm3), which is calculated 
to hold off wall motion and to allow light propagation 
to the wall for x-ray conversion. Ideally, actual NIF 
hohlraums, or experiments to simulate NIF hohlraum 
conditions for testing the laser-plasma interaction 
physics, would have no solid-material gas barriers. Early 
in a laser shot, these barriers, or windows, are heated to 
a plasma state and rapidly expand, severely perturbing 
the interior gas. The windows must be as thin as possi- 
ble to reduce this perturbation. However, they must be 
thick enough to withstand the 1-atm pressure difference. 
In Table 1, we compare several window materials. The 
thickness required is calculated from the simple hoop- 

East West - 2.7500 mm - 

stress formula, (r = Pr/2t,  using appropriate yield stress 
B for each material. P is the pressure, Y the radius of 
curvature of the window, which is assumed to be 1 mm, 
and t is its thickness. The equivalent gas thickness is 
calculated as the distance the initial window will expand 
to reach 
shown in the second column of Table 1. This equivalent 
distance must be minimized. Based on these considera- 
tions, we chose polyimides as the window material, of 
which Kapton is a well-known commercial example. 
Polyimide is a family of plastic CH polymers used in 
integrated circuit fabrication. Although the chemical 
formula for the specific material used is proprietary, it is 
nominally C,,H,&O, with a density of 1.4-1.5 g/cm3. 

The open-geometry targets need a nearly spherical 
volume of gas and must hold the pressure for 1-3 hr. 

electrons/cm3, based on the initial ne 

TABLE 1. Comparison of window materials. 

Material Electron density Thickness Equivalent gas 
(moles/cm3) required thickness (pm) 

Si,N, 1.72 0.2 pm 206 

Kapton 0.72 0.3 pm 130 
Par ylene 0.56 0.8 pm 268 

Lexan 0.74 0.8 pm 355 

1400 pm x 400 pm 

Fill tubes PI 
- -1yimide 
window 

North 
Diagnostic 

fiber 1 

South 

FIGURE 1. A CAD drawing of a closed-geometry target. (10-00-0795-1777pb02) 
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The target skin must endure >1 atm pressure over an area 
of -20 mm2, surrounded by a vacuum of <lo” Torr 
and be ductile enough to form a nearly spherical bubble 
from two flat sheets. The gas-bag targets are fabricated 
using brass, Lucite, and A1 support washers (-400 pm 
wide). Fill tube holes (270 pm diam) are drilled 
through the side walls of the washers, which are 
microbead blasted to increase the surface area and to 
improve the polyimide/epoxy adhesion. A thin sheet 
of polyimide (-0.4 pm) is glued across both sides of a 
thin washer and two smalldiameter stainless-steel fill 
tubes (-250 p) are passed through the side wall into 
the inner diameter of the washer and glued in place. 
Pressurizing the fill lines (>20 psia) causes the films to 
distend, forming a nearly spherical bubble. Figure 2 is 
a photograph of a gas-bag target (with a 2.75-mm washer 
and a 2.4-2.5-m-wide bag). 

Nova’s Au-hohlraum design serves as the model for 
the closed-geometry targets. Holes or slots are milled 
in the side of the target mandrel to view the target’s 
interior (Fig. 3). Fill tube holes are also drilled into the 
side of the hohlraum mandrel to allow gas filling. 
After the Au-plated Cu mandrels are machined and 
inspected for accuracy, the outer surface is microbead 
blasted to produce a roughened finish. The mandrels 
are then leached in a nitric-acid solution (HN03 = 0.5 N 
solution) at 60°C and etched (1-3 hr). The laser entrance 
holes (LEHs) and any diagnostic windows in the 
hohlraum are then covered with a thin (0.2-0.7-pm) 
sheet of polyimide. 

The requirement to hold gas behind thin CH win- 
dows complicates target fabrication. The same basic 

assembly procedures used for non-gas targets are 
employed on the gas-cell target series. Target fabrication 
is generally performed using an optical microscope, 
with micromanipulators holding target parts in place 
with vacuum chucks and fast curing or UV/visible 
cured cements to affix target components. 

For the open-geometry targets, the final assembly 
consists of mounting the target on a Nova magnetic 
target base at the desired orientation. Shields and imag- 
ing slits are attached to some of the open-geometry 
targets. The closed-geometry targets have additional 
alignment restrictions placed on them by alignment 
fibers and flags, backlighter patches, diagnostic holes, and 
slots. The target components are required to be placed 
within k25 pm and 12”, relative to the Nova target base. 

Gas Specification 
The gas mixture and pressure are specified to 

mock up the experimental conditions for the point 
design of the NIF targets, using neopentane C5H,, as 
the main gas in this series. To aid in measuring the 
ion temperature Tion spectroscopic seed gases Ar and 
Freon-13 CClF, are added in concentrations from 
0.25-10 at.%. The nominal standard target gas for the 
early experiments was 98% C5Hl2 + 1% Ar + 1% 
CClF, at -1-atm pressure. To achieve lower target 
densities, CO,, C,H,, and CH4 are used as the base 
gases. J. Colvin of Los Alamos National Laboratory 
(LANL) suggested obtaining a deuterated gas C5Dl2 
to potentially use the fusion neutron yield from the D 
as a diagnostic for the experiment. 

FIGURE 2. Photograph of a gas-bag target with an x-ray imaging 
slit. (10-00-0795-1778pbO1) 
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FIGURE 3. Photograph of a closed-geometry target showing the 
diagnostic view window. (10-00-0795-178OpbO1) 

153 



FABRICATION AND TESTING OF GASTILLED TARGETS 

A gas mixing manifold permits mixing of various 
gases into a sample bottle for later use in filling the 
targets (Fig. 4). As the main base gas C5H1, condenses 
to a liquid at -1300 Torr, an upper limit on the system 
is set at 1000 Torr. The gas mixture is specified in 
atomic percentage for the individual components. A 
diaphragm-style pressure manometer, insensitive to 
gas densities, monitors pressure in the gas mixing 
manifold and sample bottle. The sample bottle is con- 
nected to the manifold and the system is evacuated. 
The sample bottle valve is closed and the individual 
gases are purged three to four times to limit contami- 
nation of the final gas mixture. Exceptions to this 
purging process are C,H1, and deuterated neopen- 
tane C5D12, due to their limited availability. The 
C5Hl2 and C5D12 bottles are directly connected to the 
main manifold with a small prechamber and a valve, 
which permits a small positive gas pressure to be 
maintained in the gas regulators and fill lines. 

first introduced into the manifold, and the pressure is 
allowed to increase until it reaches the desired partial 
pressure. The other gases are then added by partial 
pressure until the total pressure in the sample bottle 
reaches 1000 Torr. 

To interpret the target results, it is necessary to know 
the ratios of the gases to <0.1 at.%. The gas mixtures are 
analyzed using a mass spectrometer with a resolution 
down to Z = 1 (H) and a discrimination down to 0.01 at.%. 
To improve the accuracy of the analysis, pure samples 
of each gas are drawn off into small (<75 cm3) sample 
cylinders to be used as "reference" standards for all 
the starting gases and when primary gas source bottles 
are changed. 

The gas with the lowest percentage in the mixture is 

FIGURE 4. Photograph 
of a gas mixing system 
on an optical bread 
board table. 
(10-00-0795-1 779pb01) 

Target Manifold Design 
A major restriction for the gas target fabrication is the 

limited space within the Nova target inserter (a cylin- 
drical space 5 in. diam 16 in. long with the center 2 in. 
occupied by the target pylon); this space limitation 
drove our hardware choices. Figure 5 is a CAD drawing 
of a manifold fabricated out of brass to support the 
transducer, gas flow valves, and target fill lines. The 
valves were not designed for vacuum sealing but rather 
for liquid/gas flow metering, and after 6-10 shots, it is 
necessary to change the valves because they become 
one of the main sources of leaks on assembled targets. 

A strain-gage-style, absolute-pressure transducer 
monitors manifold gas pressure. Prior to using this 
type of transducer, we field tested the unit to ensure its 
ability to operate not only at atmosphere on the bench 
but also in vacuum in the Nova target chamber. When 
the target is shot on Nova, a plasma is produced that has 
a designed Te of 3 keV, to electrically protect the trans- 
ducers, we added a Zener diode to each connector line 
on the transducer cable to strip off voltage spikes >50 V. 
The initial test transducer was calibrated before and after 
the first laser shot to check for any anomalies. The post- 
shot transducer voltage values were within tO.OO1 V of 
the preshot values, verifying their robustness. 

The early gas-cell targets used a flow-through method 
to fill the targets with gas, and two valves and gas 
lines were used on the manifold. One port on the target 
manifold was connected to the gas sample bottle. The 
gas flowed until it was estimated that all of the air in the 
target assembly had been displaced with the sample 
gas. The current system of evacuated backfill of targets 
retains the two valves to safeguard against one of the 

MKS Baratron pressure readout S' I 
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fill lines being b10cked.~ A pair of 1-mm-0.d. stainless- 
steel fill lines is attached to the top of the manifold. 
Plastic tubing is used to connect the manifold to the tar- 
get. The target has stainless-steel fill lines (-250 pm 
0.d.) with smaller i.d. plastic tubing used to inter-con- 
nect the target to the plastic tubing on the manifold. 

A separate pressure testing system, fabricated by 
LANLT5 is used to test the target manifold. The test 
procedure is divided into three steps: (1) The target 
manifold is tested as a standalone unit. (2) The target 
body is tested and certified gas tight. (3) The assembled 
target attached to the manifold is tested as an integrated 
system before filling. 

Target Filling Hardware and Procedures 
The first targets were filled by flowing gas through the 

target, a method that used a large quantity of gas to ensure 
that only the sample gas remained inside the target. 
The new method, using an evacuation/backfill cham- 
ber, significantly reduces the total gas used per target.5 

41 Gas fill tubes 1 Brass manifold body 

Transducer 7 
LLNL 10 beam gas manifold 

FIGURE 5. A CAD drawing of a target manifold with a transducer, 
valves, and gas fill lines. (IO-00-0795-1781pbOl) 
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The target filling manifold, with its calibrated pres- 
sure transducer attached, allows monitoring of internal 
target pressure at shot time. From this calibrated trans- 
ducer, a pair of points for pressure vs voltage for vacuum 
and atmosphere are measured and the resulting values 
allow the final target pressure at shot time to be calcu- 
lated. A mechanical manometer is also placed in-line 
with the fill chamber to monitor the external target 
pressure in the 1-ZOO-Torr range. A small valving mani- 
fold is attached to the evacuation/backfill chamber to 
control the independent pumping of the target’s inte- 
rior and exterior and filling the target. Figure 6 is a 
photograph of this gas filling system. 

The target and the gas fill line are connected to the 
target manifold. A purge line (-0.25-0.5 psig) is attached 
to the target manifold to verify that the fill lines are not 
blocked. The assembly is then placed in the evacuation/ 
backfill chamber and the air around the target is slowly 
pumped out until the chamber pressure reaches -5 mm 
Hg, then the interior of the target is slowly pumped 
out. Due to the low conductance of the fill tubes 
(100-250 pm), the pumping continues for -15 min to 
fully remove the air from the target interior. 

Once the base pressure inside the target is reached, 
the valves to the gas sample bottle are opened and the 
pressure inside the target is monitored. After the pres- 
sure inside the target has increased to the desired value, 
the chamber is slowly vented to atmosphere. The target 
manifold valves are closed and the transducer reading 
is observed for drift-if the target pressure is stable, 
the fill line is disconnected and the target is ready for 
delivery to Nova. 

FIGURE 6. Photograph of the evacuation/backfill chamber and gas 
filling system. (lO-OO-0795-l816pbO2) 

155 



FABRICATION AND TESTING OF GAS-FILLED TARGETS 

Summary 
Targets to test the point design for the proposed NIF 

were developed and fabricated for use on the Nova 
laser at LLNL. Sub-micrometer-thick polyimide win- 
dows capable of holding >1 atm were attached to 
closed-geometry (Nova-hohlraum-style) and open- 
geometry (nearly spherical gas-bag) targets. Together 
with the Target Fabrication group at LANL, we fabricated 
a system to pressure-test targets and to verify gas 
integrity, prior to delivery to Nova. We also developed a 
gas-mixing system that permits mixture ratios as low as 
0.25 at.% for individual gases and a system to measure 
gas pressure inside the target to integrate into the 
Nova target positioner. In support of the ICF programs 
at LANL and LLNL, more than 450 gas-cell targets 
have been successfully fielded on Nova. 
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Introduction 
The concept of a laser-based proximity lithography 

system for electronic microcircuit production has 
advanced to the point where a detailed design of a 
prototype system capable of exposing wafers at 40 
wafer levels per hr is technically feasible with high- 
average-power laser technology. In proximity x-ray 
lithography, a photoresist composed of polymethyl- 
methacrylate (PMMA) or similar material is exposed to 
x rays transmitted through a mask placed near the 
photoresist, a procedure which is similar to making a 
photographic contact print. The mask contains a pattern 
of opaque metal features, with line widths as small as 
0.12 pm, placed on a thin (1-pm thick) Si membrane. 
During the exposure, the shadow of the mask projected 
onto the resist produces in the physical and chemical 
properties of the resist a pattern of variation with the 
same size and shape as the features contained in the 
metal mask. This pattern can be further processed to 
produce microscopic structures in the Si substrate. 

is the production of electronic microcircuits with spa- 
tial features significantly smaller than currently 
achievable with conventional optical lithographic tech- 
niques (0.12 pm vs 0.25 pm). This article describes 
work on optimizing a laser-produced plasma x-ray 
source intended for microcircuit production by prox- 
imity lithography. 

The main application envisioned for this technology 

Background 
To obtain the best transmission through the Si 

substrate, followed by absorption in the PMMA, the 

illumination source should occupy a band of x-ray 
wavelengths somewhere above the Si K-edge (6.74 A) 
but long enough that the x rays are efficiently absorbed 
in the PMMA resist layer (possibly up to 15 A). The 
x-ray wavelength is short enough that blurring due to 
x-ray diffraction from edges in the pattern will not be 
significant. Current system designs for proximity 
lithography require a source with a median emission 
wavelength in the range of 10-14 A and a 20% band- 
width. The mask can be illuminated with a collimated 
source of x rays, such as from a synchrotron tuned to 
operate at the desired wavelengths. In fact, the basic 
principles of proximity lithography have already been 
demonstrated using synchrotron sources.1T2 However, 
synchrotron facilities are inherently expensive and 
therefore not amenable for most circuit manufacturers 
to acquire and operate. 

Laser-produced plasmas have been recognized as a 
promising alternative to synchrotrons for a number of 
years. The physical specifications that the plasma source 
must meet can be summarized as follows: the source 
must deliver approximately 15 mJ/cm2 of x-ray fluence 
to the resist with a uniformity of 1% over a 3 x 3 cm2 
area within an exposure interval of approximately 1.3 s; 
the x-ray spectrum must occupy a 20% bandwidth cen- 
tered on a wavelength -12 A. These requirements can 
be met using a 1-kW laser assuming about 10%/(27c sr) 
conversion of laser energy into the desired x-ray band; 
the mask and resist are assumed to be about 50 cm from 
the source point to satisfy the uniformity requirements. 
Variations on these figures may occur depending on a 
number of design options, but it is clear that in any 
system a substantial portion of the costs are directly 

* AT&T Bell Laboratories, Murray Hill, New Jersey 
IBM Microelectronics, Hopewell Junction, New York 
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OPTIMIZATION OF X-RAY SOURCES 

driven by the average power level needed from the laser, 
which in turn hinges on achieving high x-ray yields. 

X-ray yields from laser-produced plasmas have 
been investigated in great detail for nearly two decades 
and have been examined over a wide variety of laser 
parameters (wavelength, pulse duration, focused inten- 
sity) as well as target material and x-ray emission 

cally on lithography applications to match target 
materials with realistic laser parameters to produce the 
required x-ray spectrum (keV x rays) at an acceptable 
yield.13-19 X rays from laser-produced plasmas in the 
1-keV energy range required for proximity lithography 
are produced most efficiently with focused laser inten- 
sities around 1013 W/cm2 and from targets with 
atomic numbers in the range Z = 26-30 (Ne-like ions, 
L-shell emission) or Z = 53-56 (Ni-like ions, M-shell 
emission). As a general finding, x-ray yields are 
known to improve substantially with decreasing 
laser w a ~ e l e n g t h . ~ ? ~ r ~  

X-ray yields from laser-produced plasmas also 
depend on the pulse duration, which determines the 
characteristic plasma volume achieved during the 
pulse. High conversion efficiency has been usually 
observed with moderate-duration pulses (0.5-10 ns).11r16 
However, it can also be achieved with shorter pulses 
( 4 0 0  ps) in combination with a weak prepulse to gen- 
erate a long-scale-length plasma.'2r20 It is not clear from 
the findings of previous studies whether high conver- 
sion efficiency can be achieved from pulses longer than 
10 ns. Experiments with 8-ns Ndglass laser pulses 
indicate that efficiencies around 8%/(2n sr) could be 
a~hieved.~ However, experiments with 30-ns KrF pulses 
focused to more than 1014 W/cm2 failed to achieve 
yields comparable to measurements with shorter pulses 
at the same ~ave1ength. l~ Chaker et al.19 suggest a 
practical limit on the pulse duration of less than about 
5 ns, but this conclusion is tentative in the absence of 
experimental data. The requirements of high average 
power with high focused intensities and moderate 
pulse duration are potentially in conflict with the pulse 
parameters of current high-average-power laser tech- 
nology, which operate more reliably with rather long 
pulse durations in the range of 10-15 ns for Ndglass 
technology and 25-30 ns for excimer lasers. 

One potential laser driver for proximity lithography 
is a high-average-power Nd:glass slab design operating 
with high pulse energy and moderate repetition rate. 
Currently the most advanced realization of this technol- 
ogy is available at Lawrence Livermore National 
Laboratory (LLNL)21 and consists of a flash-lamp- 
pumped system capable of producing near-diffraction- 
limited pulses with approximately 13-ns full-width at 
half maximum (FWHM) duration at energies of -20 J 
at a rate of 6 Hz to produce an average power of 120 W. 
The design is scalable to higher average power by 

Several studies have focused specifi- 

158 

increasing the pulse energy and /or repetition rate; we 
envision average powers approaching 2 kW. An 
important characteristic of this high-average-power 
capability is the use of phase conjugate wavefront cor- 
rection22 to ensure a uniform intensity and a near ideal 
phase front in the final pass of the slab amplifier, 
which is necessary to ensure reliable operation. This 
technology operates most effectively with a rather long 
pulse duration (12-14 ns), which raises the issue of 
whether the x-ray yields produced with this laser can 
approach the maximum yields observed with shorter 
pulses. We examined this issue experimentally in the 
work described in this article. 

Experiment 
We measured and optimized the x-ray conversion 

efficiency from several L-shell emitters (Fe, Cu, Zn, brass, 
stainless steel) and one M-shell emitter (Xe). The studies 
with Xe examined the solid form using a cryogenic tar- 
get. In addition to producing high x-ray yields at the 
desired wavelengths, Xe targets offer the potential to 
design a source with considerably reduced debris gen- 
eration. We investigated all targets at two operating 
wavelengths of the laser: the fundamental wavelength, 
1.053 pm, and the second harmonic, 0.527 pm. 

Figure 1 shows the layout for the experiments with 
solid planar targets. This section describes the five 
main parts identified by Fig. 1: the laser beam, the 
solid targets, the charge-coupled device (CCD) camera 
and spectrometer system, the filtered photoconductive 
diamond (PCD) detectors, and the pinhole camera. 

CCD 
spectrometer 

Filtered 0, 
 ar array 0, , 

\ 

450- 
I 

\ 

Pinhole camera A 'F I 

Solid target 

FIGURE 1. Experimental arrangement employed for solid target 
x-ray yield measurements. (10-06-0595-11OOpbO1) 
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Laser Parameters 
A 330-mm lens focused the laser into the center of 

the experimental chamber onto a planar target oriented 
at 45" to the laser axis. We monitored the laser energy 
with a fast pyroelectric detector and cross-calibrated it 
with a calorimetric energy meter. Pulse energy varied 
from -1-20 J at 1.053 pm and -0.5-12 J at 0.527 pm. 
The beam delivered to the target chamber was square 
in cross-section, measuring 25 mm per side. We used a 
330-mm focal-length lens to produce an f/13 focus. We 
adjusted the beam focus by translating the lens on a 
translation stage. In a separate test of the beam quality, 
we projected a series of far-field beam images with 
0.527-pm light onto a CCD camera using a well cor- 
rected microscope objective. We found that, at best 
focus, 80% of the beam energy was contained within a 
diameter of 27 pm, equivalent to about 1 . 5 ~  diffraction 
limit. The maximum focused intensities achieved with 
this beam quality are 7 x 1013 W/cm2 for 1.053-pm 
light and 2 x 1014 W/cm2 for 0.527-pm light. These 
peak intensities meet or exceed the intensities needed 
to obtain good x-ray yields in the kilovolt range. 

Solid Targets 
The target mount consisted of an x-y-z translation 

stage with an aluminum mounting frame for attaching 
the target. Motion in a plane parallel to the target surface 
(x-y) allowed us to position a fresh surface of the target 
in the beam for each shot while maintaining the same 
axial position relative to the laser focus. All of the solid 
targets could be mounted (as tapes or thin plates) directly 
onto the mounting frame. For most of these materials, 
the target thickness was much larger than typical abla- 
tion depths. In the particular case of Fe, however, the 
target consisted of a thin layer of Fe powder (3-5 pm) 
bonded to a mylar tape substrate. This "mass-limited 
target is designed to provide enough material to pro- 
duce x rays while limiting debris production. 

In the particular case of solid Xe, the target apparatus 
consisted of a 1-mm-thick Cu plate thermally connected 
with a 2-in-long Cu braid to a cold finger and cooled to 
approximately 20 K. By condensing Xe gas onto the 
cryogenic surface, we produced a thin (-100 pm), solid 
Xe layer on the Cu substrate. Although the melting 
point of Xe (at atmospheric pressure) is around 160 K, a 
temperature of 20 K was required in vacuum to maintain 
a low enough Xe vapor pressure to produce a stable 
condensed layer on the Cu substrate and to minimize 
reabsorption of the Xe emission by residual cold Xe gas 
in the chamber. 

Curved Crystal Spectrograph 
To determine x-ray yields, we needed accurate mea- 

surements of the x-ray spectrum produced by each 

source. The spectra varied not only with target mate- 
rial, but also with the laser parameters (wavelength, 
pulse energy, and focus). A curved potassium acid 
pthalate (KAP) crystal spectrograph recorded x-ray 
spectra 90" relative to the laser axis and 45" to the tar- 
get normal, using a high-resolution CCD camera sys- 
tem operating with 16-bit readout r e so l~ t ion .~~  The 
spectrometer-three separate KAP crystals bent to the 
same radius of 79 mm-rested -350 mm from the 
plasma. The detector was a back-illuminated Tektronix 
TK1024 CCD chip. The system was sensitive enough 
that all spectra recorded in these experiments were 
produced by a single laser pulse. To obtain the com- 
plete spectrum, we placed the KAP crystals at slightly 
different standoff distances from the plasma to sample 
the 9-19-A spectral region in three overlapping seg- 
ments. To block out visible and UV portions of the 
spectrum, we placed one or two layers of a light-tight 
aluminized mylar film (5000 A A1/1.5 pm mylar) at the 
entrance to the spectrograph. This film was subject to 
occasional damage from target debris; therefore, we 
checked and replaced it at appropriate intervals. 

fying known features of the Fe and Cu L-shell spec- 
trum and applying a low-order polynomial mapping 
from detector position to a wavelength scale. Within 
the 9-19-A band, the CCD array detector responds lin- 
early to the x-ray fluence independent of wavelength. 
Corrections had to be applied to the raw data to account 
for the filter transmission and the KAP crystal reflectivity. 
The filter transmission was independently calibrated at 
an in-house facility to determine its transmission over 
the 9-19-A wavelength band. Henke, et al. previously 
calibrated the KAP refle~tivity.2~ 

We calibrated the spectrometer dispersion by identi- 

Absolutely Calibrated PCD and Yield 
Measurements 

We recorded x-ray yields with a set of four filtered 
type IIA PCD detectors.25 These were mounted in a 
compact 2 x 2 square array 15.9 cm from the target at 
an angle approximately normal to the target surface. 
For all measurements, the PCDs were biased with 
600 V, and the signal was coupled through a capaci- 
tor into a 5 0 4  cable connected to a high-speed 
digital oscilloscope for recording. These detectors 
have been used in previous x-ray yield experiments 
at LLNL,26 and have been absolutely ~ a l i b r a t e d . ~ ~  
Within the 9-19-A wavelength band observed in 
these measurements, the detectors have a flat 
wavelength response. For the bias conditions and 
spectral range used in the measurements, the sensi- 
tivity of these devices was nominally 7.5 x 
A/W. We assumed an uncertainty of approximately 
20% on this value, as reported in the original abso- 
lute calibration. 

UCRL-LR-105821-95-3 159 



OPTIMIZATION OF X-RAY SOURCES 

Figure 2 shows examples of a PCD signal trace and 
a trace of the laser pulse recorded on high-speed oscil- 
loscopes. The x-ray pulses displayed the same temporal 
structure, if any, produced in the laser pulses. The 
FWHM pulse duration of the x-ray signals observed 
from solid targets was similar to, but somewhat shorter 
than, the laser pulse by an amount -20-30%. Hence the 
x-ray pulses from solids were typically 10 ns FWHM, 
while the laser pulse was 12-14 ns FWHM. 

We monitored contributions from various parts of 
the x-ray spectrum using a set of four different filters 
on the PCD detector array. The filter set was designed 
to sample the 8-20-A band in three intervals: a 10.6-pm 
A1 filter (8-12 A), a 2-pm Zn filter (12-16 A), and a 2-pm 
Co filter (16-20 A). The fourth channel used an alu- 
minized mylar filter to sample most (8-20 A) of the 
spectrum. Prior to all measurements, we performed a 
cross-calibration of the individual PCD sensitivities. 
We did this by recording the signals from each detector 
using 2-pm Zn filters on each and with all detectors 
simultaneously illuminated by x rays from an Fe or type 
302 stainless steel (SS302) laser-produced plasma. We 
took several data points for each of three rearrangements 
of the individual Zn filters so that we could eliminate 
effects due to variability in the filter transmission. We 
found variation in detector response among the four 
devices consistent with a +20% spread in sensitivity. 
The extracted filter transmissions were consistent with 
a 10-15% variability from one piece to the next. Based 
on these uncertainties alone, the absolute uncertainty 
in yield for these measurements is around +25%. 
Relative uncertainties in comparing different target 
materials or laser parameters are much better, around 
lo%, determined primarily by shot-to-shot variations. 

Laser pulse = 14 ns FWHM 1.5 - 
Y .* 
C 
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FIGURE 2. Sample oscilloscope traces of the laser pulse measured 
with a photodiode and an x-ray pulse measured with a photocon- 
ductive diamond (PCD) detector. Vertical scales and temporal offsets 
for both pulses are arbitrary, and were adjusted for comparison. 
(10-06-0595-1101pbOl) 

To determine the absolute x-ray yield, we integrated 
the recorded oscilloscope signals to produce a value 
proportional to the total x-ray fluence striking the 
detector. We then converted this raw data value to an 
absolute measure of the x-ray fluence by factoring in 
corrections for detector sensitivity, solid angle, filter 
transmission, and the emission spectrum. Simultaneous 
measurement of the spectrum is crucial for an accurate 
determination of the fractional weight of the spectrum 
viewed by each channel. We determined x-ray yields 
by multiplying each detector signal by a factor inversely 
proportional to the known filter response multiplied 
by the measured spectrum at each incident energy. We 
then obtained the resulting conversion efficiency from 
an average of the contributions measured from each 
channel and the known input laser energy. 

an accurate method of assessing relative x-ray yields 
(from one target to the next, or for changes in other 
parameters, such as laser energy). This provided us with 
a cross-check against the yields inferred on the basis of 
the PCD measurements. We found good agreement 
between the relative yields determined from integrating 
the spectrum recorded on the CCD and the signals 
measured with the PCD array. 

The CCD detector on the spectrometer also provided 

Pinhole Camera 
We monitored plasma source size with an x-ray 

pinhole camera coupled to a video CCD and a computer- 
controlled readout. We placed the pinhole about 3 cm 
from the target and operated at a magnification of 2-3. 
Because it was filtered with 18-pm A1 foil, the x-ray 
spectrum was sensitive mostly to the 8-12-A portion of 
the emitted spectrum. 

Methods and Results 
This section provides specific details about methods 

and results for the experiment. We divide the section into 
four subsections: focus optimization, yield variation with 
pulse energy, x-ray spectra, and angular distribution. 

Focus Optimization 
For each target type and laser wavelength investi- 

gated, we optimized and measured the x-ray yield 
with a standard procedure consisting of two parts. 
First, we did a focal scan consisting of a series of shots 
examining yield as a function of axial lens position at 
maximum laser energy (20 J at 1.053 pm and 12 J at 
0.527 pm). From this procedure, we identified the lens 
position corresponding to maximum yield as determined 
by the PCD measurements. Second, with the lens fixed 
at the maximum yield position, we systematically 
reduced the laser energy (described in the next section). 
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Figure 3 shows an example of the variation of x-ray 
yield with lens position for Cu and type SS302 irradi- 
ated with 1.053-pm laser light. We found in general 
that the x-ray yield reached a broad maximum within 
~1 mm of the lens focus. The position of optimum con- 
version was largely independent of the target material, 
varying by an amount of approximately k0.5 mm for 
different targets. 

Figure 4(a) shows pinhole photographs of the x-ray 
source region throughout the focal scans for 1.053-pm 
irradiation. The double-lobed structure apparent at 
lens positions of 14 and 15 mm originates from the 
intensity distribution in the square beam as it approaches 
the focus. Similar lobed structures were also evident in 
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FIGURE 3. Variation of x-ray yield with focusing lens position for 
1.053-pm laser light; we used this procedure to optimize the yield for 
a given target type. (10-06-0595-1102pbO1) 
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the 0.527-pm laser-produced plasmas. Analyzing these 
images, we assume that the size of the x-ray emitting 
region correlates with the spatial extent of the laser 
intensity distribution illuminating the plasma. Figure 4(b) 
shows the variation of x-ray source size measured in 
these focal scans. The emitting region of the plasma 
was considerably larger than the beam diameter close 
to best focus since under no conditions did we observe 
an x-ray source region smaller than about 150 pm in 
diameter, a size 3-5 times larger than the beam diameter 
expected at best focus for the 1 . 5 ~  diffraction Iimited 
beam. We took the lens position corresponding to best 
focus to be the point where the observed source diame- 
ter reached a minimum. The geometrical extent of the 
focal cone for thef/13 focus is also displayed in these 
figures for comparison with the data. 

The most important information from these sequences 
is an assessment of the size of the x-ray emitting region 
in the source and an approximate idea of the laser 
intensity illuminating the plasma at these optimum 
positions. At the lens position corresponding to opti- 
mum x-ray yield, the diameter of the source region 
evident from the pinhole images was around 280 pm 
for 1.053-pm laser light and 240 pm for 0.527-pm light. 
It is also evident that the focal cone of thef/13 focus is 
smaller than the plasmas at most positions where sig- 
nificant x-ray emission was observed, and that the lens 
position corresponding to best yield does not correspond 
to the position of best focus, although it was much 
closer to best focus for 0.527-pm light than for 1.053-pm 
light. (X-ray yield on the converging side of the 1.053-pm 
focused beam should be similar to the diverging side; 
for all measurements reported here the beam was 
focused on target with a diverging focus.) Average 
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FIGURE 4. Variation of x-ray emitting plasma volume with focusing lens position for 1.053-pm laser light irradiating a solid Fe target. The 
origin of the lens position scale is arbitrav. (a) A sequence of pinhole photographs of the plasma x-ray emission taken at various lens positions 
(indicated on the individual frames). (b) Variation of plasma size with lens position measured from the pinhole photographs. Also shown for 
comparison is the beam size assuming a geometricf/l3 focal cone with best focus assumed to occur at the lens position producing the smallest 
plasma volume. (lo-06-0595-1103pbOl) 
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beam intensities illuminating the plasma at these lens 
positions can be estimated from the geometrical extent 
of the focal cone and the distance of the optimum lens 
position from best focus. For 1.053-pm light, the beam 
diameter at optimum focus was -190 pm, to produce a 
beam intensity -5 x 10l2 W/cm2. For 0.527-pm light, 
the beam diameter was approximately 100 pm, a factor 
of two smaller than for the optimum 1.053-pm situation, 
producing intensities -1.2 x lOI3 W/cm2. 

Yield Variation with Pulse Energy 
After we determined the optimum focus position, 

we fixed the lens at its optimum position and mea- 
sured x-ray yields while the laser energy was varied 
throughout the available range below the maximum 
setting. We easily adjusted laser energy by varying a 
waveplate within the preamplifier chain to control the 
pulse energy prior to the final amplifier passes. Both 
the temporal pulse shape and spatial beam parameters 
(focus position) were unaffected by this adjustment. 

An important characteristic of all of the measure- 
ments from planar targets measured in this research 
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was an increasing x-ray yield with pulse energy. For 
all materials, the conversion increased monotonically 
from near zero at low pulse energies and increased to 
a saturation value before leveling off. Figure 5 shows 
an example of this dependence for (a) type SS302 and 
(b) Cu. Within the energy range available there was no 
evidence of a regime where conversion fraction 
decreased with increasing pulse energy. The satura- 
tion value varied with the target material and the laser 
wavelength. With type SS302 (median emission wave- 
length at 15 A), the laser energy at saturation is clearly 
lower than for Cu (median emission wavelength at 
11.5 A). In the case of Cu, it is not clear that the depen- 
dence of x-ray yield with energy has reached a final 
saturation level at the maximum laser pulse energies 
available in these experiments, although saturation 
appears to be -5-10 J for type SS302. Correlated with 
the pulse energy dependence of yield was a clear shift 
in the x-ray spectrum for any given target to shorter 
wavelengths (harder photons) with increasing pulse 
energy. We expected this due to the fact that increas- 
ing pulse energies produce higher intensities and 
drive hotter plasmas. 
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FIGURE 5. Pulse energy dependence of x-ray yield for two target materials and both drive wavelengths. Target materials are (a) type SS302 
and (b) Cu. (10-06-0595-1104pbO1) 
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X-Ray Spectra 
Figure 6 shows a catalogue of spectra for all of the 

materials tested using 0.527-pm laser light. Also iden- 
tified on the spectra are integral curves depicting the 
integrated conversion fraction through the short to 
long range of emission wavelengths. We observed a 
similar set of spectra using 1.053-pm light, with the 
main difference being a shift in the distribution of 
emission to longer wavelengths within the character- 
istic spectrum of each material. For the materials 
selected, Fig. 7 summarizes the x-ray wavelength 
range (10-15 A). 

All of the Xe spectra exhibit a bilobed distribution 
of emission with a main component emitting at wave- 
lengths from 10-15 A, and a second component from 
17-20 A. We also included this latter component, 
accounting for about 20-30% of the emitted energy, in 

our yield determination, although the component is of 
little use for lithography applications. Excluding this 
component &e., excluding wavelengths >16 A), the Xe 
conversion measured with 1.053-light is less than lo%, 
but still comparable to the type SS302 conversion. 
With 0.527-pm light the Xe spectrum becomes harder, 
shifting to shorter wavelengths, and the total conver- 
sion improves to around 12%. 

The conversion efficiency measured with type 
SS302 is significantly higher than with pure Fe. We 
can attribute this largely to the addition of signifi- 
cantly more spectral lines with contributions from Cr, 
Mn, Ni, etc., present in the stainless steel alloy. Figure 
6(b) demonstrates this, showing the dense spectrum of 
stainless steel as compared with the pure Fe spectrum 
in Figure 6(c). We discuss this improved conversion 
efficiency later in the article. 
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FIGURE 6. X-ray spectra measured for all solid targets using 0.527-pm laser light. Spectral intensity is displayed on the arbitrary left hand 
scale; the wavelength-integrated x-ray yield for each material can be measured against the right hand scale. Conversion fraction indicates 
the ratio of x-ray energy to incident laser energy. Target materials are (a) solid Xe, (b) type SS302, (c) Fe, (d) Zn, (e) brass, and (0 Cu. 
(10-06-0595-1105pb01) 
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Angular Distribution 
For planar targets, we also measured the angular 

distribution of x-ray yield. We recorded all yield mea- 
surements with the PCD array at target normal, where 
the yield is expected to reach a maximum. For histori- 
cal reasons, and to ease comparison with other work, 
we report the x-ray yield as the conversion fraction 
into 27c sr as if the angular distribution were isotropic 
and equal to the angular fluence measured at target 
normal. In general, the angular fluence varies relative 
to target normal and depends on target material, laser 
wavelength, laser pulse duration, and possibly other 
factors. The yield is generally reduced away from tar- 
get normal and can be fitted with a cosa@ distribution, 
where a 5 1, and the total conversion into 27c sr is less 
than the fraction reported in this work. There may be 
reasons to place the lithography exposure system at a 
location other than target normal; for example, to miti- 
gate against debris, which is also maximized at target 
normal. Thus an assessment of the angular distribution 
is important to ascertain any reduction in x-ray yield at 
other angles. 

We did the angular distribution measurements for 
Fe and type SS302 targets at the optimized conditions 
for both wavelengths. We fitted all PCD detectors with 
2-pm Zn filters, which transmit the main component of 
the Fe spectrum. We arranged the detectors in four 
angular positions in the plane of the laser beam spanning 
angles from 18-75" from the target normal. We took 
several sets of shots for each measurement, for which 
the Zn filters were rotated through the detectors, to 
eliminate effects due to variations in the filter transmis- 
sivities. We discuss results from these measurements in 
the next section. 

3 ..- 
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FIGURE 7. Emission wavelengths determined from the spectra mea- 
sured for all the solid elements using 0.527 pm laser irradiation. The 
bar end points indicate wavelengths spanning 10 to 90% of the wave- 
length-integrated emission (i.e., containing 80% of the emission). 
The points within the bars indicate the median emission wavelengths 
(50% point on the integral curve) for each material. *In the special case 
of Xe, this evaluation was restricted to wavelengths less than 16 A, 
which eliminates the long-wavelength emission component (-18 A) 
from the weighting process. (10-06-0595-1108pbOl) 

Discussion 
There are four main areas of discussion for this 

experiment: x-ray yields and spectra, pulse energy 
dependence, laser-drive wavelength dependence, and 
angular distribution. 

X-Ray Yields and Spectra 
Figure 8 summarizes x-ray yields from all of the solid 

targets, and compares the optimized yield for each 
material at both wavelengths. We obtained high x-ray 
yields using the longer wavelength emitters (-14 A) 
with 1.053-pm laser-drive wavelength, the best exam- 
ples of these being type SS302 and cryogenic Xe. 
Conversion efficiency of these targets was approximately 
10%/(2.n sr) at the target normal. Conversion for 
shorter wavelength emitters using 1.053-pm was sig- 
nificantly less, dropping to <4%/(27c sr) for Zn targets 
emitting at around 10.5 A. We observed a significant 
improvement in x-ray conversion with 0.527-pm light, 
where conversion efficiencies for all targets was 
-12%/(2~ sr) or better. For the range of shorter-wave- 
length emitters, including Cu, brass, and Zn, this 
represents a factor of 3 4  improvement in the yield 
measured at target normal. Since the energy conver- 
sion efficiency for doubling the laser-light frequency is 
expected to be around 80%?' this result indicates that 
operation at 0.527 pm will provide a substantial 
improvement in conversion of energy from the funda- 
mental laser wavelength to x rays in the 10-12-A band 
using a frequency-doubled laser. 

reduced-debris source. The Xe spectrum contains two 
main components, with a longer-wavelength portion 
occupying the 17-20 A. For lithography, the 75-80% 
energy portion of the spectrum emitted in the 10-14 A 
band is the most useful part. With 0.527-pm laser irra- 
diation, this portion of the spectrum is significantly 

Solid Xe offers the attractive possibility of building a 

0.2 

- 

Fe SS302 Xe(so1id) Cu Brass Zn 

FIGURE 8. Optimized x-ray yields measured for all solid targets 
and both drive wavelengths. (10-06-0595-1107pbOl) 
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harder than with 1.053-pm irradiation. Solid Xe provides 
x-ray yields comparable to, or better than, other solid 
targets at both drive wavelengths investigated. In the 
form of cryogenic pellets, frozen Xe offers the potential 
for producing a reduced-debris source with yields 
comparable to other solid target yields. 

The improvement in conversion efficiency compared 
with pure Fe targets is apparent with 1.053-pm laser 
light, and becomes quite dramatic with 0.527-pm light, 
where the optimum conversion efficiency exceeds 16% 
for type SS302. Stainless steel is an alloy comprised 
mainly of several transition metals with atomic numbers 
from Z = 24 through Z = 28 (the chemical composition 
of type 302 is approximately 70% Fe, 18% Cr, 9% Ni, 
and 2% Mn). These elements emit kilovolt radiation 
efficiently in the plasmas produced by the laser. The 
increased yield from the alloy occurs because the 
strongly emitting lines characteristic of each element 
are optically thick, or nearly so in these high-density 
plasmas produced with solid targets; thus, the reduced 
concentration of Fe found in stainless steel as compared 
with pure Fe targets does not lead to a noticeable 
reduction in the intensity of the characteristic Fe spec- 
tral components, while the other alloyed elements in 
stainless steel provide emission features that fill the gaps 
in the spectrum. This result indicates the possibility for 
improving x-ray yields by designing mixtures of ele- 
ments that emit in the desired wavelength band. These 
will produce high yields by filling in the spectrum 
with more lines. The high yields of Xe are produced for 
a similar reason, namely that the much more compli- 
cated electronic structure of the Xe M-shell provides 
many more emission lines to fill in the spectral band 
than the simpler L-shell emitters. 

We attained the best yields with type SS302 targets. 

Pulse Energy Dependence 
The pulse energy dependence of the observed x-ray 

yield is most easily understood in light of previous 0.5-ns 
pulse duration work by Chaker et a1.16, in which the 
conversion efficiency into kilovolt x rays from Cu tar- 
gets was observed to drop abruptly below intensities 
of -5 x 10l2 W/cm2 for 1.06-pm light. Optimum con- 
version efficiencies for Cu measured in this work are 
comparable to the values reported by Chaker et al. As 
noted, our procedure for optimizing the conversion by 
scanning the focus automatically places the irradiance 
near this saturation intensity and not necessarily at the 
best focus. Consequently, the measurements at decreas- 
ing pulse energy will produce lower than optimum 
intensities, and therefore produce lower x-ray yields. 
An implication of this interpretation is that it may be 
possible to attain high yields at lower pulse energies 

using a faster focusing lens (e.g., f/4 instead of f/13) 
that achieves 
However, we stress that achieving 1013 W/cm2 is nec- 
essary but may not be sufficient to achieve high yields 
(with long pulses)-this possibility needs to be explored 
experimentally. In our research, we made no attempts 
to exploit this method of obtaining high conversion 
efficiency at lower pulse energies. 

W/cm2 within the beam focus. 

Laser-Drive Wavelength Dependence 
As a general rule, the conversion fraction (laser 

energy to x-ray energy) into 2n: sr is higher at 0.527 pm 
than at 1.053 pm. The phenomenon is most accentuated 
for the short wavelength (10-12-A) emitters (Cu, Zn, 
and brass), where the conversion fraction improves by 
a factor of 3-4 times over the 1.053-pm result. This dra- 
matic improvement in conversion for the shorter- 
wavelength emitters using frequency-doubled laser 
light more than compensates for losses introduced by 
converting the fundamental to the second harmonic, 
and provides a means to obtain high x-ray yields at a 
range of desired wavelengths from 10.5 A (Zn) to 15 A 
(SS302) with a single laser driver. 

As increasing pulse energy causes spectral shifts, 
changing the drive wavelength from 1.053 to 0.527 pm 
clearly caused the spectra of the various target types to 
shift to shorter wavelengths. This spectral dependence 
is consistent with (1) the improved coupling of the 
laser light into plasma heating at higher densities and 
(2) the improved conversion. Figure 9 shows an exam- 
ple of this spectral shift for solid Xe targets. We 
observed similar laser-drive-wavelength-dependent 
spectral shifts for the other materials investigated. 
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FIGURE 9. Comparison of x-ray spectra from solid Xe measured 
from plasmas produced with 1.053-pm (dashed line) and 0.527-pm 
(solid line) laser light. (20-07-0695-1659pbOl) 
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Angular Distribution 
Figure 10 shows the angular distributions measured 

for both drive wavelengths irradiating Fe or type SS302 
targets. Fits to a COS'% distribution yielded a = 0.2 for 
1.053-pm irradiation and a = 0.6 for 0.53-pm irradiation. 
Neither of these angular distributions is Lambertian 
(a = 1). At 1.053 pm, the emission is very close to being 
isotropic, such that at angles of 60-70" from the target 
normal, the observed yield remains at 80% or more of 
the peak yield at target normal. At 0.53 pm the emission 
is closer to Lambertian, with the yield reduced to half 
of the peak at angles of >65" off target normal. The dif- 
ference in angular distribution reflects the difference in 
laser light coupling between the two wavelengths. The 
shorter wavelength couples much more efficiently into 
higher density plasma layers, which are optically thick 
and closer to the target plane, thus producing a physi- 
cal situation that is close to that of a planar, optically 
thick Lambertian surface emitter. 

1 

0.8 

b 
2 0.6 .e 

G) 
Y 

.3 
c 
.e I 

2 
Y 

3 

0.4 

0.2 

0 

W 0.527-pm 
A 1.053-pm 

0 20 40 60 80 
0 (angle relative to target normal), (") 

FIGURE 10. Angular distribution of x-ray emission relative to target 
normal measured for 14-A emitters Fe or type SS302 at both drive 
wavelengths. (10-06-0595-1106pbOl) 

Conclusions 
The intended operating x-ray wavelength of a prox- 

imity lithography system will be determined by a 
number of considerations beyond the scope of the pre- 
sent study. For most situations, x-ray wavelengths 
spanning the range from 10-15 A may be used. The 
materials selected in this study embrace this wavelength 
region. These results demonstrate a significant degree 
of flexibility in delivering x-ray energy within a desired 
wavelength band using a laser-produced plasma. 

X-ray conversion efficiency from all targets increased 
with increasing laser pulse energy from small values at 
low pulse energies (<5 J). A minimum pulse energy of 
-5-10 J was necessary to approach the yields close to 
the optimum. Above -10 J, the yield vs pulse energy 
curve begins to saturate. This behavior is consistent 
with the observed saturation of conversion with laser 
intensity observed by Chaker et a1.16 using 0.5-11s 
pulses, thus indicating that the 10-ns plasma behaves 
similarly in this pulse energy range. At optimum con- 
ditions, the average intensity illuminating the plasma 
was approximately 5 x 10l2 W/cm2 for 1.053-pm light, 
and 1 x lOI3 W/cm2 for 0.527-pm light. For both wave- 
lengths the source diameter at optimum conversion 
was -250-300 pm. 

The x-ray conversion efficiencies produced with the 
long-pulse laser driver used in these experiments 
matched efficiencies measured previously with shorter 
(nanosecond-duration) pulses. The duration of the x-ray 
pulse matched the duration of the laser pulse, indicat- 
ing that, at least in the 12-14-ns range, the long pulse 
duration does not degrade the conversion efficiency. A 
frequency-doubled Nd:glass laser driver can be used 
to produce a source with median emission wavelength 
anywhere from 10.5 to 15 A at x-ray yields that meet 
the needs of a proximity lithography production system. 
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Introduction 
To model ignition in a National Ignition Facility (NIF) 

capsule implosion, we must understand the behavior 
of instabilities that can cause breakup of the pellet 
shell. During a capsule implosion, shocks that transit 
the shell cause growth of perturbations at the surface 
or at an interface because of a Richtmyer-Meshkov 
type of instability? Following shock breakout, or earlier 
for a shaped pulse, the low-density ablated plasma 
accelerates the pusher, and the ablation front is 
Rayleigh-Taylor (RT) unstable.2 Ablation and finite 
density gradients have the effect of stabilizing the 
short wavelength modes. Unstable modes present on 
the outer surface grow and feed through to the inner 
surface. Once the shell encounters the rebounding 
shock from the capsule center, it decelerates and the 
inner surface becomes RT unstable. If perturbations 
grow large enough, pusher material mixes into the 
core, degrading implosion performance. 

Capsule designs for the NIF depend on ablative 
stabilization and saturation to prevent perturbations 
initially present on the capsule surface from growing 
large enough to quench ignition. The shape of the per- 
turbation is a key factor in determining the amplitude at 
which its RT growth saturates. Classical RT experiments 
of an air-water interface and third-order theory carried 
out by Jacobs and Catton3 demonstrated that for a par- 
ticular rectilinear wave number k = (k: + k:)1/2, the 
symmetric square mode (kx = k ) will start to saturate 
at the largest amplitude of any mode. Two- and three- 
dimensional (2- and 3-D) simulations by Dahlburg 
et al.4 revealed the same dependencies in thin foils. 
Since the 3-D shape affects the perturbation saturation 
and ultimately capsule performance, a quantitative 
understanding of 3-D shape effects on perturbation 

Y 

growth is of considerable interest to inertial confine- 
ment fusion (ICF) research. 

experiments to study the effect of 3-D perturbation 
shape on instability growth and saturation in indirectly 
driven targets. The first section discusses HYDRA, the 
radiation hydrodynamics code we developed for these 
simulations. The subsequent section examines 3-D 
shape effects in single-mode perturbations in planar 
foil simulations and experiments. A discussion of the 
evolution of multimode perturbations on planar foils is 
followed by a discussion of 3-D simulations of instabil- 
ity growth in Nova capsule implosions. 

In this article, we examine the first simulations and 

HYDRA 
We developed a new 3-D radiation hydrodynamics 

code, called HYDRA, to perform these simulations. 
HYDRA uses a structured mesh and has arbitrary 
Lagrange Eulerian (ALE) capability. Several forms of 
equations of state (EO3 are available, including the 
EOS4 tabular database and the inline quotidian EOS 
(QEOS). Multigroup radiation diffusion is implemented 
using tabular opacities. The thermal conduction routine 
applies conductivities calculated with the model of Lee 
and More.5 HYDRA has an Eulerian interface tracker 
that allows users to resolve material interfaces while 
making full use of its ALE capability. "Mixed" zones, 
which contain one or more material interfaces, are 
subdivided into separate components. Radiation trans- 
port, thermal conduction, and other physical processes 
are treated separately for all of the components of the 
mixed zones. The interface tracker allows one to avoid 
distorted meshes, and the accuracy problems they can 
cause, even while resolving shear flows. 
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The capability of coupling several adjacent zones 
together has been incorporated in HYDRA. This allows 
greater freedom in zoning without the full additional 
computational overhead and increased memory 
requirements associated with an unstructured mesh. 
This coupling is essential to avoid the small Courant 
time step limits that would occur, for example, in narrow 
zones near the center or near the pole of a 3-D capsule 
implosion simulation. This capability can also be 
applied in the presence of mixed zones, allowing one 
to adjust the local resolution in different directions rel- 
ative to a material interface. 

We developed a technique for treating radiation 
transport that enables us to run 3-D simulations of a 
variety of targets with viable computational require- 
ments. The method involves two separate calculations. 
In the first, we obtain a detailed treatment of the spec- 
trum by using a large number of photon groups while 
the geometry is approximated. All the detailed spectrum 
and opacity information is then collapsed into group 
constants for a small number of photon groups. In the 
second calculation, these few group opacities are applied 
in a simulation that treats the detailed spatial variation 
with use of the diffusion operator. The method yields 
estimates of the group opacities that are vastly superior 
to those obtained with the standard Rosseland mean. 
Compared with the standard method, this new devel- 
opment has enabled us to perform highly accurate 
numerical solutions at a small fraction of the computa- 
tional expense. The implementation of this method, 
combined with the high run speeds and reduced 
memory requirements attainable with algorithms 
written on a structured mesh, make HYDRA well 
suited for a variety of problems that contain some 
degree of symmetry. 

Shape Effects 

Single-Mode Perturbations on 
Planar Foils 

We first examine foils having single-mode rectilinear 
= a cos(kp) cos(kyy), with k, = ky, k, = 3ky, 

= 2n/80 pm-l. To study 

perturbations 
and ky = 0 (2-D). Each perturbation has the same 
wave number k = (k: + k Y .  growth extending from the linear regime through the 
late nonlinear stage, we use a hypothetical drive that 
gives a long period of acceleration and thus large growth 
factors. We take the drive spectrum from a LASNEX 
hohlraum simulation. The drive temperature history 
imposed starts with a foot at -100 eV, then ramps up to 
162 eV over the first 1 ns and is then held constant 
through 4 ns. This drive is used for all the planar simu- 
lations discussed here except for simulations of Nova 
experiments. Supertransition array (STA) opacities for 
CH(Br) are used. The foil is initially 50 pm thick. We 
use an ideal-gas EOS in this simulation for generality. 

Figure 1 shows the evolution of the fundamental 
mode amplitude of areal density for the three pertur- 
bation aspect ratios listed above. Since each perturbation 
has the same wave number and is initialized with the 
same amplitude, each should grow at the same rate 
during the shock transit and early acceleration phases 
when the perturbation is linear; Fig. 1 shows that this 
is the case. The two shocks generated during the foot 
and subsequent rise to the peak of the drive coalesce as 
they break out of the foil at 1 ns. After a period of linear 
RT growth, the point at which each mode begins to sat- 
urate shows a clear progression with the mode shape. 
As the mode shape is varied from the least symmetric 
2-D mode to the most symmetric 3-D square mode, the 
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FIGURE 1. Evolution 
of the fundamental 
Fourier mode of areal 
density for three 
Cartesian mode simula- 
tions. Mode amplitudes 
are plotted (a) on a 
logarithmic scale and 
(b) on a linear scale; 
symbols indicate calcu- 
lated points. 
(50454595-1109pbOl) 
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perturbation begins to saturate later and achieves a 
larger amplitude. The 3-D square mode reaches a peak 
amplitude 56% larger than the 2-D mode. 

Figure 2 shows the p = 0.3 g/cm3 isodensity surface 
at 3.25 ns for the 3-D square and 2-D modes. In the 
nonlinear phase, the 3-D square mode has evolved into 
a broad bubble surrounded by narrow spikes and 
adjoining spike sheets. The peak-to-valley ( p V )  dis- 
placements of the isodensity contours are very similar 
between the 2- and 3-D modes. The larger amplitude 
of the square mode is manifest primarily because of its 
greater density in the spike. 

The hexagonal mode perturbation, 

u, = n [ c o s ( ~ ~ c o s [ ~ ~ + c o s ( k o x ) ] ,  

FIGURE 2. Isodensity 
plots for p = 0.3 g/cm3 
at 3.25 ns: (a) for the 
simulations of the 
k, = k square mode 
and (8) for the ky = 0 
(2-D) mode. One period 
of the perturbations is 
shown (k  = 2n/80 
pm-l). For each plot, 
the perspective is from 
the side of the target 
ablated by x rays. 

(a) 3-D square mode 

(50-05-0595-1110pbOl) 

consists of a hexagonally packed array of either bumps 
or pits, depending on the sign of the perturbation. 
Reversing the sign of this mode results in a different 
shape, not just a shift in the phase. Simulations of foils 
with the two orientations of hexagonal-mode perturba- 
tions show rather different evolution in the nonlinear 
regime. The bubble-centered orientation, consisting of 
an array of pits, develops into hexagonal bubbles sur- 
rounded by spike sheets in the nonlinear stage as 
shown in Fig. 3(a). The spike-centered orientation, 
shown in Fig. 3(b), develops isolated individual spikes. 
The maximum p V  areal density modulations obtained 
are 45.3 g pm/cm3 for the bubble-centered perturbation 
and 83.8 g pm/cm3 for the spike-centered perturbation. 
Growth of the spike-centered mode is favored on the 
ablating foil because it has a smaller surface area sub- 
ject to ablation and because more material surrounds 
the base of the axisymmetric spike. The bubble-centered 

(b) 2-D mode 

FIGURE 3. riots of 
areal density for the 
two hexagonal-mode 
orientations in the 
saturated regime. 
(a) Bubble-centered 
perturbations; (b) spike- 
centered perturbations. 
Brightest regions corre- 6 
spond to spikes. 
(50-05-0595-1167pbO2) 
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perturbation attains smaller minimum areal density, 
and it burns through the foil faster. The axisymmetric 
bubble is the perturbation shape most dangerous to 
the survival of thin capsule shells. 

3-D Shape Effects in Experiments 
We performed an experimental study of single-mode 

shape effects with planar foils on Nova. In this article, 
we consider some of these results and compare them 
with simulations. For these experiments, surface per- 
turbations are molded onto one side of a CH(Br) foil 
(C50H47Br2,7) 750 pm in diameter, 53-57 pm thick, den- 
sity 1.26 g/cm3. The foil is mounted across a hole in 
the wall of a 3000-pm-long, 1600-pm-diam Au cylin- 
drical hohlraum with the perturbations facing inward. 
It is illuminated from the back by a 500-700-pm-diam 
source of "backlighter" x rays created by irradiating a 
disk of either Rh or Sc with one or two Nova beams. 
We use measurements of the transmitted intensity of 
backlighter x rays to determine the growth in the areal 
density of the perturbations. For targets with 2-D per- 
turbations, a time-resolved image I(x,f) is recorded onto 
film using a 22x magnification streaked WoIter x-ray 
microscope6 with a Rh backlighter. For foils with 3-D 
perturbations, we collect gated images I(x,y,t) at several 
times during the shot using the flexible x-ray pinhole 
imager (FXII7 in conjunction with a Sc backlighter. We 
characterized the spatial resolution of these instruments 
and included it wherever simulations are compared 
with data. 

the hohlraum. The shaped drive, termed laser pulse 
shape 23, has a low-intensity -1.5-11s foot, which is 
followed by a rapid increase to peak power at 2.5-3.0 ns 
with a peak-to-foot intensity ratio of 10. Our most recent 
model of this x-ray drive is based on a 2-D LASNEX 
Au hohlraum simulation. During the foot of the pulse 
(t < 2 ns), we increase the preheat portion of the spectrum 
(hv > 1.4 keV) by a factor of 10 over that predicted by 
LASNEX while maintaining the same total power in 
the drive. The result is that during the foot an average 
of 8% of the total energy in the drive spectrum is above 
2 keV. This adjustment stems from uncertainty in the 
total preheat energy deposited in the foil early in time. 
It has the effect of reducing growth somewhat, system- 
atically improving the fit throughout the database. 
This drive model reproduces well the foil trajectories 
and thus the zero-order hydrodynamics.8 

We examine the effect of perturbation shape on sat- 
uration amplitude by comparing a foil having a 
square-mode perturbation (k, = k ) with one having a 
2-D perturbation (k  = O), each h a m g  the same effective 
wave number k = 2%/50 p - l  and similar amplitudes. 
We used a laser ablation technique to create the peri- 
odic 3-D perturbation on the mold.9 With the relatively 

Eight 0.351-pm, 2.2-kJ shaped Nova beams irradiate 

Y. 
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short acceleration period of pulse shape 23, large initial 
amplitudes are required to allow the foils to evolve 
well into the nonlinear regime. Fourier analysis of an x- 
ray radiograph of the square-mode foil yields the initial 
amplitude of the fundamental perturbation as 2.7 pm. 
Small-amplitude higher harmonics are also present, but 
their amplitudes are typically less than 10% of the fun- 
damental mode amplitude. The foil with the 2-D per- 
turbation had an amplitude of 2.5 pm. In the HYDRA 
simulation of the square-mode foil, the surface pertur- 
bation initialized includes the predominant cos(k,x) 
cos(k y) modes as well as cos(rnk,x) cos(nkyy) modes 
having (rn,n) = (0-3,0-3) taken from the radiograph. 

Figure 4(a,b) compares images of ln(exposure) calcu- 
lated from the simulation and measured with the FXI at 
4.3 ns, including the effect of instrumental resolution. 
At this time, the mode has progressed well into the 
nonlinear phase. The HYDRA simulation reproduces 
well the structure of the dark narrow spikes, adjoining 
spike sheets, and wide bubbles. A slight elongation of 
the central spike is due to the small asymmetry present 
in the initial Perturbation, contained in higher har- 
monic modes. Figure 4(c,d) makes the same compari- 
son as surface plots of In(exposure) vs (x,y), where the 
bubble is centered instead of the spike. 

the fundamental modes for the 2- and 3-D foils with 
results from simulations. The data represented by the 
solid squares and open circles correspond to the 
cos(k,x) cos(kyy) components of the Fourier transform 
of In(exposure) for the k, = ky perturbation. The open 
diamond symbols represent the amplitude of the 
cos(k,x) 2-D perturbation. Curves from the HYDRA 
simulations match well the time evolution of the data. 
The 3-D mode saturates later at a larger amplitude, 
consistent with our expectations. Figure 5(b) compares 
higher harmonics of measured growth factors in 
Fourier amplitude of ln(exposure) with values from the 
simulation of the square mode. Observe that mode (0,2) 
reverses sign at 3.8 ns as a consequence of mode cou- 
pling. Despite initially having different signs, the 
amplitudes of modes (0,2) and (2,O) tend to converge 
later in the nonlinear regime as the perturbation 
evolves toward a more symmetric shape. This dynamic 
evolution shows that the growth of the most symmetric 
3-D shape is favored in the saturated regime. 

Our results are consistent with the notion that the 
saturation amplitudes are a consequence of the mode 
shape. The calculated flow carries material away from 
the more spherical 3-D bubble on all sides, allowing it 
to transit more easily into the spike regions. The 
resulting faster growth for the 3-D bubble-spike pat- 
tern increases the rate of mass flow into the spikes 
relative to the rate at which it is consumed by abla- 
tion, allowing the 3-D square mode to achieve a 
larger peak amplitude. 

Y 

Figure 5(a) compares the measured time evolution of 
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FIGURE 4. (a) Contour 
plot of ln(exposure) 
from the simulation at 
4.3 ns for one period on 
the k, = ky foil. Dark 
regions have low expo- 
sures, corresponding to 
high areal density. The 
effect of the instrument 
resolution function has 
been included. The FXI 
image (b) has been 
averaged over an area 
encompassing 4 x 4 
periods on the foil. 
(c), (d) The same 
numerical and experi- 
mental results are 
displayed in the form 
of 3-D surface plots in 
which the height is pro- 
portional to intensity. 
(50-05-0595-1116pbOl) 
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FIGURE 5. Measured and simulated perturbation Fourier amplitudes vs time, normalized to the fundamental mode amplitude at t = 0. 
(a) The solid squares and open circles represent the measured growth factor of ln(exposure) of the fundamental k,  = ky mode. The open dia- 
monds are the same quantity for the 2-D mode. The curved lines are the corresponding results from HYDRA simulations. (b) The open circles, 
solid diamonds, and open squares correspond to the square-mode higher harmonics (2,2), (2,0), and (0,2), respectively. The curved lines give 
the corresponding simulation results. Experimental error bars represent the corresponding magnitude of the background level in Fourier 
space. (20-03-0395-0791pbO2) 
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Multimode Perturbations on 
Planar Foils 

Capsule implosion experiments currently being 
performed on Nova examine the growth of surface 
perturbations created by ablation with an excimer laser.9 
Each individual perturbation formed by the laser is in 
the shape of a pit. Many of these pits may be placed 
randomly on the capsule to create a spectrum that is 
random for the low-l mode numbers, but the higher 
modes that form the shapes of the individual pits are 
not randomly phased. There is some difference between 
the nonlinear evolution of this perturbation and that 
for a truly random spectrum of modes. 

perturbations centered at (xi,yi) with amplitudes ai 
each having identical widths (T is represented as 

A planar surface that contains a number of Gaussian 

We consider a system with reflection symmetry across 
each boundary. By using the convolution 
obtain the Fourier spectrum: 

[ -( k: 
' 

Z(kx,ky) = 16x-zai  CY2 exp 
L2 

heorem, we 

(3)  

where L is the foil width. For k, or ky = 0, the amplitude 
of the mode coefficient ai is multiplied by 0.5 when we 

(a) Initial areal density (Gaussian bumps) 

express the spectrum in terms of cosine modes instead 
of complex exponentials. 

Consider two similar foils. In the first, the initial 
perturbation consists of a set of Gaussian bumps (all ai 
positi;e). Figure 6(a) shows a contour plot of the initial 
areal density. In the second, the signs of all of the ai are 
reversed, which is the corresponding pattern formed 
with Gaussian pits. [A contour plot for t h s  case would 
be just the reverse of that shown in Fig. 6(a).J Figure 6(b) 
is a contour plot of the areal density at 5.0 ns, in the 
saturated regime, for the first case (Gaussian bump 
perturbations). The individual bumps have evolved 
into spike sheets surrounding bubbles. Figure 6(c) 
shows the nonlinear stage for the second case (Gaussian 
pit perturbations) at 4.5 ns, which also develops broad 
bubbles surrounded by narrow spike sheets in the 
nonlinear regime. This bubble-spike structure is char- 
acteristic of the nonlinear development of a random 
multimode foil.l0 In the saturated regime, both foils 
have very similar values for p-V and rms areal density. 
The ratio of the spike amplitude to bubble amplitude is 
usually taken as 1 + A, where A is the Atwood number, 
which is -1 here. We define the bubble side areal den- 
sity as the rms average over all locations at ;which the 
areal density is less than the average value. @or the foil 
with the bump perturbations, the ratio of spike side to 
bubble side areal density is 2 in the saturated regime, a 
value that is typical for random multimode perturbations 
as well. But the bubble-centered random Gaussian foil 
has an rms areal density on the bubble side essentially 
equal to that on the spike side in the saturated regime. 
This bubble amplitude is unusually large. Because of 
its larger bubble growth, the foil with bubble perturba- 
tions burns through first, prior to 5.0 ns for this case. 

(b) Bumps at 5.0 ns (c) Bubble case at 4.5 ns 

10 20 30 40 50 60 70 
Pm 

Increasing areal density 

FIGURE 6. Contour plots of areal density for foils with randomly placed Gaussian Perturbations. (a) Initial areal density for bumps with vari- 
ous amplitudes. Bumps appear as bright spots. (b) Foil with bump perturbations at 5.0 ns in the saturated regime. (c) Corresponding foil with 
bubble perturbations at 4.5 ns. (50-05-0595-llllpbol) 
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The accelerated pace at which the random bubble per- 
turbation burns through the foil is the most significant 
characteristic distinguishing it from a truly random 
perturbation. 

the imposed perturbation 
Next we consider a random multimode foil on which 

8 8  

w = C Camw cos(mkox) cos(nkoy) (4) 
m=o n=O 

consists of 80 modes with random amplitudes, yielding 
an initial rms perturbation amplitude of 0.61 pm rms. 
With a fundamental wavelength of 250 pm, the spec- 
trum of perturbations spans the range of wavelengths 
most relevant to indirectly driven targets. The foil 
thickness is initially 50 pm. 

Figure 7(a) shows a contour plot of the initial multi- 
mode-foil areal density. The simulation shows that by 
2.5 ns [Fig. 7(b)], in the early nonlinear stages of the foil 
evolution, mode coupling has caused broadening of the 

bubbles and the formation of narrow spike sheets. Areal 
density contours calculated with the Haan second-order 
mode-coupling theoryll are in good agreement with 
those from the simulation in the early nonlinear stage. 
At this time the perturbations still bear some resem- 
blance to those initially on the foil. By 4.0 ns [Fig. 7(c)l, 
strongly nonlinear interactions lead to increased aver- 
age width of the features. This process is termed bubble 
merger in physical space or inverse cascade in Fourier space. 

Layzer12 derived the terminal-rise velocity of a bubble 
in a semi-infinite incompressible fluid: ub = ~ ( g h ) l / ~ .  
The Froude number a is 0.23 for a 2-D bubble and 0.36 
for a round 3-D bubble. Larger bubbles have less kine- 
matic drag per unit volume, so bubble expansion in 
the nonlinear regime leads to increasing bubble rise 
velocities. When driven far enough into the nonlinear 
regime, substantial displacements develop between 
bubbles in the longitudinal direction due to the spread 
in their rise velocities. Some displacement is already 
apparent in Fig. 8(a), which shows the isodensity 

(a) Initial areal density (b) 2.5 ns areal density (c) 4.0 ns areal density 

FIGURE 7. Areal density for random multimode foil (a) initially, (b) at 2.5 ns, and (c) at 4.0 ns. Bumps appear as bright spots. (50-05-0595-1112pbO1) 

FIGURE 8. (a) Three- 
dimensional plot of 
0.75 g/cm3 density 
surface at 2.5 ns. View 
is of the side of the foil 
ablated by x rays. (b) 
The 0.3 g/cm3 density 
surface at 3.0 ns. View 
is of bubbles on the 
side of the foil away 
from the x-ray source. 

(a) 2.5 ns isodensity surfaces 

(50-05-0595-1 11 3pbOI) 

(b) 3.0 ns isodensity surfaces 
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surface p = 0.75 g/cm3 at 2.5 ns, early in the nonlinear 
stage. As this longitudinal displacement increases, the 
bubbles tend to expand laterally to fill the available 
space. As they move ahead of the others, the tips of the 
largest bubbles become round, minimizing drag and 
yielding the highest rise velocity. The isodensity surface 
shown in Fig. 8(b) shows that the largest bubbles have 
advanced farthest toward the back side of the foil at 
3.0 ns. These bubbles are already much broader than 
the features of the initial foil perturbation. 

Figure 9 plots the Fourier spectrum at 0,2.5, and 
4.0 ns. By 2.5 ns, the spectrum peaks at the wave number 
having the highest linear growth rate. Mode coupling 
has driven up higher harmonics. By 4.0 ns, the inverse 
cascade is apparent as the peak of the spectrum shifts to 
lower wave numbers. The spectrum has the appearance 
of a turbulent form, with mode coupling transferring 
spectral power that originates from the growth of 
moderate wavelengths to shorter, ablatively stabilized 
wavelengths and to very long wavelengths. There is 
little change in the ablatively stabilized portion of the 
spectrum (above 5000 cm-*) during the saturated phase 
of evolution, after 3.0 ns. 

We used the Haan saturation model to predict rms 
amplitudes of bubbles and spikes in the weakly non- 
linear regime arising from isotropic random multimode 
per turbat i~ns.~~ In the model, individual modes grow 
exponentially in the linear regime until the modal 

saturation amplitude v/Lk2 is attained. Then the mode 
growth changes to secular. Rms bubble and spike 
amplitudes are obtained by summing modal ampli- 
tudes in quadrature. A value of v = 2 is generally used 
for the saturation parameter. As shown in Fig. 10, the 
departure of the rms bubble growth from linear theory 
in the simulation initially resembles the model predic- 
tions for v = 1. The simulated bubble areal density soon 
rolls over because of burn-through of the foil, which is 
not accounted for in the saturation model. Since the 
foil is initially only 50 pm thick, thin-foil effects appear 
to have an influence on the saturation amplitude. 
Perturbation growth continues in low-density regions, 
and thus contributes Iittle to perturbed areal density. 
Despite thin-foil effects, the onset of saturation is still 
roughly consistent with the prediction of the Haan sat- 
uration model. This increases our confidence that the 
model can be used to predict rms perturbation ampli- 
tudes in the weakly nonlinear regime. 

Capsule Implosion Simulations 
The experimental program on Nova is beginning to 

examine instability growth on capsules that have pits 
ablated at the 92 positions corresponding to the ver- 
tices and face centers of the pattern on a soccer ba19 
The shape of an individual pit has been characterized 
experimentally as a superGaussian function 

4 a 

4 
1 o - ~  

lo-* L 1 o3 

k (cm-') 

FIGURE 9. Fourier spectra of mode amplitudes vs mode number for 
multimode foil at 0,2.5, and 4.0 ns. (50-05-0595-l114pbOl) 
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FIGURE 10. The symbols on the solid black line represent the bub- 
ble-side rms areal density for the multimode foil calculated with 
HYDRA. The gray-tone curves represent the bubble-side areal den- 
sity predicted by the Haan saturation model for three values of the 
saturation parameter. After 2.5 ns, the values from the simulation 
begin to roll over because of the effect of finite foil thickness, which 
is not accounted for in the saturation model. (50-05-0595-1115pb01) 
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~ ( u )  = -a0e-(r/0)3 in the radius u, with a. the pit depth, 
and CY = 28 pm. The overall surface perturbation result- 
ing from these 92 pits can be expressed in terms of the 
spherical harmonics Ylm: 

where ul is the coefficient of the Legendre polynomial 
P, in an expansion for an individual pit: 

al = T~Pl(cos0)g(B)sin8 21+lR d8 
L -  

O 

Here g(0) is the shape function for an individual pit 
expressed in polar coordinates. For the soccer ball 
pattern, most of the perturbation is contained in spher- 
ical harmonics with I = 16,18. Capsules can also be 
created with one hemisphere of the pattern rotated by 
36" so that the perturbation is reflection-symmetric 
about the equator. This modification has a minor impact 
on the mode structure and the spacing between pits. 
This geometry is treated exactly by simulating 1/20 of a 
sphere over a region extending from the pole to the equa- 
tor and 36" in the azimuthal angle. Symmetry boundary 
conditions are applied at the transverse boundaries. 

The Nova capsules simulated have a fuel region 
220 pm in radius containing equimolar amounts of H 
and D. The fuel is bounded by a 3-pm-thick polystyrene 
mandrel, which is surrounded by a 3-pm layer of 
polyvinyl alcohol (PVA) and 39 pm of Ge-doped 
polystyrene ablator. We first consider a capsule having 
pits 0.25 pm deep on the outer surface. As the capsule 
shell accelerates inward, the solid angle occupied by 
each pit remains essentially constant while it grows 
into the shell. At the onset of deceleration, isolated 
bubbles of fuel begin to rise into the shell at the loca- 
tions of the initial pits, where the fuel column density 
is lowest, while interconnected sheets of pusher mate- 
rial surrounding these bubbles fall inward. 
Concurrently, the amplitude of the bubbles on the 
outer surface begins to decrease. Since the Atwood 
number at the fuel-pusher interface is -0.4 at this time, 
shear leads to a Kelvin-Helmholtz instability, causing 
the material interface to roll up at the tips of the fuel 
bubbles. The characteristic "hammerhead" shapes are 
visible in Fig. 11, a plot of the p = 18 g/cm3 isodensity 
surface at 2.1 ns. The asymmetric shape of the roll-up, 
localized near the bubble tip, is due to the bubble-like 
shape of the initial perturbations. Fuel entrained into 
the rising bubbles is relatively cool, having temperatures 
of -400-500 eV. Thus significant neutron production 
arises only from the center of the hot spot in regions 

that are many micrometers from spike material. For 
this 0.25-pm initial perturbation amplitude, the neu- 
tron yield is 82% of that obtained with no perturba- 
tion. Most of the neutron production has occurred 
before 2.1 ns. 

tial perturbation amplitudes spanning 0.25-2.5 pm 
p-V. For each of these cases, the perturbation of the 
fuel-pusher interface becomes nonlinear quite soon 
after it encounters the first rebounding shock. During 
the first 100 ps of deceleration, the average bubble rise 
velocity, defined relative to the interface motion in the 
unperturbed simulation, exceeds the Layzer asymp- 
totic rise velocity for an axis mmetric bubble in a 

the bubble rise velocities obtained from the simula- 
tions and from the Layzer formula increase with the 
initial perturbation amplitude, becoming substantial 
for capsules with the larger perturbations. These dif- 
ferences are similar in magnitude to the estimates of 
linear growth rates for the Richtmyer-Meshkov insta- 
bility induced by the passage of the first rebounding 
shock. For example, with an initial 1.25-pm-deep per- 
turbation, the average bubble rise velocity during the 
first 100 ps of deceleration is 89 pm/ns. The calculated 

Simulations have been performed for a range of ini- 

semi-infinite fluid 0.36(gh)l 7 2. The differences between 

FIGURE 11. Three-dimensional plot of isodensity surface for 
p = 18 g/cm3 at 2.1 ns for a Nova capsule with a "soccer ball" 
perturbation on its exterior. The initial pit depth is 0.25 pm. Contours 
are shown over a subset of a hemisphere near the equator. The outer 
shell is near the ablation region, while the inner surface shown corre- 
sponds to the fuel-pusher interface. (50-05-0595-11lSpbOl) 
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Layzer rise velocity is 40 pm/ns, and the estimated 
Richtmeyer-Meshkov growth rate due to the first 
rebounding shock is 56 pm/ns. 

Bubble rise velocities are also affected by spherical 
convergence, expansion of the rising bubbles, finite 
shell thickness, and the rise through multiple fluid lay- 
ers. Further increases are seen later in the bubble rise 
velocities during a period when they encounter a 
reflected shock rebounding from the center. The 
Richtmyer-Meshkov instability clearly has a substan- 
tial impact on the perturbation growth during deceler- 
ation, particularly on the less massive bubbles. For 
perturbations in the nonlinear regime, the shocks 
appear to have a less pronounced effect on growth of 
the more massive spikes. 

As discussed earlier, for a given wavelength a per- 
turbation in the shape of an axisymmetric bubble is 
able to penetrate the capsule shell fastest. For an initial 
bubble depth of 2.5 pm, the bubble growth in the abla- 
tion layer is sufficient to burn through the capsule by 
the onset of deceleration. As the capsule material 
ahead of the bubble thins, the bubble tip accelerates 
inward, forming a highly elongated shape. Doped 
polystyrene ablator penetrates the PVA and mandrel 
layers, which are more dense at that time. The result- 
ing spikes of pusher material encounter the rebound- 
ing shock -50 ps sooner than does the fuel-pusher 
interface in the corresponding unperturbed simulation. 
The trajectory that the unperturbed interface would 
foIlow in the absence of deceleration is termed the fall 
line. For this large perturbation amplitude, the spike 
penetrates farther inward, approaching the center of 
the capsule sooner than the fall line. The neutron pro- 
duction rate is greatly reduced once the spike 
approaches within several micrometers of the center of 
the hot spot. Overall neutron yield is only 7.8% of the 
value obtained for the unperturbed capsule. Nova cap- 
sule simulations show perturbation growth causing a 
large yield degradation only when a spike of pusher 
material crashes into the center of the hot spot during 
the period of peak neutron production. 

Summary 
We examined 3-D growth of ablative hydrodynamic 

instabilities for a variety of indirectly driven targets. 
All cases simulated show linear growth rates that are 
independent of mode shape. For a single-mode recti- 
linear perturbation of a given wave number, the 3-D 
square mode, which is most symmetric, saturates at 
the largest amplitude. We verified this for indirectly 
driven foils through simulation and experiment. 
Differences in the nonlinear evolution of foils due to 
perturbation shape are in good quantitative agreement 
with predictions of the simulations. Of all perturbation 
shapes, an axisymmetric bubble will burn through a 
foil the fastest. An isolated axisymmetric spike will 
attain the largest areal density amplitude. 

We simulated a random multimode foil containing 
perturbations spanning the range of wavelengths of 
interest for indirect drive. Early in the nonlinear regime, 
the multimode foil forms broad bubbles and narrow 
spikes consistent with second-order mode-coupling 
theory. The onset of multimode saturation is found to 
be roughly consistent with the prediction of the Haan 
saturation model. Later, strongly nonlinear interactions 
lead to an increase in the average width of features. 
The largest bubbles rise the fastest and continue to 
grow broader than the initial perturbations. 

Simulations of the "soccer ball" capsule show that 
the positions initially occupied by pits are where fuel 
bubbles rise during the deceleration phase. A secondary 
instability at the fuel-pusher interface leads to roll-up at 
the tips of these bubbles. Most of the neutron production 
originates in regions that are several micrometers 
away from any spikes of pusher material. In Nova cap- 
sules, mix causes a large reduction in yield only when 
a spike of pusher material crashes into the capsule cen- 
ter during the time of peak neutron production. 
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Introduction 
The U.S. Inertial Fusion Energy (IFE) Program is 

developing the physics and technology of ion induction 
accelerators, with the goal of electric power production 
by means of heavy ion beam-driven inertial fusion 
(commonly called heavy ion fusion, or HIF). Such 
accelerators are the principal candidates for inertial 
fusion power production applications, because they 
are expected to enjoy high efficiency, inherently high 
pulse repetition frequency (power plants are expected 
to inject and burn several fusion targets per second), 
and high reliability. In addition (and in contrast with 
laser beams, which are focused with optical lenses) 
heavy-ion beams will be focused onto the target by 
magnetic fields, which cannot be damaged by target 
explosions. Laser beams are used in present-day and 
planned near-term facilities (such as LLNL's Nova and 
the National Ignition Facility, which is being designed) 
because they can focus beams onto very small, intensely 
illuminated spots for scaled experiments and because 
the laser technology is already available. 

LLNL has participated in HIF research since its 
inception and has worked on HIF target physics and 
fusion-chamber beam-propagation physics, accelerator 
physics and technology, and advanced power-plant 
concepts. Here we discuss a newly initiated experi- 
mental effort aimed at developing a low-cost approach 

+Lawrence Berkeley Laboratory, Berkeley, California 
'Titan Beta, Dublin, California 
kJ. C. Berkeley, Berkeley, California 

EG&G, Inc., Pleasanton, California ** 

to high-current heavy-ion acceleration, based on recir- 
culation of the ion beams. 

An induction accelerator works by passing the beam 
through a series of accelerating modules, each of which 
applies an electromotive force (emf) to the beam as it 
goes by; effectively, the beam acts as the secondary 
winding of a series of efficient one-turn transformers. 
Each of these transformers requires a sizable ferromag- 
netic toroid, or core. The cores must be large enough to 
sustain enough volts of emf for long enough to impart 
the required impulse to the entire beam. In the recircu- 
lating induction accelerator, or recirculator, the beam is 
repeatedly passed through the same set of accelerating 
cores and focusing elements, thereby reducing the 
length of the accelerator and the number of cores and 
magnets required. In a recirculator, it is not necessary 
to accelerate the beam quickly to minimize length and 
cost, as is the case in a linear accelerator, or linac; 
acceleration can be more gradually, over many laps, 
and this allows the cores to be made smaller and less 
expensive (the required voltage is lower). This promises 
a very attractive driver cost if the technical challenges 
associated with recirculation can be met. 

The recirculator concept as it applies to an ICF 
driver was presented in two previous ICF Quauterly 
articles,lP2 and elsewhere3; another recent article4 
describes LLNL's work on a pulse modulator for use in 
a recirculator. Figure 1 shows an artist's conception of 
an IFE power plant driven by an induction recirculator. 

We present plans for and progress toward the devel- 
opment of a small (4.5-m-diam) prototype recirculator, 
which will accelerate singly charged potassium ions 
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(atomic weight 39 u) through 15 laps, increasing the 
ion energy from 80 to 320 keV and the beam current 
from 2 to 8 mA. Beam confinement and bending are 
effected with permanent-magnet quadrupoles and 
electric dipoles, respectively. The design is based on 
scaling laws and on extensive particle and fluid simu- 
lations of the behavior of the space charge-dominated 
beam. The dimensionless beam dynamics parameters 
were chosen to resemble those of a driver; the experi- 
ments should serve to validate major elements of the 
recirculator concept. 

This Small Recirculator is being developed in a 
build-and-test sequence. An injector and matching sec- 
tion are operational, and we are already investigating 
intense-beam transport in a linear magnetic channel. 
Near-term plans include studies of space charge-domi- 
nated beam transport around a bend. Later we will study 
insertion and extraction of the beam into and out of the 
ring, and acceleration with centroid control. The ultimate 
goal is demonstration of flexible recirculator operation. 

In contrast with conventional rf-driven accelerators, 
the beam in the Small Recirculator experiments is 
space-charge dominated. That is, the transverse force 
balance is a near-cancellation of the applied confining 
force and the beam’s self-induced electrostatic expand- 
ing force; thermal pressure plays only a minor role. 
Effectively, the beam is a non-neutral plasma in nearly 
laminar flow. The fully operational Small Recirculator 
will confine and accelerate many more ions than a 
conventional circular accelerator of this scale and 
beam energy. 

Recirculator Concept 
A recirculating induction accelerator is expected to 

cost considerably less than a conventional ion-induc- 
tion linac. The overall accelerator length is reduced- 
by a factor of -2 to 3, to about 3.6 km (and possibly 
shorter) in the ”C-design” recirculator of Ref. 3. The 

accelerating cores are smaller, because acceleration can 
be slower. Research on recirculator drivers has centered 
on four-beam multi-ring designs, in which each ring 
increases the beam’s energy by an order of magnitude 
over 50 to 100 laps. In contrast with most HIF induction 
linac concepts? recirculator designs considered to date 
do not use beam merging. Hybrid designs (with a 
recirculator at the low-energy end and a linac at the high- 
energy end) are also possible and may prove attractive. 

The beam-dynamics issues that must be resolved 
before a recirculating driver can be built include cen- 
troid control, longitudinal control, and beam insertion 
and extraction. Beam compactness must be preserved 
throughout, so that the beam can eventually be focused 
onto a small spot. The critical measure in this context is 
compactness in the 6-D phase space of particle positions 
and velocities. Accelerator researchers commonly use a 
measure of compactness called emittance, which is the 
area occupied by the beam in a two-dimensional projec- 
tion of that 6-D phase space. For example, the horizontal 
transverse emittance E, is the area occupied by particles 
in the space (x,x’), where x is the horizontal coordinate 
normal to z (the mean direction of beam motion) and 
x’ is the velocity along that coordinate normalized to 
the velocity along z,  i.e., the angle between a particle’s 
velocity and the local mean velocity. For many purposes 
the normalized emittance = p y ~  is used, where is 
the particle speed normalized to the speed of light and 
y= (1 - p)-1/2. The normalized emittance enjoys the 
property of being conserved during acceleration if no 
nonlinear (with respect to the individual coordinates) 
forces act on the beam. Of course, some nonlinearity is 
always present in real accelerators, so some emittance 
growth will in general occur, but the concept of nor- 
malized emittance remains useful. 

As described below, beam-dynamics issues can be 
addressed at reduced scale in a small prototype recircu- 
lator. The waveform generators in a driver must supply 
variable accelerating pulses at repetition frequencies of 

FIGURE 1. Artist’s rendering of recirculator-driven power plant. (05-00-1194-3846pb03) 
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-50 kHz and must supply accurate time-varying dipole 
fields with good energy recovery. These requirements 
are challenging, but advances in solid state power elec- 
tronics should make it possible to meet them through a 
technology development program. Present technology 
has achieved 200-kHz bursts at 5 kV and 800 A with 
pulse durations of 0.5 to 2 ms, but with a nonvariable 
format.6 Because of its long (-200 km) beam path 
length, and because the beam repeatedly visits each 
section of the beam line, a recirculator driver will 
require a vacuum of -loplo to Torr. 

Design of the Small Recirculator 
LLNL is developing a small prototype ion recirculator 

in collaboration with LBL, EG&G, and Titan-Beta. This 
Small Recirculator will be assembled and operated as a 
series of experiments over several years. Figure 2 illus- 
trates the overall physics design of the Small Recirculator 
and lists some of the elements that must all work 
together in the Small Recirculator and in a full-scale 
fusion driver. 

14.4 m, a 3.5-cm aperture (pipe) radius for the beam- 
The Small Recirculator will have a circumference of 

f Injector 

I I I 
Scale (meters) 

FIGURE 2. Final configuration of the Small Recirculator. 
(30-00-0695-1 644pb01) 
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confining (commonly called focusing) and beam-bending 
elements, and a 72-cm lattice period (segment of the 
repetitive lattice of focusing and bending elements). 
The beam will be transversely confined by permanent- 
magnet quadrupole lenses with a field of -0.294 T at 
the pipe wall, and will be bent with electric dipole 
deflector plates. These quadrupoles and dipoles will 
each physically occupy about 30% of the axial lattice 
length, and the full recirculator ring will consist of 40 
half-lattice periods, including one or two periods using 
special large-aperture quadrupole magnets through 
which the beam will be inserted and/or extracted. The 
fundamental building block is actually the 36-cm 
half-lattice period, but the polarity of the quadrupole 
lenses is reversed in each alternate half-lattice period; 
this provides so-called alternating-gradient or strong 
focusing as in most modern particle accelerators. 

kinetic energy of 80 keV to 320 keV over 15 laps by 34 
induction cores (no induction cores will be present in 
the lattice periods where the beam is inserted and 
extracted). The initial beam current will be 2 mA, cor- 
responding to a line-charge density of 3.6 nC/m and a 
characteris tic beam radius of 1.1 cm, and the initial 
pulse duration will be 4 ps. After 15 laps of accelera- 
tion, the beam current will have increased to 8 mA, the 
line-charge density will be 7.21 nC/m, the average 
beam radius will be 1.3 cm, and the pulse duration will 
be 1 ps. 

Because the quadrupole magnets provide a transverse 
restoring force to confine the beam, the beam centroid 
will, if displaced off-axis, oscillate back and forth across 
the centerline of the beam pipe. Over a full oscillation, 
the phase of the displacement will sweep through 360". 
The initial phase advance of these "betatron oscillations" 
per lattice period of beam motion will be o0 = 78". Thus 
a beam-centroid oscillation will require 360"/78" = 4.6 
lattice periods, or about 4.6/20 = 23% of the circumfer- 
ence of the ring. Individual particles also execute 
betatron oscillations back and forth within the confines 
of the beam, but the frequency of these oscillations is 
lower than the "undepressed frequency because the 
net focusing force is reduced by the repulsive effects 
of space charge, which (if unopposed) would blow up 
the beam. Initially, the net effect is a phase advance 
depressed to o = 16" by space charge. After 15 laps of 
acceleration, the phase advances will decrease to o0 = 45" 
and (r= 12". These parameters were chosen to resemble 
those of a driver-scale recirculator, although of course 
the latter would have many more betatron oscillations 
per lap. 

is nonrelativistic and accelerating, obtaining the vari- 
able-format accelerating and bending waveforms will 
be technologically challenging. Those waveforms will 
require the accurate synthesis of detailed voltage pulses 
with repetition rates rising from about 40 kHz at the 

The K+ beam ions will be accelerated from an initial 

Because the heavy-ion beam in the Small Recirculator 
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initial beam energy to 90 kHz at the final beam energy?j7 
The voltage pulses for the electric dipoles must be cor- 
rectly ramped in concert with the increasing beam 
energy. Properly shaped "ear" pulses must be applied 
at the beginning and end of the main pulses to provide 
longitudinal confinement, and lap-to-lap variation of 
the pulse duration and shape must be added to the 
accelerating waveforms to maintain or decrease the 
beam length. 

To switch the beam into or out of the ring, time- 
varying dipole (bending) fields must be applied. 
Transverse confinement of the beam must be carried 
out during insertion or extraction. Our design uses a 
permanent-magnet quadrupole with an expanded 
aperture. Figure 3 shows the physics design of the 
insertion/extraction section. The main ring runs along 
the lower part of the figure; the insertion line (which 
brings the beam from the matching section into the 
ring) comes in from the upper left, and the extraction 
line runs toward the upper right. The beam trajectory 
is shown as it will appear during extraction. 

Mechanical design of the Small Recirculator was 
challenging because of the necessity of fitting bending, 
focusing, and accelerating elements, as well as provi- 
sions for vacuum pumping and beam diagnostics, into 
each half-lattice period. Figures 4 and 5 show the 
nearly complete computer-aided design, as rendered 
by the CAD software. 

Recirculator Modeling 
Because the space charge-dominated beams in an 

induction accelerator are effectively non-neutral plas- 
mas, theoretical and computational modeling of these 
beams is carried out using techniques related to those 
used in the accelerator and plasma physics communities. 

FIGURE 3. Insertion/ 
extraction section. 
(30-00-069S-1646pbOl) 2.7 

2.6 

2.5 

2.4 

2.3 
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Models used range from simple zero-dimensional 
codes based on analytically derived scaling relations, 
through fluid- and moment-equation simulations, up 
to large and elaborate discrete-particle simulations. 

The CIRCE code8 is a multidimensional model that 
solves an envelope equation (evolving moments such 
as centroid position and transverse extent) for each of a 
number (typically a hundred or greater) of transverse 
beam "slices," each at different longitudinal positions. 
The longitudinal dynamics of the beam is modeled by 
evolving the positions and velocities of the slices using 
fluid equations. CIRCE is used to assess alignment tol- 
erances, accelerating schedules, and steering techniques 
in linacs and recirculators. It is useful for any application 
in which the evolution of the detailed internal degrees 
of freedom of the beam (e.g., emittance growth processes) 
need not be resolved; at present, beam normalized 
emittance is assumed constant in CIRCE. 

tively few plasma oscillation periods, particle-in-cell 
Because the beam resides in the accelerator for rela- 

FIGURE 4. Onequarter of the Small Recirculator (CAD rendering). 
(30-00-0695-1649pb01) 
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(PIC) simulation techniques are especially effective 
and have been invaluable in the design and analysis of 
experiments and in the prediction of the behavior of 
future machines. The WARP code includes fully three- 
dimensional (WARP3d)9 and axisymmetric (WARPrz)'O 
PIC simulation models. WARPrz is used for long-term 
beam dynamics studies, including the effects of accel- 
erating module impedance. WARP3d is heavily used 
for "near-first principles" studies of accelerator ele- 
ments and experiments. 

and efficient. These include capabilities for subgrid- 
scale placement of internal conductor boundaries and 
for simulating "bent" accelerator structures, as well as 
a technique for rapidly following particles through a 
sequence of sharp-edged accelerator lattice elements, 
using a relatively small number of time steps while 
preserving accuracy. On some problems, WARP3d is 
run in a quasi-steady state mode, which permits the 
completion of a 3-D run in just a few minutes of com- 
puter time; this makes it suitable for iterative design 
calculations. The ultimate goal of this code development 
is effective simulation of present-day experiments and 
of an HIF driver, from the source through the final 

Several novel techniques make WARP3d both accurate 

FIGURE 5. Two half-lattice periods of the Small Recirculator (CAD 
rendering). The top of the left-hand half-lattice period is cut away to 
reveal the internal structure. (30-00-0695-165OpbO1) 

focus, with a link from WARP into the codes used to 
model propagation in the fusion chamber and ulti- 
mately into the target design codes. 

A number of other PIC codes employ a "slice" 
description of the beam (assuming slow variation of 
quantities along the beam); much application, as well 
as detailed studies of the properties of such PIC mod- 
els of beams and plasmas, has been carried out.ll 

Emittance growth can result from the nonuniform 
distribution of beam space charge resulting from the 
action of centrifugal forces. As revealed in particle simu- 
lations using WARP3d9 and interpreted theoretically,12 
growth occurs at changes in the accelerator's curvature 
where the distribution of beam particles relaxes 
toward a new equilibrium. A circular recirculator is 
therefore to be preferred over one with an elongated 
"racetrack shape. Since the Small Recirculator is effec- 
tively circular (the changes of curvature that occur 
within a single half-lattice period are too rapid to mat- 
ter), the only significant changes in curvature occur 
during insertion and extraction. The electric dipoles 
also introduce field aberrations. Detailed 3-D simulations 
show that proper shaping of the dipole plates should 
render the beam distortion minimal. We have studied 
the behavior of the beam in the Small Recirculator in 
some detail using CIRCE and WARP. A measurable 
amount of emittance growth is expected to take place 
over the 15 laps, mostly in the first two laps.13 

Here we show the results of a WARP3d simulation 
of the beam in the Small Recirculator. For reasons of 
economy, the simulated beam is often made shorter 
than the actual beam will be. Figure 6 shows top and 
side views of the beginning of the simulation; the final 

Bend regions 

(a) Top view 

Quadrupoles f 
(b) Side view 

Potential contours 

0.08 

0.04 
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-0.04 

4 fl8 
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 

FIGURE 6. Top and side views of Small Recirculator beam simulated 
using WARP3d. "Bends" are shown straightened. (30-00-0695-1656pbOl) 
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beam is very similar. Figure 7 shows the evolution of 
the emittance at mid-pulse; in this case, the beam 
length is kept roughly constant. After the initial jump 
arising from the transition to the bent lattice, there is 
little emittance growth over the 15 laps. 

Experiment Plans 
Linear experiments now getting under way will 

measure space charge-dominated beam quality after 
transport through a permanent-magnet quadrupole 
lattice, characterize the beam before injection, provide 
a test bed for diagnostic development, and afford a 
preliminary assessment of the role of electrons in mag- 
netic beam transport (see Fig. 8). 

The next experiments will study beam transport 
around a bend of order 90" (at first without any accel- 
erating modules). The transition of the beam from a 
straight transport line into the ring will represent a 

0 

X component 

5 10 
Number of laps 

15 

FIGURE 7. Time dependence of normalized beam emittance at 
mid-pulse for X (in-plane) and Y (out-of-plane) components. 
(3O-00-0695-1658pb02) 

Electric quadrupoles 

Injector Matching section Drift Diagnostics Faraday 

FIGURE 8. Linear configuration (length 4.568 m from source to final 
Faraday cup). (30-00-0695-1657pWl) 

section and pumping cup 

change of curvature, and will allow us to study the 
resulting emittance growth. Emittance growth can 
also result from imperfections in the focusing and 
bending fields; the small imperfections expected in 
our experiments will be well characterized by theory 
and measurement. Even over a short bend, detailed 
intercepting beam diagnostics (using a two-slit appa- 
ratus to measure both transverse ion position and 
velocity) should be able to detect relatively small 
changes in the distribution of beam particles as a 
result of the bend. An important goal of these initial 
experiments will be validation of the computer mod- 
els and scaling laws used to predict the behavior of 
linear and recirculating drivers. 

Later experiments will study insertion and extrac- 
tion, acceleration (at first in a partial ring to facilitate 
measurement of the beam using intercepting diag- 
nostics), beam steering, bunch compression, and 
fully integrated operation of the recirculator. 
Preservation of a small emittance will again be the 
central beam-physics issue to be addressed. 

Until the ring is complete it will be possible to use 
intercepting diagnostics to characterize the beam and 
to calibrate the nonintercepting diagnostics that will 
be critical to the successful operation of the full ring. 
As currently planned, the ring will incorporate two 
extraction sections 180" apart, so the extracted beam 
can be diagnosed with detailed intercepting diagnos- 
tics twice each lap. As with earlier linac experiments 
at LBL, excellent shot-to-shot repeatability is antici- 
pated and, so far, observed. The principal noninter- 
cepting diagnostic under development is a 
segmented capacitive pickup to be located inside the 
quadrup01es.l~ The long duration of beam residence 
in the machine (up to, and possibly exceeding, 300 
full lattice periods) will provide a unique opportu- 
nity to observe and characterize the longitudinal 
propagation of space-charge waves along the beam. 
Such waves will be launched (deliberately or other- 
wise) by mismatching the applied ear fields. The 
Small Recirculator will afford the longest beam path 
length of any near-term HIF research facility, and so 
will be able to explore issues such as slow thermal- 
ization that are important to both recirculating and 
linear drivers. 

Status and Initial Results 
The injector diode,15 matching section, and 

straight experiment have been fabricated and are 
now operating; Fig. 8 shows the layout. Fifteen per- 
manent-magnet quadrupoles have been procured; 
seven are being used in the straight experiment (see 
Fig. 10). A shorter line will serve as the link from the 
matching section to the ring. As shown in Figs. 4 and 
5, the mechanical design of the half-lattice period is 
nearly complete.'6 
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The electrostatic-quadrupole matching section 
(Fig. 8) gives the circular beam that leaves the diode an 
elliptical cross section suitable for alternating-gradient 
transport in the transfer line and the recirculator. A 
section of the Single Beam Transport Experiment 
(SBTE) apparatus from LBL was adapted by EG&G to 
serve this function. The potentials applied to the vari- 
ous quadrupole elements to obtain a matched beam 
were derived using an envelope calculation and range 
from kl.8 to k4.0 kV. The fifth and seventh elements 
are intended for minor beam steering rather than for 
focusing. Insertable Faraday cups are located after the 
third and ninth elements. 

FIGURE 9. Interior of source tank, showing back of source and 
(at left) hole through which beam passes on its way into matching 
section. Holes of varying size can be used. (30-00-0695-1653pbOl) 

Figures 9 and 10 show some of the experimental 
apparatus. Figure 9 shows the source and diode. A 
potassium-impregnated zeolite element is heated by an 
internal filament; the beam passes through the hole vis- 
ible at the left end of the anode-cathode gap. Figure 10 
shows the linear transport section. 

Time-resolved measurements of beam properties 
have been obtained at various locations throughout the 
matching and magnetic transport sections. The current 
has been measured using Faraday cups 0.67 and 1.9 m 
downstream from the diode source in the matching sec- 
tion and 3.16 m downstream in the magnetic transport 
section. An energy analyzer developed at LBL (consist- 
ing of curved electrostatic plates across which various 
potential differences are placed) was located 1.75 m 
downstream from the source. A two-slit scanner was 
placed at positions 0.2 and 1.6 m downstream from the 
source, providing measurements of emittance, beam 
radius, and beam centroid location. 

Faraday cup 1.9 m downstream from the diode source 
and corresponding results from the 1-D code HINJ17; 
there is close agreement between simulation and exper- 
iment. The large current spike at the head of the pulse 
arises because the rise time of the diode voltage (about 
1 ys) is longer than the ideal rise time of 0.48 ps.18 With 
the longer rise time, particles emitted at the beginning 
of the pulse have significantly lower energy than parti- 
cles emitted later, so particle overtaking occurs. A mod- 
ification of the pulser circuitry to reduce the rise time 
by a factor of two is planned. The code results are 
slightly noisier than those from the experiment; this 
results from a numerical deconvolution of the voltage 
waveform (to account for time lags in the voltage moni- 
tor), which introduces noise into the voltage waveform 
used by the code. Figure 12 shows a measurement of 
the horizontal normalized emittance at the end of the 
matching section. The high initial value appears to be 
due to the instantaneously high line-charge density. 

Figure 11 shows an example of current vs time at the 
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FIGURE 11. Current at the Faraday cup 1.9 m downstream of the 
diode source, and corresponding results from the I-D code HINJ. 
(30-00-0695-1647pbOl) 

FIGURE 10. Straight transport section. Each spool holds two perma- 
nent-magnet quadrupoles; the entire section uses seven quadrupoles. 
The large enclosure at the left foreground contains diagnostic appara- 
tus. (Orientation is opposite to that of Fig. 8, which does not show 
diagnostics enclosure.) (30-00-0695-1651pbO1) 
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FIGURE 12. Measurement of horizontal normalized emittance at 
end of matching section. (30-0@0695-1648pbOl) 

Conclusions 
The linear induction accelerator remains a very 

attractive Inertial Fusion Energy driver; the recirculator 
offers the promise of significant cost reduction, if the 
technical challenges of recirculation can be met. The 
LLNL Small Recirculator experiments are designed to 
provide a test bed for the necessary technology and to 
show that the beam dynamics in an induction recircu- 
lator are favorable; these experiments will pave the way 
to a larger-scale follow-on facility. These experiments, 
in conjunction with the ILSE experimental program at 
LBL and with detailed computer simulations, will lead 
to much more precise and credible predictions of 
heavy-ion driver behavior and cost and will allow the 
staged construction of the first IFE driver to begin 
shortly after ICF ignition is demonstrated on the 
National Ignition Facility. 
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Introduction 
The ability to produce short laser pulses of 

extremely high power and high irradiance, as is 
needed for fast ignitor1 research in inertial confine- 
ment fusion, places increasing demands on optical 
components such as amplifiers, lenses, and mirrors 
that must remain undamaged by the radiation. 
Amplifiers pose particular problems, because as pulses 
become shorter it becomes increasingly difficult to 
extract the stored energy without causing detrimental 
effects originating from the dependence of the refrac- 
tive index n = no + n2E21 = no + yI on irradiance I. The 
higher refractive index in the center of an intense laser 
beam acts as a focusing lens. The resulting wavefront 
distortion, left uncorrected, eventually leads to catas- 
trophic filamentation. Major advances in energy 
extraction and resulting increases in focused irradiance 
have been made possible by the use of chirped-pulse 
amplification (CPA), long used in radar applications 
and newly applied to optical frequencies.2 

Optical-frequency CPA systems, typified by the 
schematic diagram in Fig. 1, begin with a mode-locked 
oscillator that produces low-energy seed pulses with 
durations of ten to a few hundred femtoseconds. As a 
result of the classical uncertainty relation between time 
and frequency, these short pulses have a very broad fre- 
quency distribution. A pair of diffraction gratings (or 
other dispersive elements) lengthens the laser pulse and 
induces a time-varying frequency (or chirp). Following 
amplification, diffraction gratings compress the pulse 
back to nearly the original duration. Typically a nano- 
joule, femtosecond pulse is stretched by a factor of sev- 
eral thousand and is amplified by as much as 12 orders 
of magnitude before recompression. By producing the 
short pulse only after amplification, this technique 
makes possible efficient extraction of energy from a 
variety of broadband solid state materials, such as 
Ti:sapphire?f4 alexandrite? Cr:LiSAF,6r7 and Nd:glas~.~.~ 

Constraints on Gratings for CPA 
Achieving high focused irradiance from a pulse ulti- 

mately requires both high peak power and excellent 
beam quality. There is therefore a demand for diffraction 
gratings that produce a high-quality diffracted wave- 
front, have high diffraction efficiency, and exhibit a high 
threshold for laser damage. With careful attention to 
control of linear and nonlinear aberrations in the lasing 
medium, and with the addition of a deformable mirror 
to the beam transport system to correct for other wave- 
front aberrations, it should be possible to produce 
nearly diffraction-limited petawatt pulses. 

The grating pairs used for pulse compression are 
typically planar reflection gratings that direct the first- 
order (m = -1) diffraction nearly back along the incident 
direction, as occurs at the Littrow angle.1° It is impor- 
tant that the gratings send almost all of the radiation 
into this order. The need for high efficiency follows 
from the fact that the beam is diffracted by a grating 
four times in a typical double-pass pulse compressor. 
Thus a grating whose diffraction efficiency is 77 gives a 
maximum compressor efficiency (for double-pass com- 
pression) of q4. As a result of this quartic dependence, 
even a small increase in grating efficiency provides a 
large increase in the energy output from the pulse 
compressor. With a typical diffraction efficiency into 
the m = -1 order of 86%, the maximum compressor 
efficiency is approximately 55%. By increasing the 
grating efficiency to 95%, one can achieve compressor 
efficiencies of over 80%. We have recently achieved 
nearly this theoretical limit with a record double-pass 
compressor throughput of 78%. 

Commercial gratingsll are often replicas, in which a 
master grating structure is reproduced on a secondary 
substrate and then given a thin metal coating to achieve 
high diffraction efficiency. High-quality master gratings 
for optical frequencies are produced mechanically, by 
ruling the grating pattern into a metal blank, or 
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holographically, by exposing a substrate coated with 
photoresist to a stable interference pattern, developing 
the latent image, and overcoating witha metal layer. 
Carefully designed metal-coated master and replica 
gratings have achieved diffraction efficiencies as high 
as 95% in the m = -1 ~rde r . ' ~ . ' ~  High-quality commer- 
cial metallic gratings more commonly have diffraction 
efficiencies of 80 to 92%. 

For high-power lasers, the damage threshold of a 
grating is as important as its diffraction efficiency. In 
pulse compression, the damage threshold limits the 
amount of energy that can be tolerated in the pulse for 
a given grating area. The low damage threshold of 
diffraction gratings is responsible for their limitation to 
use in low-power tunable oscillators. Narrow-linewidth, 
grating-cavity laser systems based on broadband solid 
state materials such as Ti:sapphire, alexandrite, and 
Cr:LiSAF require gratings exhibiting damage thresh- 
olds above 2 J/cm2 to access the high energy storage 
capacity of these materials. 

Initial ultrashort pulse 

Unfortunately, metallic diffraction gratings, whether 
produced by mechanical ruling or holographic tech- 
niques, have an inherently low threshold for optical 
damage due to optical absorption. Energy deposited 
into a thin surface layer (the skin depth) will raise the 
surface temperature, eventually to the boiling point, 
unless it is conducted away more rapidly than it 
arrives. The theoretical damage threshold12 for metal- 
lic (gold) gratings operating in the region 700-1100 nm 
is less than 1.5 J/cm2 for nanosecond pulses and less 
than 0.6 J/cm2 for picosecond pulses. Our holographi- 
cally produced gold-coated master gratings12 exhibit 
damage thresholds for 1053-nm radiation of approxi- 
mately 1.2 J/cm2 for nanosecond pulses and 0.4 J/cm2 
for subpicosecond pulses. These values are near the 
theoretical maximum and are a factor of two higher 
than those available with commercial gratings. 

Dielectric materials offer the potential for significantly 
higher optical damage thresholds than those of metals. 
At a laser wavelength of 1053 nm, fused silica exhibits 

Two gratings disperse the 
spectrum and stretch the 
pulse by a factor of >lo00 

High-energy pulse 
after amplification n 

Power amplifiers - 
Resulting 

high-energy, 
ultrashort pulse 

A second pair of gratings reverse 
the dispersion of the first pair 

and recompress the pulse 

FIGURE 1. Partial schematic of beam stretching, amplifying, and compressing system used in high-power chirped pulse amplification (CPA), 
showing location of gratings and their function-giving different beams longer or shorter paths to stretch or compress the pulse. 
(70-60-0695-1670pb01) 
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a damage threshold above 40 J/cm2 for 1-ns pulses 
and above 2 J/cm2 for 400-fs p~1ses . l~  Dielectric trans- 
mission gratings exhibiting high diffraction efficiency 
have been produced.15 Unfortunately, the efficiency of 
these gratings in reflection is poor. In this article, we 
describe the design and performance of multilayer 
dielectric gratings that can achieve up to 98% diffrac- 
tion efficiency in reflection in the m = -1 order, and that 
exhibit damage thresholds higher than those achievable 
with metallic gratings. 

Basic Grating Considerations 
The basic geometric properties of any planar grating 

follow from the grating equation, which expresses the 
condition for constructive interference from successive 
periodic elements on a surface and which relates the 
incident angle 0 ,  the diffracted angle 0, for order m, 
and the ratio of wavelength h to groove spacing d: 

sine, = sinei + mild. (1) 

Although these few parameters control the possible 
presence and direction of various diffracted orders, the 
distribution of energy among the orders (quantified by 
the grating efficiency) is determined by the wavelength 
and polarization of the incident light, the depth and 
shape of the grooves, and the optical properties of the 
diffracting structure. The groove profile depends on 
the method of manufacture and differs between ruled 
gratings (triangular profiles), holographic gratings 
(typically sinusoidal profiles) and etched lamellar grat- 
ings (rectangular or fin-shaped profiles). 

For a reflection grating used in a first-order Littrow 
mount, the angle of incidence is fixed by the condition 
sinei = h/2d.  When h / d  > 2, only specular reflection 
(m = 0) and evanescent orders occur; for 2 > h/d > 2/3 ,  
two propagating orders occur (specular reflection, rn = 0, 
and retrodiffraction, m = -1). This latter two-order regime 
accounts for nearly all high-power laser applications. 

Our grating designs are based on a rigorous solution 
of Maxwell's equations (with appropriate boundary 
conditions) for diffraction from a multilayer structure 
with a periodic surface-relief profile as shown in Fig. 2. 
We idealize the radiation as a monochromatic plane 
wave, linearly polarized as either transverse electric, 
TE (electric field along the grooves), or transverse 
magnetic, TM (magnetic field along the grooves). The 
grating profile can be of arbitrary shape, and the dielec- 
tric layers are specified by the layer thickness and an 
index of refraction. Our computations use the multi- 
layer modal method.16-19 This method replaces the 
corrugated grating surface by a succession of slices 
(rectangular in cross section), in each of which the 

complex-valued dielectric constant alternates periodi- 
cally between two values, corresponding to the materi- 
als above and below the grating surface. Exact 
normal-mode solutions to the vector Helmholtz 
equation are found within the slices (an eigenvalue 
problem), and boundary conditions are matched in 
moment form to produce a complete solution. Solutions 
are carried between layers using an R-matrix method. 
The mathematical methods employed are discussed in 
detail e l ~ e w h e r e . ~ ~ , ' ~ , ~ ~  

Figure 3 presents the predicted m = -1 diffraction 
efficiency of a 1550-groove/mm grating used at the 
Littrow angle (56") for TE-polarized 1053-nm light 
incident on the multilayer structure of Fig. 2. The multi- 
layer is composed of alternating layers of high-index 
ZnS (n  = 2.35) and low-index ThF4 (n = 1.52) to form a 
highly reflecting quarter-wave stack. The top layer, 
containing the grating, is composed of the high-index 
(ZnS) layer. High diffraction efficiency is achieved by 
controlling the thickness t of the top layer and the depth 
h of the trapezoidal grooves. The maximum diffraction 
efficiency (predicted to be above 98%) occurs for an 
infinite periodic series of choices for t. To simplify fab- 
rication, we always choose the thinnest solution. 

0 
0 
0 

Substrate 

FIGURE 2. Basic multilayer dielectric grating concept (h = groove 
depth, t = top layer thickness). Dark and light layers represent mate- 
rials of high (M = 2) and low (M = 1.5) refractive index, respectively. 
(70-60-0695-1667pbO1) 
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Figure 3 gives a detailed view of the diffraction effi- 
ciency as a function of k and t. Strong diffraction 
occurs when the optical depth of the grooves is near 
one quarter of a wavelength and the optical thickness 
of the top layer is near three quarters of a wavelength. 
Our calculations suggest high sensitivity to the incident 
polarization, as might be expected from the polarization 
sensitivity of conventional multilayer coatings. The 
peak diffraction efficiency for TM (p-polarized) light 
on this structure is predicted to be less than 50%; that 
for TE (s-polarized) light is predicted to be near 98%. 

Manufacturing Procedure 
Our gratings are fabricated using lithographic tech- 

niques following holographic exposure. The dielectric 
multilayer structure is vacuum-deposited by e-beam 
evaporation on an optically flat (better than 1 / 1 2 )  sub- 
strate. The substrate is then coated with a thin (-300 nm) 
film of photoresist (Shipley 1400) and cured at 80°C for 
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30 min. The surface relief pattern spacing d is produced 
in the photoresist by intersecting two laser beams, each 
of exposure wavelength 1, and each incident at an 
angle 8, according to the formula 

d =  1 e  
2 sin 8, cos 9 ’ 

where $ is the angle between the normal to the sub- 
strate and the bisector of the incident laser beams (see 
Fig. 4). The interference pattern was produced by an 
equal-path, fringe-stabilized interferometer utilizing a 
2-W single-longitudinal-mode Kr-ion laser (Coherent) 
operating at 413 nm. Straight, parallel grooves are pro- 
duced only by highly collimated radiation; even the 
slightest wavefront curvature of the interfering beams 
produces curved grooves with nonuniform spacing. 
This groove distortion reduces the spectral resolution 
of the grating and produces undesirable curvature in 
the wavefront of the diffracted beam. 

toresist, development removes those regions exposed 
to the laser light (positive resist), producing a corru- 
gated surface relief profile that is transferred into the 
substrate material by reactive-ion etching.19 Although 
the interference fringe pattern exhibits a sinusoidal 
intensity distribution, the groove shape ultimately pro- 
duced in the grating is affected by a number of process 
variables. Our most common profile is trapezoidal, so 
we optimize the designs for trapezoidal grooves. 

Once the interference pattern is recorded in the pho- 

0 
250 300 350 400 450 

Thickness t (nm) 

FIGURE 3. (a) Theoretical diffraction efficiency (order rn = -1) for 
TE-polarized light at 1053 nm for a multilayer dielectric grating con- 
sisting of alternating layers of ZnS and ThF,. Trapezoidal grooves 
are etched into the top layer as illustrated in Fig. 2. (b) Expanded 
view of first maxima of efficiency surface, showing efficiency (order 
m = -1) for depths h = 50,100,150 and 200 nm. (70-60-0695-7668pbO1) 

Grating substrate 

FIGURE 4. Holographic exposure geometry, showing definition of 
angle of incidence 0 and angle Q between grating normal and bisector 
of incident waves. (70-60-0695-1669pb01) 
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Figure 5 shows a typical scanning electron micrograph 
of a cross section of a completed grating. 

We determined the dependence of the diffraction 
efficiency of this grating on the angle of incidence by 
measuring the average power of the diffracted (rn = -1, 
near the Littrow angle), reflected (rn = 0), and incident 
beams produced by a narrow-linewidth Ti:sapphire cw 
laser operating at 1053 nm. Figure 6 shows the results 
of this measurement. The difference between the inci- 
dent beam and the sum of the diffracted and reflected 
beams arises from a net scattering of -1% and a trans- 
mission loss of -0.5%. Low diffraction efficiency is 
observed until the design angle of 56" is approached; 
there the reflected (rn = 0)  energy for TE polarization 
drops to approximately 1 % of the incident energy and 
the m = -1 diffracted beam reaches a peak efficiency of 
96.1 9%. For TM polarization, the maximum diffraction 
efficiency is 50%, in good agreement with the predicted 
value. We observe a small variation of efficiency (from 
a high of 96% to a low of 94%) over the surface of 
our gratings. 

The measured damage threshold of our oxide 
(Hf02/Si02)-based multilayer dielectric gratings for 1-ns 
laser pulses is over 5 J/cm2, nearly ten times that of the 
best metallic gratings. For pulse durations from 0.3 to 
5 ps, our gratings exhibit a damage threshold of 

FIGURE 5. Scanning electron micrograph of multilayer dielectric 
grating structure. (20-03-0795-1855pb01) 

UCRL-LR-105821-95-3 

approximately 0.6 J/cm2, three times higher than the 
short-pulse damage threshold of commercial metallic 
gratings. Further refinement of our multilayer design 
is expected to increase the short-pulse damage thresh- 
old to over 1 J/cm2. 

In addition to the requirement of high diffraction 
efficiency and high damage threshold, gratings used 
for pulse compression must maintain high efficiency 
over a large bandwidth. Figure 7 shows the calculated 

1.0 

0.8 

0.2 h 
0 

0 10 20 30 40 50 60 70 80 
Angle of incidence (deg) 

FIGURE 6. Absolute diffraction efficiency (order rn = -1, Littrow 
mount) at a wavelength of 1053 nm and for various polarizations for 
the grating shown in Fig. 5. (70-60-0695-1671pbOl) 
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FIGURE 7. Theoretical diffraction efficiency (rn = -1) vs wavelength 
of an oxide-based multilayer grating (1800 grooves/mm). Bandwidth 
is over 85 nm. (70-60-0695-1672pbO1) 
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wavelength dependence of the diffraction efficiency of 
diffraction efficiency an oxide-based multilayer grating 
(8 layer pairs) optimized for use with 300-fs pulses at 
800 nm. Diffraction efficiency above 90% is maintained 
from 760 to over 830 nm. Such gratings could easily 
handle pulses as short as 20 fs. We can increase the 
bandwidth, at the price of a slightly reduced peak 
diffraction efficiency, by reducing the number of layers 
or changing the design slightly. We have produced 
designs that can support pulses as short as 10 fs with 
greater than 90% diffraction efficiency. At these extremely 
short pulse durations, the dispersion of the multilayer 
coating itself will become important. We have not yet 
examined this effect on our ability to use these gratings 
for stretching and compressing 10-fs pulses. 

FIGURE 8. Multilayer dielectric diffraction grating designed to 
reflect yellow light, diffract broadband visible radiation (bottom 
left), eliminate all green and yellow light in the transmitted 
diffracted beam (right), and transmit blue-green light. The grating 
pictured is 15 x 20 cm. (70-15-0294-0178Apb01) 

Applications of Multilayer 
Dielectric Gratings 

Another feature of this new type of diffraction grating 
is the ability to design the grating to perform a multitude 
of functions simultaneously. Specifically, the gratings 
can be designed as beamsplitters that transmit, diffract, 
and reflect light. By controlling the design of the multi- 
layer and the grating, specific wavelengths can be 
transmitted, others reflected, and still others diffracted, 
all with specified efficiency. As an example, we fabri- 
cated a grating that operated simultaneously as a 
broadband diffraction grating in reflection (10% effi- 
ciency in the m = -1 order from 390 to 700 nm), a high 
reflector in the yellow (90% reflection from -570 to 
590 nm), a high transmitter in the blue-green (-90% 
from 500 to 570 nm), and a notch filter for the transmit- 
ted diffracted (m = -1) beam [extremely low efficiency 
(<1%) for 500 to 600 nm and relatively high efficiency 
(>50%) for 400 to 500 nm and 600 to 700 nm). Figure 8 
displays this performance. 

Summary 
We have demonstrated techniques for designing 

and holographically creating diffraction gratings, 
based on a multilayer dielectric structure, that exhibit 
diffraction efficiency exceeding 96% into the m = -1 
order in a near-Littrow configuration. The high diffrac- 
tion efficiency is obtained by proper coating design 
and by adjustment of the depth of the grooves and the 
thickness of the top layer. By adjusting the coating 
design, gratings of essentially any efficiency and vari- 
able bandwidth can be produced. 

The damage thresholds of these all-dielectric grat- 
ings surpass those of metal gratings. To date, relative 
to commercial metallic diffraction gratings, our dielec- 
tric gratings have achieved an order-of-magnitude 
increase in damage threshold for nanosecond pulses 
and a factor-of-three increase for subpicosecond pulses. 
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Introduction 
Spectroscopy is a powerful technique used to measure 

the plasma parameters relevant to Inertial Confinement 
Fusion (ICF) plasmas. For instance, the onset of spec- 
tral signals from multilayer targets have been used to 
determine ablation rate sca1ings.l Temperature and 
density measurements in coronal plasmas have enabled 
the study of laser coupling efficiency as a function of 
the laser wavelength.2 More recently, dopants have 
been successfully used to determine capsule conditions 
of ICF targets3 However, few spectroscopic studies 
have been performed to diagnose plasma conditions of 
the hohlraum itself. Several laboratories have studied 
enclosed cavities? previously concentrating on measure- 
ments of the radiative heat wave, the x-ray conversion 
efficiency, and temporal evolution of Au x rays. 
Measurements of electron temperature Te and electron 
densities ne are difficult because many physical pro- 
cesses occur and each diagnostic’s line-of-sight is 
restricted by the hohlraum wall. However, they are 
worth pursuing because they can provide critical infor- 
mation on the target energetics and the evolution of 
plasma parameters important to achieving fusion. 

In this article, we discuss spectroscopic tracers to 
diagnose plasma conditions in the hohlraum, using 
time- and space-resolved measurements. The tracers are 
typically mid-Z elements (Z = 13-24), which are placed 
on the hohlraum wall or suspended in the hohlraum 
volume. To demonstrate the breadth of measurements 
that can be performed, three types of experiments are 
presented. The first set tests ablation inside hohlraums 
by using tracers under the laser beam focal spot. The 
second set examines the heating of the wall by the tracers 
buried at different depths. The third set measures Te 

by analysis of line intensity ratios. Spectroscopy has an 
advantage over imaging studies because it can provide 
nonperturbative measurements of local plasma param- 
eters, i.e., Te and ne. Furthermore, not only can a spec- 
tra allow a measurement of plasma conditions, but its 
temporal behavior can reveal information about the 
hydrodynamics and heating of the hohlraum. 

Experimental Approach 
Microdots aid the spectroscopic analysis by limiting 

optical depth, localizing the tracer, and reducing edge 
effects of laser irradiati~n.~ Target fabrication techniques 
successfully produce versatile hohlraums having tracer 
dopants deposited as high-precision microdots or 
strips. The tracers are deposited on a thin substrate 
such as an 800-A CH foil or on a 25-pm-thick Au foil 
that mimics the hohlraum wall. The advantages of 
using tracers for probing the plasma include: (1) creat- 
ing a localized plasma to track the dopant by emission 
or absorption, (2) controlling the thickness of the 
dopant, (3) systematically varying the depth of the 
tracer to probe different layers below the surface, and 
(4) defining the transverse plasma length probed to 
produce optically thin transitions. These advantages 
are important to successfully diagnose the complex 
hohlraum environment. LASNEX simulations of plas- 
mas created from tracers indicate that the plasma can 
remain localized inside the hohlraum. For instance, 
different positions of the density gradient can be probed 
by suitably choosing the depth at which a tracer is 
buried.6 Thus the experiments can be particularly 
effective in understanding ablation, plasma formation 
in nonplanar geometries, and overall energy balance. 
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Since the plasmas may be >1 mm, the accuracy of 
spectroscopic measurements have benefited from the 
development of x-ray streak cameras and gated 
imagers. Streak cameras provide continuous tempo- 
ral resolution of the spectral signal while gated 
imagers allow imaging of the spectra produced from 
a microdot or strip. Recently, we developed and 
fielded a spectrograph using a Bragg x-ray diffrac- 
tion crystal coupled to a gated m ~ d u l e , ~  which con- 
verts one dimension of the spatial resoIution to 
spectral resolution. Its primary advantage over other 
diagnostics is that it spectrally images x-ray emission 
from laser-produced targets in 250 ps time frames. 
These technological developments have been essen- 
tial to achieve sufficient spatial and spectral resolu- 
tion of these targets. 

Experimental Results 
Figure 1 is a schematic of the target showing the 

placement of tracer foils. Tracers are placed on the 
wall for ablation and wall heating experiments, as 
indicated in the figure. Tracers are deposited on a free- 
standing foil that is suspended inside the hohlraum 
for recent experiments measuring the Te of gas-filled 
targets, also shown in the figure. This section dis- 
cusses three types of experiments that can be per- 
formed: ablation measurements, embedded microdot 
emission measurements, and Te measurements. 

Ablation Measurements 
In ablation experiments, we compared a lined and 

unlined hohlraum by monitoring the emission of KC1 

that was deposited on a Au foil on the hohlraum’s 
inside surface. The KC1 was directly irradiated by a 
laser beam and observed with x-ray streak cameras. 
The dot provided spectral signals that served as a 
temporal marker of the laser incident on the 
hohlraum’s inside surface. 

The targets were scale-1 hohlraums that were either 
lined with 7500 A of CH or unlined. At the position of 
beamline 6, a hole was drilled into the hohlraum and 
covered with a foil patch with the KCI facing the inside 
of the hohlraum. The patch consisted of a 25-pm Au 
foil overcoated with 3500 A of KC1. Eight Nova beams 
at 30, irradiated the target in the standard pointing 
and focusing geometry to produce focal spots on the 
hohlraum wall -550 pm x 900 pm diam. The total laser 
energy was 22.3 kJ with <5% variation. In a 1 ns square 
pulse, this produces an intensity of 6 x 1014 W/cm2 in 
each focal spot. 

Figure 2 shows an example of the data. Line inten- 
sity traces as a function of time were taken for the He- 
like a line (n  = 2-1) of C1, ls2 (‘So) -1s2p (IP,). For 
comparison, the Au emission was taken as close as 
possible to the short wavelength side of the line to 
minimize differences in detector response and to avoid 
the C1 satellites. 

0.5 -/L 
Tracer on wall 3.6 

t l  

Tracer on foil 

membrane 

FIGURE 1. Schematic of a hohlraum target showing the position of FIGURE 2. Example of data and a lineout from ablation experiments. 
patches and suspended foils. (08-20-0695-1660pb01) (08-20-0695- 1661 pbO1) 
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Figure 3 compares these four traces. There are two 
salient features of the temporal evolution. Early in 
time, the slope of the emission can be approximated by 
a straight line for all the lineouts. Later in time, the 
slope changes abruptly for all the cases except the Au 
emission from the lined hohlraum. 

We define the burnthrough time as the temporal 
delay between the C1 emission from the tracer and Au 
emission from the lined or unlined hohlraum. In the 
unlined case, the KC1 burns through and Au emission 
is detected 40 ps later when comparing the half maxi- 
mum intensity. The lined case shows burnthrough to 
the Au 100 ps later. The onset of the signal taken is t = 0, 
where we assume that the delay in ionizing to He-like 
C1 is negligible. Here, the relative difference in the Au 
vs C1 emission is more important than the absolute 
value of the timing. The reference intensity for each 
case is the intensity when the KC1 signal is no longer 
distinct from the Au signal. The difference reveals that 
there is a lag of 60 ps between the lined and unlined case. 

A noticeable shoulder in the data exists where the 
slope of the intensity changes. Initially, the KC1 in both 
the unlined and lined case follow the same curve, then 
their evolutions differ. If we consider the KC1 as only a 
timing marker, the delay in burnthrough, as determined 
from the relative time lag of Au emission, is 80 ps. This 
delay has physical significance since the KC1 foil was 
not overcoated with 7500 
exactly the same in the two cases. 

for the first 40 ps of emission, it is consistent to interpret 
the departure of the C1 slope as the inability of the 
laser to continue to heat the KC1 in the CH lined 
hohlraum in the same way as the KC1 in the unlined 
hohlraum. In addition, the intensity of the unlined and 
lined cases are different by a factor of two after 600 ps. 
Although the unlined and lined data are from two 
different experiments, the shots were performed on the 

of CH and is therefore 

Because the intensity of the C1 emission is identical 

30 

25 

5 

0 
-200 0 200 400 600 

t (ps) 

FIGURE 3. Comparison of the emission from Fig. 2. 
(08-20-0695-1 662pb01) 

same day, the target setup and spectrometer were iden- 
tical, and differences due to film processing are minimal. 
Ablated CH inside of the hohlraum would produce a 
negligible attenuation of the signal. Therefore, the dif- 
ference in intensity would indicate that less emission is 
detected in the lined hohlraum from both Au and C1 
than from the unlined hohlraum. 

which the KC1 emission is no longer distinct from the 
Au emission. For the lined hohlraums, a detectable 
KC1 signal persists for a longer period of time, 470 ps 
vs 280 ps. The duration of the KC1 signal can be corre- 
lated with the amount of time that the KC1 is localized 
enough to produce a signal above the Au background. 
When the KC1 is no longer discernible from the Au, the 
total signal of the lined hohlraum is 70% of the unlined 
signal. When the KC1 contribution is subtracted from 
the Au signal, the peak intensity of the lined hohlraum 
is 85% of the unlined signal. The result implies that the 
CH lined hohlraum has a slower ablation rate and 
does not cause Au emission of equal intensity within 
the first 600 ps of the laser pulse. 

surable delay in time corresponding to -80 ps. However, 
intensity of the Au emission is markedly different in 
both magnitude and evolution. Clearly at 600 ps, the 
Au has roughly half the integrated intensity, and the 
projection of the slope of the intensity vs time indicates 
that even after 1 ns, the Au emission of the lined 
hohlraum may not reach that of the unlined hohlraum. 

Another measure of the target ablation is the time at 

The measure of the burnthrough rate shows a mea- 

Embedded Microdot Hohlraum 
Experiments 

Embedded microdot hohlraum experiments 
employed tracers buried under CH at a depth of 
1 to 3 pm. The tracers were 250-pm-diam microdots of 
cosputtered Ti and Cr placed under a laser focal spot in 
a 3.2-mm-long hohlraum. Analysis of the spectra allowed 
us to examine heating of the inside hohlraum wall 
under a laser focal spot. Figure 4 shows an example of 
a TiCr K-shell spectrum where there is no appreciable 
H-like Cr. The top graph of Fig. 4 shows the laser pulse 
used to heat the hohlraum. The emission becomes 
detectable by a gated spectroscopic imager only -2.2 ns 
after the beginning of the shaped pulse. Contrary to 
expectations, the tracer plasma does not become more 
ionized as the laser intensity increases to its peak. 
Calculations from foil burnthrough targets predict an 
T, of -2.5 keV. Due to the absence of H-like Cr in the 
experimental data, we conclude that the plasma 
remains less ionized than expected during the laser 
pulse. Based on the intensity of the He-like p resonance 
lines (n  = 3-1) of Ti and Cr, the temperature derived 
from the isoelectronic sequence ratio is <2 keV The 
spectra are 5% wider than the experimental width, 
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which indicates that line broadening or source motion 
may also be occurring. The late time spectrum shows 
the return of the Cr He-like p line, which probably 
indicates that recombination is occurring. Because the 
tracer plasma was cooler than expected and the TiCr 
spectral lines were weak, we can only infer an estimate 
of the Te from the data. The most plausible explanation 
for the discrepancy between calculations and experi- 
ments is that the tracer dot remains well localized and 
moves out of the laser beam path, thereby sampling a 
cooler plasma. 

Te Measurements 
We designed this set of experiments to measure the 

Te of gas-filled hohlraum targets. The target was a 
2.5-mm-diam and 2.5-mm-long Au hohlraum. To 
confine the gas, all openings were covered with thin 
polyimide windows (1 pm thick over the diagnostic 
holes, 6000 A thick over the laser entrance holes). The 
hohlraum was filled with neopentane gas C5Hl, and 
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FIGURE 4. Data from a CH lined hohlraum showing a tracer 
embedded at 1 pm. (08-204695-1663pbOl) 

was designed to create a large millimeter-size plasma 
for stimulated Brillouin scattering and stimulated 
Raman scattering studies.8 

These hohlraums are smaller than those used in the 
previous experiments and are expected to have a 
higher radiation temperature T,. In the presence of an 
intense external photon flux, the ionic populations 
become more difficult to calculate because the intro- 
duction of the radiative transfer requires a solution of 
an integrodifferential equation which depends on the 
population and the field. Previous spectroscopic diag- 
nostics cannot be extrapolated to these cases because 
they do not include the effects of an intense photon 
field. In the smaller hohlraums, the T, can be high 
enough to actively perturb the level populations of the 
dopants and thereby will change the standard depen- 
dencies of these level populations on the Te and ne. 
This means that the ratios will now have an added 
dependence on the radiation field, which was previ- 
ously assumed negligible. This radiation field will tend 
to deplete lower level populations by photoionization 
and photoexcitation and will cause mixing between 
excited levels, as they thermalize with the radiation 
field. Since these effects depend on the population and 
depopulation of energy levels, which are intricately 
coupled to the radiation field, and the plasma response 
to that photon field, the ratios will depend not only on 
the TR, but on the detailed spectral structure of the radia- 
tion field. 

To analyze the spectra from gas-filled hohlraums, 
the radiation field generated inside the 2.5-mm-diam 
hohlraums was measured by an x-ray diode diagnostic 
called Dante.9 These experiments provided data that 
were used as input to the spectroscopic plasma mod- 
els. Figure 5 shows the spectra of the radiation drive 
obtained at the peak of the pulse. Overall, the peak T,  
was -190 eV. In the experiments, the diagnostic observed 
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FIGURE 5. Dante spectra of the flux from a 2.5-mm-diam hohlraum 
at the peak intensities generated during the pulse. M bands are not 
shown. (08-20-0695-1665pbOl) 
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either a beam focal spot or an area that was not irra- 
diated by the beam. The measurements allow a com- 
parison of the frequency dependence of the radiation 

FIGURE 6. Photograph of a foil suspended in a hohlraum target. 
(lo-00-0394-0788ApbOl) 
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FIGURE 7. Data and lineout of the x-ray emission from a hohlraum 
target. (08-20-0695-1 664pb01) 

field for these two cases. As shown in Fig. 5, both 
spectra are non-Planckian and there is a marked dif- 
ference in the relative intensities of the 0 and N spec- 
tral bands. In general, measurements observing a 
laser focal spot on the wall have more pronounced N 
and M bands. For the TR measured in these types of 
targets, the radiation effects on the spectra are not sig- 
nificant enough to affect the temperature measure- 
ments. This effect does become important in targets 
with higher TR and research in this area continues. 

To measure the Te in these hohlraums, a tracer 
plasma was formed from a 2000 A deposit of Ti and 
Cr cosputtered onto a 800 A thick CH foil substrate. 
Figure 6 is a photograph of the target, which shows a 
vertical foil suspended in the hohlraum. The mea- 
surement is based on a technique which uses isoelec- 
tronic lines from ionized plasmas to diagnose Te.lo 
Briefly described, it is a line intensity ratio of emis- 
sion from the same transition originating from two 
different ionic species having the same ionization 
stage. For instance, in this case we use the Cr He p 
resonance line, ls2 (IS,) -1s3p (IF',), and the Ti He p 
resonance line. 

Because of the potential nonuniformity of the 
inside of the hohlraum, the tracer is deposited in a 
100-pm-wide strip that is suspended in the hohlraum 
with the deposit facing the beam, as shown in Fig 1. 
Figure 7 shows an example of the spectra that have 
been corrected for the instrument response and gain. 
The experimental data, represented by circles in Fig. 
8, show that Te 2 3 keV for 500 ps. The full results and 
other experimental details of the measurements will 
be reported elsewhere.'l 
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FIGURE 8. Example of data from a hohlraum target. 
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Summary 
To achieve fusion by indirect drive, a confined cavity 

creates an x-ray source to provide proper symmetry for 
the implosion of a microballoon. The experiments 
described here are designed to diagnose the hohlraum 
plasma conditions by spectroscopy. The detailed behav- 
ior of hohlraums can be explored by these techniques 
because tracers can diagnose the local plasma conditions. 

Experiments have demonstrated that line emission 
from microdot tracer plasmas can be observed above 
background emission. Emission from dopants on the 
hohlraum wall have revealed that spectra obtained 
from lined hohlraums have a temporal delay and are 
not as intense as those of unlined hohlraums. Recent 
results from lined and gas-filled hohlraums have 
shown that the Te can be diagnosed by a line intensity 
ratio technique. Large lined hohlraums achieve tem- 
peratures of <2 keV while gas-filled 2.5-mm hohlraums 
reach T ,  > 3 keV. Near-term experiments will develop 
the spectroscopic techniques to test the effect of high 
radiative fluxes on the plasma kinetics models and will 
explore the time-dependent effects. 
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Using the three-dimensional code (F3D), we compute 
the filamentation and backscattering of laser light. The 
results show that filamentation can be controlled and 
stimulated Brillouin backscattering (SBBS) can be 
reduced by using random phase plates (RPP)l and 
small f-numbers or smoothing by spectral dispersion 
(SSD)2 with large bandwidth. An interesting result is 
that, for uniform plasmas, the SBBS amplification takes 
place over several laser axial coherence lengths 
(coherence length = speckle length = 8f2h0, where h, is 
laser wavelength). 

Introduction 
Controlling stimulated Brillouin scattering (SBS) 

and filamentation are essential to the success of laser 
fusion because together they affect the amount and 
location of laser energy delivered to the hohlraum wall 
for indirect drive and to the absorption region for direct 
drive. Filamentation and self-focusing occur when a 
density depression is produced by the nonuniform 
light intensity through ponderomotive and thermal 
pressures. Light refracts toward lower densities, and 
the light intensity increases until diffractive losses limit 
the lateral dimension of the nonuniformity. The incident 
laser beam has strong intensity nonuniformities, so 
that even modest filamentation gain may be unaccept- 
able. Moreover, filamentation is the suspected reason 
that significant levels of SBS and stimulated Raman 
scattering (SRS) are observed even when calculated 
gain exponents are modest (G < 5). Because the length 
of laser beam hotspots is much larger than the width 
(ratio of length to width is -Sf), backscattering is 
expected to be more important than sidescattering. 
Without hotspots, the gain rate and the growth rate of 
backscattering in a uniform plasma are not much dif- 
ferent from those of sidescattering. For example, if the 
acoustic wave is weakly damped, the backscattering 

Brillouin growth rate is only Z1/4 times the sidescatter 
rate. Laser-beam smoothing schemes such as SSD and 
induced spatial incoherence (ISII3 illuminate the target 
at best focus where the laser spot is comprised of a large 
number of diffraction-limited hotspots. Therefore, 
understanding the laser-plasma interaction with 
hotspots is essential. We illustrate the effects of filamen- 
tation in Figure 1 where surfaces that enclose volumes 
in which laser intensity is higher than five times the 
average intensity are shown. Figure l(a) shows the 
surfaces before any self-focusing has developed. 
Figure 100) shows the surfaces after the filaments have 
developed. There is an obvious increase in the number 
of high-intensity regions. 

In previous reports4f5 we presented the equations, 
the approximations and their justification, the numeri- 
cal techniques, and some results obtained with the F3D 
code. This code does three-dimensional (3-D) calculations 
of the propagation of laser beams in which the laser light 
self consistently filaments and Brillouin backscatters. 

(a) Before filamentation (b) After filamentation 

FIGURE 1. Three-dimensional surfaces within which the laser inten- 
sity is greater than five times average (a) before filamentation and 
(b) after filamentation. (50-01-0895-1872pb01) 
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Here, we review laser-beam smoothing techniques and 
present the effects of temporal beam incoherence on 
filamentation and SBBS. Because filamentation and 
backscattering are the dominant interactions in the 
problems we consider, we can separate the light wave 
into a nearly forward- and nearly backward-moving 
wave, each treated within the paraxial approximation. 
Similarly, we can separate the acoustic wave response 
into long-wavelength modes, driven by filamentation 
or forward scattering, and short-wavelength modes, 
driven by backscattering. This separation allows us to 
consider fairly large regions of underdense plasma, 
containing many hotspots, because the spatial resolu- 
tion necessary with this scheme is much less than in 
treatments that solve the full wave equation.6 This 
allows us to consider the influence of SSD and other 
temporal beam-smoothing techniques on filamentation 
and SBBS. 

Effect of Laser-Beam Smoothing 
on Filamentation 

In the focal spot of a laser beam focused with an RPP, 
the laser intensity is highly modulated with a sinc2(X) 
sinc2(Y) envelope; here X = zxdx/fl A,, Y = zydy/fl A,, 
where d, and d are the RPP element sizes in the 
transverse x and y directions, fl is the lens focal length, 
and h, is the laser wavelength. On the smaller scale of 
the diffraction-limited spot for the full lens aperture D, 
there are hotspots (speckles) with a distribution of 
intensities up to N times the average, where N = D/d, 
for square RPP array. The laser beam can focus on the 
scale of the laser spot fih,/d, (whole-beam self-focusing), 
on the scale of the speckles f3Lo =flho/D (filamentation), 
and on scales between these limits (filamentation). 
Laser-beam smoothing is primarily intended to suppress 
the filamentation process, which occurs on a much 
shorter time scale than whole-beam effects. Here, we 
consider the evolution of filamentation for a represen- 
tative portion of the beam because simulation of the 
whole beam, including the small-scale structure, cannot 
be done for realistic laser beam diameters (>lOOOho). In 
previous reports4f5r7we showed that filamentation is 
stable if the length of the speckle I ,  is shorter than the 
minimum spatial gain length 1 where 

Y 

8' 

v2 n w, 
vz n, c 

2s' = K,, = 0.125Oe- . 

with oo /c  = 2z/h,. K is the filamentation spatial gain 
rate, c is the speed of light, ne is the electron density, n, 
is the critical density, z], = eE/rn,o, is the jitter velocity 
of an electron in the laser electric field, and ve is the 
electron thermal velocity. An equivalent statement is 
that stability against filamentation requires that the gain 
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exponent for filamentation in a plasma one speckle 
length long be less than unity. 

When this criterion is not satisfied, temporal smooth- 
ing is required to stabilize filamentation. For example, we 
have I < I, for parameters appropriate to the National 
Ignition Facility (NIF) design8f9 (e.g., for f/S, O.ln,, elec- 
tron temperature T, = 3 key intensity I = 2 x lOI5 W/cm2, 
Lo = 0.351 pm, we have I ,  = 0.81, and 1, = 180 pm). For an 
IS1 or SSD scheme, the gpeckles dissolve and reform in 
different locations on the time scale of the laser coher- 
ence time A w l .  Conversely, the intensity in a speckle 
increases at the rate Kc; thus, we estimate that SSD or 
IS1 will stabilize filamentation if Am > Kc. The criterion 
Am > Kc corresponds to 

x 

Am Ah ne I 
0 0  A, 1021cm-3 2 x 1015 W/cm2 
- = - > 4.6 x 104 

Figures 2 and 3 show two measures of the effect of SSD 
bandwidth on filamentation. The simulation dimensions 
were typically 160 wavelengths along x and y and 530 
wavelengths along z, the direction of propagation. 
Figure 2(a) shows the fraction, F, of laser beam energy 
above five times the average intensity as a function of 
laser bandwidth for a simulation case that was strongly 
unstable without SSD (i.e., for the NIF parameters listed 
previously but with laser intensity 4 x 1015 W/cm2). 
This fraction F varies with z from the initial value of 
-4% at z = 0 to a maximum value followed in general 
by a decrease at larger z as the beam breaks up. The 
fraction displayed is the maximum value. For sufficient 
bandwidth, this fraction is reduced to that for an RPP 
beam in vacuum. Figure 2(a) also shows the extent to 
which four-color illumination (described below) com- 
bined with SSD inhibits filamentation. 

Figure 2(b) compares the distribution of intensities 
in several cases with that for an RPP beam in vacuurn.lo 
The distributions plotted are for the simulation region 
in which the fraction shown in Fig. 2(a) is largest. In the 
no-SSD case (3120) beam energy is transferred to very 
high intensity at the expense of energy between 1-5 times 
the average. Note that this intensity-weighted distribution 
peaks at 2-3 I, in all cases, but the total energy is con- 
stant except for the loss to collisional absorption; thus 
the initial distribution has the most energy. The addi- 
tion of a small bandwidth, Aw/w, = 0.025% (case 3123), 
is not very effective, but it does reduce the population 
of the most intense hotspots. In the large-bandwidth 
case (3205), AO/W, = 0.15%, very little energy is trans- 
ferred to intensities I > 101,. In fact between 4 and 10 I,, 
this distribution has less energy than the initial RPP 
case. The fraction of beam energy at high intensity 
peaks near the region where the first foci occur and 

201 



MODELING THE EFFECTS OF LASER-BEAM SMOOTHING 

relaxes to a less energetic distribution at greater dis- 
tances. However, this relaxation comes at the expense 
of increased beam divergence as the speckles get nar- 
rower and shorter. 

Figure 3 shows contour plots of the total laser energy 
in transverse Fourier modes at a given z vs k, and k for 
the small and large SSD bandwidths. The incident wave 
has no energy for values of I k, I > ko/2f = 0.0625k0 or 

I ky I > k0/2ff0r an f/8 lens. Filamentation breaks the 
beam into smaller-scale hotspots, which appear in this 
type of plot as an increase in the energy at higher k1. 
Thus in Fig. 3(a), the filamented distribution shows a 
significant amount of energy outside the incident beam 
cutoff, whereas the SSD-stabilized case in Fig. 3(b) shows 
a small amount of energy at these kL. These plots also 
represent the amount of energy outside a given angle 
in the near field (lens image plane) vs the angle. Such 
measurements are being made in Nova experiments.ll 
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FIGURE 2. (a) Fraction F of the laser beam energy above five times 
the average intensity as a function of the SSD bandwidth for an fl8, 
Io = 4 x 1015 W/cm2 laser beam. Also shown is one case combining 
four-color illumination with SSD. (b) The intensity weighted 
distribution. For the initial distribution at z = 0 ,  the integral of the 
distribution is unity (i.e., the average is I,), but it is less than unity for 
z > 0 because of collisional absorption. (50-01-0895-lSS2pbOl) 

For 30.1 illumination, the bandwidth required to 
stabilize filamentation at intensities in excess of 
2 x lOI5 W/cm2 cannot be used because the tripling 
efficiency is too low for bandwidths AA/Ao 2 3 x lo4. 
A different temporal scheme was proposed'2 wherein 
four narrow-band laser beams with slightly different 
wavelengths are focused using different quadrants of 
the lens to overlap in the target plane. The interference 
pattern (the speckles) then moves periodically in time, 

(a) Small SSD bandwidth case 3123 (0.025%) 
0.2 

0.1 

2 2  0 

-0.1 

-0.2 

(b) Large SSD bandwidth case 3205 (0.15%) 

o'2 5 

-".L 

-0.2 -0.1 0 0.1 0.2 
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FIGURE 3. Fourier components of the laser beam energy with aver- 
age Io = 4 x 1015 W/cm2 for the incident beam at z = 0, and after 
propagating 500% for (a) an SSD bandwidth of 0.025% and (b) an 
SSD bandwidth of 0.15%. The incident laser beam energy is uniformly 
distributed over perpendicular wavelengths that fit within an f/S 
square aperture lens. (50-0l-0895-1874pbOl) 
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not randomly as in an SSD or IS1 scheme. If the fre- 
quency separation between adjacent lines is 60, the 
time t, for the speckle pattern to repeat is t ,  = 27~/6o. 
The time-averaged speckle pattern is not smoothed 
because the f/16 speckles produced by each quadrant 
of the lens are unaffected. This four-color scheme13 sta- 
bilizes filaments from the f/S structure but unfortunately 
does not stop filaments from forming due to the 
remaining static f/16 speckles. Nonetheless, with four- 
color illumination, it is the intensity per quadrant that 
counts, and the spatial growth rate is decreased by a 
factor of four. However, since the speckle length has 
effectively increased by a factor of four, the net effect in 
plasmas longer than anf/l6 speckle is to increase the 
distance over which the beam propagates before break- 
ing up. Filamentation stability can be recovered with 
the introduction of SSD with a bandwidth of 0.025% (if 
used in conjunction with four-color illumination) because 
the f/16 speckles (and even longer wavelength structures) 
are now temporally smoothed. Equation (2) can be 
used to estimate the minimum four-color separation 
needed with 60 = Aomin/3 provided AmssD > Aomin/4. 
For the nominal parameters of the NIF, Ahm, = 0.5 nm 
before frequency tripling ( A L n  = 0.17 nm at 0.351 pm), 
so an SSD bandwidth AhssD = 0.25 nm is twice what is 
estimated as necessary. 

This work only addresses the stability of the speck- 
ies on the small scale. Focusing can also occur on the 
larger scale of the whole beam. Four-color illumination 
and SSD will have little effect on that process. Dixit has 
pointed out14 that the grating dispersion need only be 
large enough to displace the hotspots by a speckle 
width to temporally smooth the intensity pattern, at 
least in a model that neglects phase errors and lens 
aberrations. We surmise that, in the more general case, 
laser beams may filament on scales intermediate 
between the speckle size and the whole beam, and 
larger grating dispersion may help in this case. 

Effect of Laser-Beam Smoothing on 
Stimulated Brillouin Backscattering 

The spatial structure of the laser beam on the scale of 
a speckle and temporal smoothing of the hotspots have 
an effect on the spatial and temporal growth of SBBS. 
For SBS, there is an additional effect possible that 
survives in a 1-D treatment even if the hotspots are 
stationary, namely that the convective or early-time 
growth rate of SBS is reduced if yo < Ao and Am > Max 
(u,,v), where va and v are the damping rates of the 
acoustic and light wave, respectively. The weakly 
coupled SBBS growth rate yo, given by 

(3) 

is in general larger than the laser bandwidth, espe- 
cially in the hotspots. For multispecies plasmas, 
Z / A + (Z? / Ai 1 /(Zi) , where the averages of the 
charge states Z and atomic numbers A are taken over the 
ion species j .  This expression for yo applies if ZTe/Ti 2 3 
for all species in multispecies plasma and kh,, < 1 
where AD, is the electron Debye length. If the fluid 
approximation for either species does not apply, the fre- 
quency and damping characteristics of the acoustic 
mode are significantly modified.15 For narrowband 
four-color illumination, Am can be larger than yo, and a 
reduction in SBS without beam smoothing might 
occur. However, in our simulations, since four-color 
illumination always causes the hotspots to move, the 
pure bandwidth effect on SBS has not been studied. 
In summary, we expect no effect on SBS from band- 
width without smoothing (Le., there is no dispersion 
and the speckles are stationary); none is observed in 
our yo < A o  simulations. 

As discussed in the previous section, the laser speckle 
size in the focal plane region affects the stability of the 
laser light against filamentation. Our initial expectation 
was that the SBBS would occur independently in each 
speckle and thus be very sensitive to the laser f-number,16 
but our simulations in uniform plasmas showed that 
the spatial amplification occurred over many speckle 
lengths. The primary determinant of the reflectivity, 
when the laser intensity is below the absolute growth 
threshold, is the convective gain exponent 

(4) 

where L is the axial system length. Note that the spatial 
gain rate for SBBS is higher than that for filamentation 
by the ratio oa/va. This fact has consequences in the 
simulations, which we discuss later. 

Figure 4 shows the SBBS reflectivities from our sim- 
ulations without temporal smoothing as a function of 
G for f/S and f /4  laser illumination. The f/S reflectivity 
is systematically higher than that for f/4 for the same 
plasma conditions and laser intensity. The difference is 
much less than a single-hotspot model would predict 
because, then, the gain exponent per speckle would be 
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the figure of merit. For example, for a single-hotspot 
model, the f/4 reflectivity with a gain exponent of 20 
should be four times the f/S value with a gain exponent 
of 5 if all other factors were constant. The factor of four 
comes from the fact that the number of hotspots per 
axial length is larger for f/4. That clearly is not the 
result of the simulations. 

Another measure of f-number effects is the gain 
exponent above which significant reflectivity occurs. 
Figure 4 indicates that this gain exponent is -4 for f /S 
and -6 for f/4; these exponents are in the ratio 1.5, not 
(S/4)2 = 4, as would be expected from a single- 
hotspot model. 

Some of the difference between thef/S and f/4 simu- 
lations may be the result of some filamentation in thef/8 
case since, for intensities higher than -2 x 1015 W/cm2, 
the f/S laser light is unstable against filamentation. 
Simulations for f/S in which the light refraction was 
neglected (but the hotspots remained) showed about a 
factor of two decrease in reflectivity at G = 12. Another 
reason may be incomplete phase conjugation, as dis- 
cussed below. 

processes relevant to the NIF and to current Nova 
experiments. For these parameters, filamentation in 
fact has less influence on the SBBS results than we 
expected. First, with average laser intensities less than 
5 x 1015 W/cm2, f/4 speckles are stable against filamen- 
tation. With f/S focusing, filamentation is important 
above 2 x 1015 W/cm2, but then the SBS gain is so high 
in our uniform plasma simulations (for the range of 
damping rates used) that the laser intensity becomes 
depleted before filaments fully develop. That is, as the 
hotspots start to focus, the laser intensity increases, 

We have concentrated on modeling laser and plasma 

0 10 20 30 40 50 
G 

FIGURE 4. SBS reflectivity vs 1-D gain exponent for temporally 
unsmoothed f/S, f/4, and umform laser beams. (50-01-0895-1876pbOl) 

which increases the growth rate of SBBS. Then the 
backward-moving light robs power from the forward- 
moving light, making the rate of focusing less than it 
would be without SBBS. If the gains were lower, fila- 
mentation would cause more of a difference between 
f/4 and f/S reflectivities. In reality, SBBS may saturate 
before the laser intensity is depleted because of nonlin- 
eay limits on the SBBS growth;17 this is the focus of our 
current research.18 

A heuristic explanation for the weak dependence of 
SBBS on the f-number involves the notion of phase 
conjugation.19 The pattern of speckles at any z > 0 for 
the incident laser light is determined by the amplitude 
and phase of the transverse Fourier components at z = 0. 
A light wave of nearly the same frequency propagating 
in the backward direction, e.g., an SBBS wave, would 
have the same pattern of speckles between zero and z 
if its components had the same relative amplitude but 
the conjugate phase of the incident light at z. (Of course, 
this is only true if filamentation, sidescattering, or other 
nonlinear processes do not alter the propagation sub- 
stantially,) From all the light waves that the plasma 
produces as a result of collisional emission or Thomson 
scattering, those whose phase and Fourier components 
match those of the incident light will be amplified 
most because, over many speckle lengths, their hotspot 
patterns overlap that of the incident light. As yet, we 
do not have a statistical measure of the degree of phase 
conjugation; however, we have examined sequences of 
2-D x-y plots comparing the incident-beam and reflected- 
light hotspots at several planes in z separated by more 
than a speckle length. The reflected-light hotspots are 
always associated with a laser-beam hotspot. 

Now, consider a plasma one f/S speckle length long. 
For f/S illumination, the SBBS will grow in hotspots of 
about the same length as the plasma and will experience 
a gain in excess of the uniform-intensity gain. The f/4 
SBBS will initially grow in the backward direction in a 
hotspot of 0.25 the plasma length, and, if phase conju- 
gation does not occur, it will grow at a reduced rate 
once the waves leave their hotspots. However, because 
of the collective effect of phase conjugation, the backward 
light wave's hotspots overlap those of the incident 
laser wave and continue to drive ion acoustic waves 
efficiently through the ponderomotive force (propor- 
tional to the product of the light wave amplitudes). 
Thus the SBBS grows in f /4  hotspots almost as effec- 
tively as in thef/8 hotspots. 

As discussed earlier, the laser bandwidth available 
at 0.35 pm on Nova is too low to reduce the amplifica- 
tion or growth rate directly . However, given that the 
SBBS grows in hotspots and takes many growth times to 
reach saturation, SSD or an equivalent beam-smoothing 
technique may be effective in reducing the reflectivity 
because the hotspots are no longer stationary, In addi- 
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tion, if the gain occurs over an extended region of 
plasma, the phase coherence of the incident wave 
with the reflected wave will be reduced with the 
reduction in reflectivity. 

for f /4  illumination with and without temporal 
beam smoothing. The results for one-color, four- 
color, SSD (nominal and large-bandwidth), and a 
combination of four-color with SSD are shown. The 
adjacent color separation 6h and the laser band- 
width Ah were chosen as appropriate for Nova 
experiments, namely 6h = 0.42 nm and Ah = 0.25 nm 
at 1.06 pm. The ratios 60/co0 and A m / o O  of fre- 
quency separation and bandwidth to laser frequency 
are assumed to be preserved by frequency tripling 
or doubling. All the reflectivities shown in Fig. 5 
exceed those produced by bremsstrahlung emission 
or by Thomson scattering from thermal ion acoustic 
fluctuations. The one-color results are the same as 
shown in Fig. 4. Below G = 10, the effect of beam 
smoothing is quite dramatic; the reflectivities drop 
below for G 5 6. 

Other f /4  simulations have been done with different 
damping rates, plasma lengths, and laser intensities. 
At G = 12, the SSD reflectivities for different simulations 
vary by five orders of magnitude. The highest reflectivity 
(1.8%) occurs at the highest intensity, 4 x 1015 W/cm2, 
with L = 515h0 and uu/ou = 0.2; the lowest reflectivity 
(2 x occurs at the lowest intensity, 1 x 1015 W/cm2, 
with L = 515% and va/mu = 0.05. Increasing the intensity 
by a factor of two and halving the length to keep G con- 
stant also results in higher reflectivity. The reflectivity 
is increased by an order of magnitude, from 2 x lo4 to 
4 x lo”, by doubling the damping vu/mu from 0.05 to 0.1 
and L from 2561, to 515h0; it is increased by another 
order of magnitude to 2 x lo4 as uu/mu increases to 0.2 
and L to 1030h0. Figure 6 shows these results. Both 
these trends would make sense if the addition of SSD 
bandwidth increased the effective acoustic wave 
damping to a value as high as 0.20a, so that the effec- 
tive gain exponent increased with L and/or I .  This 
appears plausible because AmssD/m0 = 2.5 x lo4, 
whereas ua/wo s 2(uu/mu) x lop3 = lo4 at the lowest 
damping rate. The light absorption rate v = 1 / 2 ( n e / n c ) u ~  
is even smaller: u/o0 = lo” for ne = 1021 ~ m - ~ ,  Te = 3 key 
h0 = 0.351 pm, and Ze, = 5 (where vd is the electron- 
ion collision frequency). 

and 0.025% bandwidth SSD brings the reflectivity 
below that for any four-color or 0.025% bandwidth 
SSD simulation at a given gain exponent, as one might 
expect. Only with gain exponents G > 20 is there sig- 
nificant reflectivity; here, the variation of reflectivity 
with G approaches that calculated for a uniform 

Figure 5 shows the reflectivity as a function of G 

In Fig. 5, the combination of four-color illumination 

laser beam. The uniform laser beam reflectivities 
were calculated with ua/ou = 0.05 and L = 5151, and 
for various intensities up to 4 x 1015 W/cm2. At the 
highest gain exponents simulated, G = 50, all simula- 
tions with and without beam smoothing have high 
reflectivity, RsBs > 20%, for which nonlinear satura- 
tion effects other than pump depletion are impor- 
tant. That is, these reflectivities are associated with 
large-amplitude acoustic waves ( I6nb/n I > 0.5). A 
mere reduction in the local magnitude of 6nb with- 
out a corresponding limit on the length of plasma 
over which the waves remain in phase may not pro- 
duce much reduction in reflectivity. That is, the laser 
will take longer to deplete but the overall reflectivity 
will stay nearly constant for large systems. 
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FIGURE 5. f/4 SBS reflectivity vs 1-D gain exponent for one-color, 
SSD, four-color, four-color plus SSD, and SSD with large bandwidth. 
(50-01 -0895-1 877pb01) 
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FIGURE 6. SBS reflectivity vs acoustic wave damping rate for a fixed 
gain exponent G = 12 and either a fixed intensity and varying length 
for f/4, a fixed length and varying intensity for f/4, or a fixed length 
and varying intensity for f/S. (50-01-0895-1878pbO1) 
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Figure 7 shows the f/S reflectivity calculations for 
one color, four colors, and four-colors plus SSD. 
Fewer calculations were carried out for f/8 than for 
f/4, but the benefit of the four-color plus SSD combi- 
nation is also dramatic at f/S. Since the speckle length 
is four times larger than for f/4, the smallest length 
system is 515h0, one speckle length. The four-color 
scheme is not as effective at f/8 as at f/4 for moderate 
gain exponents (G < 20). The four-color plus SSD 
reflectivity shows the same trends with intensity and 
length as the f/4 runs for SSD (see Fig. 6). 

d 0.025% SSD, ~ C O / O ,  = 0.04% 

0 10 20 30 40 50 
G 

FIGURE 7. f/S SBS reflectivity vs I-D gain exponent for one-color, 
four-color, SSD, four-color plus SSD, and uniform laser beams. 
(50-01 -0895-1 879pb01) 

Conclusions 
We have presented three-dimensional calculations 

of the propagation of laser beams in which the laser 
light self consistently filaments and Brillouin backscat- 
ters. We established that filamentation can be controlled 
by temporal and spatial beam smoothing for laser and 
plasma parameters of interest to the proposed NIF. 
Beam smoothing also reduces the SBBS reflectivity, 
especially when four-color illumination is combined 
with SSD. For the gain exponents expected in the NIF? 
and in experiments designed to reproduce the NIF 
conditions on Nova: the calculated reflectivities are 
about 10-20%, whereas the observed reflectivities20f21 
are less than 1-5%. We believe that nonlinear processes, 
which are not yet modeled in this code, may explain 
the discrepancy, although other effects that limit the 
linear gain exponent22 may also be responsible. A simple 
nonlinear modelB (which had some success in model- 
ing disk experiments in which velocity gradients also 
played a role) did not have much effect on the reflectiv- 
ity unless the ion wave amplitudes were limited to 
lower values than typically observed in 1-D particle-in- 
cell simulations. Recent 2-D simulations have shown 
much lower ion wave amplitudes than 1-D simulations; 
we hope to incorporate this amplitude reduction into 
our code once the effects are understood well enough 
to reduce to a fluid model. 

We also simulated SBBS in plasmas with strong 
velocity gradients, which limit the reflectivity to small 
values (-lo4). We observed that the reflectivity was 
produced in one or two spots in which the local 
reflected light intensity was a significant fraction 

used the parameters of exploding-foil targetsF4 for 
which images of the SBBS light were taken at the target 
plane. These images also showed that only a few spots 
were responsible for most of the light emission. The 
reflectivities in the simulations and the experiments 
were of similar magnitude. 

of the local laser intensity. These simulations 
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INTRODUCTION TO THE NOVA TECHNICAL CONTRACT 

1. D. Lindl 

J. D . Kil ken n y 

The 1990 National Academy of Sciences (NAS) final 
report1 recommended proceeding with the construction 
of a 1- to 2-MJ Nd-doped glass laser designed to achieve 
ignition in the laboratory (a laser originally called the 
Nova Upgrade, but now called the National Ignition 
Facility, or NIF, and envisioned as a national user facility). 
As a prerequisite, the report recommended completion 
of a series of target physics objectives on the Nova laser 
in use at the Lawrence Livermore National Laboratory 
(LLNL). Meeting these objectives, which were called 
the Nova Technical Contract (NTC), would demonstrate 
(the Academy committee believed) that the physics of 
ignition targets was understood well enough that the 
laser requirements could be accurately specified. 
Completion of the NTC objectives was given the high- 
est priority (it was Recommendation 1.1) in the NAS 
report. The NAS committee also recommended a con- 
centrated effort on advanced target design for ignition. 
As recommended in the report, completion of these 
objectives has been the joint responsibility of LLNL 
and the Los Alamos National Laboratory. Most of the 
articles in this issue of the ICF Quarterly were written 
jointly by scientists from both institutions. 

of improvements to Nova’s power balance and point- 
ing accuracy and of new diagnostics and new target 
fabrication capabilities. These improvements were 
called ”Precision Nova” and are documented in Ref. 2. 

The original NTC objectives have been largely met. 
This Introduction summarizes those objectives and 
their motivation in the context of the requirements for 
ignition. The articles that follow describe the NIF ignition 
target designs and summarize the principal accom- 
plishments in the various elements of the NTC. 
Reference 3 gives a much more extensive discussion 
of ignition requirements. 

Several of the NTC objectives required the completion 

UCRL-LR-105821-95-4 

Ignition Requirements 
The strong connection between the compression 

achievable in a spherical implosion and the i nition 

Because the compression that can be achieved in an 
implosion is related to the implosion velocity qmP, the 
ignition threshold depends strongly on vimp. If a laser 
pulse shape can be achieved that maintains compress- 
ibility independent of vimp, the ignition threshold 
varies3f5 as v. -n, where n = 5 for the target type Imp shown in Fig. 1. 

The implosion of a shell such as that shown in Fig. 1 is 
driven by the ablation of material from the surface of the 
shell and can be described by a spherical rocket equation. 
The work W done on the imploding shell is given by 
W = JP dV, where P is the pressure generated by abla- 
tion and Vis the volume enclosed by the shell. For a 
given shell mass, the implosion velocity is maximized 
by generating the highest possible ablation pressure on 
a shell that encloses the greatest possible volume. 

The ablation pressure is related to the energy flux 
incident on the surface of the shell. In laser-driven 
inertial confinement fusion (ICF), laser-plasma interac- 
tion effects limit the incident flux to W/cm2. In 
ion beam-driven ICF, the pressure is limited by the 
focused intensity achievable. In general, ablation pres- 
sures are limited to about 100 Mbar. 

As the volume enclosed by a shell with fixed mass 
and density (and thus with a fixed volume of %hell 
material) is increased, the shell must become thhner. 
Hydrodynamic instabilities during the acceleration and 
deceleration phases of the implosion limit the so-called 
in-flight aspect ratio to WAR < 25-35, where X = shell 
radius and AR = shell thickness as it implodes. For thin 
shells, the shell aspect ratio increases linearly with the 

threshold was pointed out by Nuckolls et al. F in 1972. 
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volume enclosed. This limitation on shell aspect ratio, 
and the pressure limitation described above, together 
limit implosion velocities. If driver technology can be 
developed so that other details of an implosion, such 
as pulse shaping and pulse symmetry, can be controlled, 
these two limitations ultimately set the ignition thresh- 
old for laboratory fusion to a driver of about 1 to 2 MJ 
for capsules with implosion velocities of 3 to 4 x lo7 cm/s .  

As shown in Fig. 2, two principal approaches are 
used with lasers to generate the energy flux required to 
drive the implosion. In the direct-drive approach, the 
laser beams are aimed directly at the target. The beam 
energy is absorbed by electrons in the target’s outer, 
low-density corona, and they transport that energy to 
the denser shell material to drive the ablation and the 
resulting implosion. In the indirect-drive approach, the 
laser energy is absorbed and converted to x rays by 
high-Z material inside the hohlraum that surrounds 
the target. The NTC has concentrated on indirect drive. 

Because of the x-ray conversion and transport step, 
indirect drive is less efficient than direct drive. However, 
ablation driven by electron conduction is in general 
more hydrodynamically unstable than ablation driven 
by x rays3 (Indirect drive is less sensitive to hydrody- 
namic instability because x rays generate a higher ablation 
rate than electrons.) Measures taken to mitigate hydro- 
dynamic instability in direct-drive  target^^^^ largely 
offset the efficiency advantage. Also, direct-drive targets 
are very sensitive to intensity variations within individual 
beams. These variations imprint perturbations on the 

target that are then amplified by hydrodynamic insta- 
bility. If adequate beam uniformity can be achieved, 
calculations for current target designs6 indicate that 
direct-drive targets have about the same ignition 
threshold as indirect-drive targets, but that they can 
have about a factor of 2 higher gain. The NIF will be 
configured with a beam geometry capable of being 
used for either direct or indirect drive? Beam smooth- 
ing and hydrodynamic instability requirements for 
direct drive will be determined in an implosion physics 
program on the Omega Upgrade laser at the University 
of Rochester and in planar experiments on Nova and 
on the Nike laser at the Naval Research Laboratory. 

Although indirect drive is less sensitive to individual 
beam nonuniformities than direct drive, beam placement 
inside the hohlraum must be accurately controlled to 
achieve adequate symmetry. As indicated in Fig. 1, typical 
capsule convergence ratios are Cr = RA/yhS = 25-35, 
where RA is the initial outer capsule radius and rhs is 
the final compressed hot fuel radius (the ”hot spot” 
radius). Achieving a convergence ratio this high 
requires x-ray fluxes uniform to 1 to 2%. Use of a rela- 
tively large hohlraum (with a ratio of hohlraum radius 
to capsule radius of 3 4 )  greatly reduces imbalances in 
irradiation between points close together on the cap- 
sule ~urface;~r~ imbalances between points farther 
apart can be controlled by hohlraum geometry and 
laser beam placement. In the NIF laser, two rings of 
beams, each with an independent pulse shape, will 
enter each end of the hohlraum. (In Nova, a single ring 

Drive energy Capsule ablator 

Driver-target coupling 
3 Ir ~ 1 0 ’ ~  W/cm2 or ~ 3 0 0  eV 

To control: 
Absorption/preheat 
X-ray conversion 
Transport/drive 

FIGURE 1. Physics specifications on current ICF ignition 
(02-08-0692-1 865CpbO2) 
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of five beams enters each end.) The two rings will allow 
”beam phasing,” in which the power in the individual 
rings is varied independently to control time-dependent 
asymmetry. For a short-wavelength laser such as Nova 

hohlraum size, and other variables. At TR = 400 eV, for 
the long pulses required for ignition capsules, the 
hohlraum plasma density n will approach n/nc = 1 /4 
(the critical density nc = 1O2I hP2 ~ m - ~ ,  where h is the 

(or NIF) (Iaser wavelength h = 0.35 pm in most experi- 
ments), about 70% of the incident laser energy is con- 
verted to x rays by the high-Z hohlraum material, but 
symmetry requirements limit overall coupling effi- 
ciency to 10 to 15% of the laser energy into the capsule 
for typical ignition designs. 

Since the hohlraum wall physics and the capsule 
physics are essentially the same for any x-ray source, 
much of what is learned on Nova is also applicable to 
ion-beam drivers. Because of this, Sandia National 
Laboratories has been able to carry out experiments on 
Nova to test pulse-shaping schemes important in light- 
ion-driven targets. Indirect-drive laser experiments 

Heavy Ion Driver Program, supported by the DOE 
Office of Fusion Energy. 

The laser requirements for ignition by indirect drive 
can be shown in a plot of laser power P, vs laser energy 

600 

400 

E v 

also provide much of the target physics basis for the 200 

n 

Hohlraum physics acceptable 
below about 300 eV y 

i Surface 
finish 

(CH ablator) 

” 
(Fig. 3). As laser power increases for a given laser energy, 0 1 2 3 
the achievable hohlraum temperature TR increases. 
The ablation pressure increases approximately3 as 
TR3.5, so U. 

Total energy (MJ) 
FIGURE 3. For laser-driven indirect-drive ignition targets, plasma 
physics issues constrain the achievable hohlraum temperature, and is a strong function of TR. Generation of Imp plasma in the hohlraum increases as TR increases; this hydrodynamic instabilities (represented here by surface finish) estab- 

results in laser-plasma collective effects that limit TR lish the Ininimum required temperature at a given driver The 
shaded region constitutes the accessible region in power-energy space 
where ignition with indirect-drive capsules is predicted. The NIF 
power-nergy operating curve shown here has ample margin. 

and the 
This power depends on laser wavelength, laser beam 

power that can be put into the hohlraum’ 

spatial and temporal uniformity, pulse duration, 

(a) Direct (electron) drive 
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FIGURE 2. ICF uses either (a) electron conduction (direct drive) or (b) x rays (indirect drive) to produce a high shell ablation pressure to drive 
an implosion. (08-00-0894-3312ApbOl) 
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laser wavelength in micrometers). Experiments3 at 
h = 1 pm suggest that this is an upper-limit tempera- 
ture for ignition hohlraums. (It should be possible to 
achieve higher temperatures for short pulses with 
reduced plasma filling.) We limit peak hohlraum tem- 
peratures in current ignition target designs to TR =: 300 
eV, which limits plasma densities to n/n, -- 0.1. Above 
this temperature, it is likely that a significant fraction 
of laser light would be scattered out of the hohlraum 
or be absorbed in a way that results in the production 
of high-energy electrons that heat the fusion fuel and 
thereby reduce the achievable compression. 

At a given driver energy, hydrodynamic instabilities 
place a lower limit on the temperature required to 
drive a capsule to ignition conditions. A larger capsule 
requires a lower implosion velocity, which can be 
achieved with a lower radiation temperature consistent 
with the shell aspect ratio constraints. The value of the 
required minimum temperature at a given energy will 
depend on the allowed shell aspect ratio, which depends 
on the smoothness of the capsule surface, currently 
limited to 200 to 300 A rms for Nova capsules. Below a 
certain size, the required implosion velocity will exceed 
the velocity achievable within the temperature and 
capsule uniformity constraints, and ignition is not pos- 
sible. Above this threshold energy, there is a region in 
power-energy space where ignition is feasible. This is 
the shaded area in Fig. 3, which encloses the region 
limited by 300-eV hohlraum temperatures and 100-w 
capsule surface finishes. 

Hohlraum Laser-Plasma Physics (HLP 
Absorption 
Laser-plasma instabilities 
X-ray conversion 
Radiation transport/wall loss 
Radiation uniformity control 

Hydrodynamically Equivalent Physics (HEP): 
Hydrodynamic stability 
Effects of drive asymmetry 
Ignition physics 

FIGURE 4. The Nova program comprises two elements that address 
the hohlraum and capsule physics of ignition and high gain: hydro- 
dynamically equivalent physics (HEP) and hohlraum laser-plasma 
physics (HLP). (05-00-0995-2136pbOl) 

The NIF laser is being designed to operate at an 
energy of 1.8 MJ and a power of 500 TW; both values 
are about a factor of 2 above the threshold ignition values 
shown in Fig. 3, allowing for remaining uncertainty in 
the implosion process. Within the ignition region 
shown in,Fig. 3, a wide variety of targets have been 
evaluated, as discussed in the article "Ignition Target 
Design for the National Ignition Facility, " p. 215. The 
predicted yields of these targets range from about 1 to 
greater than 25 MJ. 

Elements of the Nova Technical 
Contract 

The objectives of the NTC have been to experimen- 
tally demonstrate and predictively model laser-plasma 
interaction, hohlraum characteristics, and capsule per- 
formance in targets that have been scaled in key physics 
variables from NIF targets. Since the Nova geometry 
consists of a single ring of five beams in each end of 
the hohlraum, Nova experiments have been limited to 
controlling only the time-averaged symmetry. To 
address the hohlraum and hydrodynamic constraints 
on indirect-drive ignition, the NTC comprises so-called 
Hydrodynamically Equivalent Physics (HEP) goals 
and Hohlraum Laser-Plasma Physics (HLP) goals, as 
shown in Fig. 4. 

The HEP program addresses capsule physics issues 
associated with ignition. These include hydrodynamic 
instability in planar and spherical geometries, the 
effects of drive nonuniformity on capsule performance, 
and the physics associated with ignition (energy gain 
and energy loss to the fuel) in the absence of a-particle 
deposition. The HEP program was subdivided into 
five subgoals: 

HEP1: Demonstrate fuel densities of 20 to 40 g/cm3 
using high-contrast pulse shaping with noncryogenic 
targets. The fuel density will be inferred from mea- 
surements of fuel areal density pX using advanced 
neutron-based diagnostics. 
HEP2: Measure the reduced linear growth and early 
nonlinear behavior of the Rayleigh-Taylor (RT) 
instability at the ablation surface for x-ray-driven 
targets. Using planar targets, observe single-mode 
growth at the ablation surface by factors of >30, 
from which reductions by factors of 2 to 3 from the 
classical RT growth rate are inferred. Targets of 
various compositions will be used to confirm the 
modeling of plasma opacity as it affects x-ray- 
driven hydrodynamics. 
HEPS: Using x-ray spectroscopy, demonstrate 
pusher/fuel mixing that is dependent on initial tar- 
get surface quality. The targets will be low-growth 
(perturbations grow by a factor of -101, low-conver- 
gence (Cr < 10) plastic capsules with a multimode 
spectrum of initial surface perturbations. 
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HEP4: Demonstrate quantitative understanding of 
implosion experiments to convergence ratios Cr = 10 
with overall hydrodynamic instability growth fac- 
tors of 100 to 500 for an 2-mode spectrum similar to 
those characteristic of ignition target designs (for 
which maximum growth occurs for mode numbers 
1 = 30). 

ratios Cr = 2 0 4 0  with capsule performance consis- 
tent with Nova’s symmetry limitations. 
The HLP program addresses laser-plasma coupling, 

HEP5: Extend HEP4 experiments to convergence 

x-ray generation and transport, and the development 
of energy-efficient hohlraums that provide the appro- 
priate spectral, temporal, and spatial x-ray drive. The 
HLP program was divided into seven subgoals: 

HLP1: Demonstrate acceptable coupling of laser light 
to x rays in low-Z-lined hohlraums using shaped 
laser pulses and peak radiation temperatures up to 
TR L- 210 eV. 

light to x rays in lined hohlraums with peak radia- 
tion temperature TR 2 270 eV with l-ns square pulses. 
Acceptable coupling for HLPl and 2 was defined 
as follows: 
- Absorption fraction fabs > 90%. 
- Stimulated Brillouin scattering fraction 

- Suprathermal-electron fraction fhot < 5% at 

- Stimulated Raman scattering fraction fsRs < 5%. 
HLP3: Demonstrate an ability to measure and calcu- 
late energy balance in a hohlraum with emphasis on 
wall loss and albedo and an ability to diagnose and 
predict the (time-dependent) position of the laser- 
produced x-ray source within the hohlraum. 
Demonstrate an ability to characterize and model 
plasma evolution in a hohlraum. 
HLP4: Demonstrate symmetry control with low- and 
intermediate-Z-lined hohlraums. Achieve low-order 
1-mode (P2, P4) time-integrated symmetry 1 2 4 % .  
HLPS Demonstrate acceptable levels of scattering in 
large-scale plasmas that match the plasma conditions, 
beam geometry, and beam smoothing of ignition 
hohlraums as closely as possible. The plasmas 
should have density and velocity scalelengths -2 mm, 
electron temperature >1.5 keV, and n/nc < 0.15. 
Acceptable levels of scattering were defined 
as follows: 
- Stimulated Brillouin scattering fraction fsBs (back, 

- Stimulated Raman scattering fractions fsRs (back, 

HLP2: Demonstrate acceptable coupling of laser 

f,,s < 5-10%. 

That 2 50 keV. 

side) < 5-10%. 

side) < 5-10% and fsns (forward) < 5%. 
HLPG: Evaluate the impact of laser beam filamenta- 
tion on SBS and SRS and develop control techniques 
to the extent necessary to ensure acceptable levels 
of scattering. 

HLP7: Develop an improved understanding of x-ray 
conversion efficiency in hohlraums under conditions 
appropriate for NIF ignition targets. 
Table 1 shows where each NTC element is discussed 

in detail in this Quarterly. The degree to which conver- 
gence ratio can be increased on Nova for HEP5 is yet 
to be determined. The appendix gives a more detailed 
statement of the objectives of the NTC as presented at 
the 1990 NAS Review. Because of the declassification 
of many aspects of ICF in 1993, the appendix includes 
many details, such as specific hohlraum temperature 
goals, left out of the unclassified summary contained 
in the NAS report. These goals have served as a very 
valuable guide to the Nova Target Physics Program for 
the past five years, and have largely been carried out 
as specified. 

Changes to the NTC Objectives 
and Plans for Further Work 
on Nova 

One notable change to the Nova targets has been 
made as we have learned from the results of more 
detailed NIF target designs. Ignition-scale hohlraums 
require some sort of a low-Z fill to control the position 
of laser beam absorption and x-ray emission. At the 
time of the NAS report, ignition targets used low-Z lin- 
ers on the inside of the hohlraum wall to create this 
plasma. These ”lined hohlraum” targets, spelled out in 
the NTC, worked well in the Nova experiments 

TABLE 1. List of NTC elements in this Quarterly. 

Subgoal Article Page 
discussion title no. 

HEP: 
HEPl 

HEP2 

HEP3 

HEP4 

HLPl, HLP2, 
and HLP7 
HLPS and HLP4 

HLP: 

HLP5 and HLP6 

Appendix 

Indirectly Driven, High-Convergence 226 
Implosions 
Planar and Cylindrical Rayleigh- 232 
Taylor Experiments on Nova 
Diagnosis of Pusher-Fuel Mix in 265 
Indirectly Driven Nova Implosions 
High-Growth-Factor Implosions 271 

Energy Coupling in Lined Hohlraums 281 

Nova Symmetry: Experiments, 293 
Modeling, and Interpretation 
Laser-Plasma Interactions 305 
in NIF-Scale Plasmas 
Nova Technical Contract as presented A-1 
to the 1990 NAS Review of ICF 
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described below. But detailed NIF target calculations 
predicted a significant asymmetric pressure pulse on 
the capsule when the liner plasma collapsed onto the 
hohlraum axis. Although this pulse may have been an 
artifact of calculations that are currently constrained to 
be axisymmetric, the baseline NIF target design has 
been switched from a liner to a low-Z gas fill. Symmetry 
control with gas-filled targets has been demonstrated 
on Nova, but the experiments are still in progress and 
will not be described here. 

Continuing work aimed at gaining further under- 
standing of ignition targets is covered under a set of 
goals called the Target Physics Contract, which are 
extensions of goals in the NTC. Most of these goals 
should be reached within about a year. 

HEP2 has been extended to include direct measure- 
ment of perturbation growth in spherical and/or 
cylindrical geometry and demonstration of a quantitative 
understanding of the three-dimensional (3-D) evolu- 
tion of the RT instability. This objective has included 
the development of 3-D radiation hydrodynamics 
codes, which are now used in the planning and evalua- 
tion of experiments. 

HEP4 and HEP5 are continuing, with emphasis on 
3-D calculations of the effects of capsule surface and 
hohlraum flux perturbations on capsule performance. 
Target designs that minimize the flux asymmetry are 
being evaluated to determine the limits to the achiev- 
able convergence ratio on Nova. 

The goals of the HLP program, including energetics, 
x-ray emission pattern and hohlraum-wall blowoff, and 
symmetry have been extended to include gas-filled 
hohlraums. HLP5 and HLP6 will continue to explore the 
limits to hohlraums imposed by laser-plasma interaction 
with various forms of laser-beam coherence control. 
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Introduction 
The goa11J2 of inertial confinement fusion (ICF) is to 

produce significant thermonuclear burn from a target 
driven with a laser or ion beam. To achieve that goal, 
the national ICF Program has proposed a laser capable 
of producing ignition and intermediate gain.3 The 
facility is called the National Ignition Facility (NIF). 
This article describes ignition targets designed for the 
N I P  and their modeling. Although the baseline NIF 
target design, described herein, is indirect drive, the 
facility will also be capable of doing direct-drive 
ignition targets-currently being developed at the 
University of R~chester.~ 

Figure 1 illustrates the baseline target, which is typi- 
cal of all our ignition targets. A spherical cryogenic 
capsule, composed of deuterium-tritium (DT) gas, DT 
solid fuel, and an ablator, is encased in a cylindrical Au 
hohlraum with two laser entrance holes (LEHs) at 
opposite ends. The hohlraum peak radiation tempera- 
ture (TR) is 250-300 eV, with a shaped prepulse for a 
low-entropy implosion. The ablation pressure allows 
the fuel shell to reach a velocity of 3 4  x IO7 cm/s. The 
central part of the DT is then compressed and heated, 
forming a hot spot that reaches ignition conditions of 
density times radius pr - 0.3 g/cm2 and ion tempera- 
ture -10 keV. Then, a deposition "bootstraps" the cen- 
tral temperature to >30 keV. The hot-spot density at 
ignition is typically 75-100 g/cm3. The hot spot is 
tamped by a colder main fuel layer, with par = 1 g/cm2 
and density =lo00 g/cm3. The burn propagates into 
the main layer' and '*-I5% Of the DT is 

*Los Alamos National Laboratory, Los Alamos, New Mexlco 

(b) 

FIGURE 1. This igrution target (referred to as the point-design target 
or IT) uses 1.35 MJ of laser energy. (a) Shows the entire target, and 
(b) shows details of the central spherical capsule. The DT fuel is in a 
cryogenic layer, surrounded by a CH ablator doped with 0.25% Br. 
The capsule is in the center of a Au hohlraum, which the incoming 
laser beams heat to 300 eV. The beams are arranged in two cones 
entering from opposite sides. (50-05-0494-lSO2pbOl) 
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burned. The target shown in Fig. 1 produces 10-15 MJ of 
yield in simulations, depending on the modeling used. 

Assuming the laser meets other specifications, the 
two most important laser parameters determining the 
margin for ignition are the total energy and the peak 
power.6 Ignition requires both energy and power, as 
indicated in Fig. 2. The ignition region is bounded on 
one side by hydrodynamic instabilities. Ultimately, this 
boundary of the ignition region is determined by the 
capsule surface smoothness; Fig. 2 assumes the surface 
finish currently achieved on Nova capsules in modeling 
described in this article. On the other side, the ignition 
region is bounded by laser-plasma instabilities. Laser 
intensity and other parameters determining the insta- 
bilities (especially the electron density ne) depend 
primarily on the desired peak hohlraum TR. Estimates 
of the laser-plasma instabilities, described here, indicate 
that laser-plasma instabilities will be acceptable in tar- 
gets driven to at least 320 eV (shown as the upper 
boundary of the ignition region in Fig. 2). 

The smallest possible ignition target with this assumed 
surface finish, at 0.8 MJ and 300 TW, would have no 
remaining margin for uncertainties or errors in the tar- 
get modeling. We have specified the NIF at 1.8 MJ and 
500 TW to provide margin for such uncertainties. This 
margin is adequate to cover our estimates of energetically 
significant uncertainties, as described in this article. 

Baseline Ignition Targets 
Figure 1 shows the baseline design, referred to as the 

PT: "point-design target." Cryogenic hardware, not 
shown, is external to the hohlraum. The spherical capsule 
is a doped CH ablator around a shell of solid cryogenic 
DT. The solid DT layer is self-smoothing, because of 
the P-smoothing e f f e ~ t . ~  The cryogenic temperature 
controls the density of the central DT gas. The hohlraum 
is filled with a 50-50 (atomic) mixture of He and H. 
This gas conducts away the P decay energy before the 
target is shot and maintains the open hohlraum cavity 
during the implosion. The mixture of gases minimizes 
stimulated Brillouin scattering (SBS). 

The PT uses 1.35 MJ of 3w light, which is intermedi- 
ate between the full 1.8 MJ and the "ignition cliff" at 
800 kJ. Most of our modeling concentrates on this 
intermediate-scale target. It is sufficiently robust that 
we can make a good case for its ignition, while it 
leaves margin for uncertainty with a 1.8-MJ facility. 
Also, by using a relatively small target to set specifica- 
tions for power balance, pointing, target fabrication 
quality, and so forth, we can be sure that the specifica- 
tions are adequate for a range of likely targets. 

Figure 3 shows an optimal TR profile for the capsule, 
used as input to our capsule modeling, and an input 
laser profile. The target can tolerate moderate devia- 
tions from the nominal profile. For example, Fig. 4 

shows the yield from integrated calculations (described 
later in more detail) as the duration of the peak power 
portion of the pulse is varied. Our robustness study of 
the PT is described in more detail below. 

The light entering each LEH is in two cones, as 
shown in Fig. 1, and we can minimize time-dependent 
asymmetry in the x radiation incident on the capsule 
by dynamically varying the relative power of the cones. 
About one third of the energy must go into the waist 

surface finish 'y Laser operating I 
- - 1  curve 

0 0 I 1 2 3 

Total energy (MJ) 

FIGURE 2. Total laser energy and peak power determine the margin 
for ignition. Powers and energies along the indicated curve will be 
accessible to the NIF, as currently planned. The upper dot illustrates 
the laser's nominal operating point (1.8 MJ, 500 TW); the lower 
dot illustrates the energy and power needed to drive the PT 
(1.35 MJ, 410 TW). (50-05-0494-lSO5pbOl) 

500 

100 

& 
10 

1 

300 

250 

200 

150 2 
100 

h 

3 

50 

0 
0 5 10 15 20 

t (ns) 

FIGURE 3. Temperature vs time optimal for the PT capsule, and 
laser power vs time to drive the target. The shaped pulse prior to 
peak drive is needed to compress the target, increasing the pressure 
in a controlled way before applying peak power. The gray curve is 
the radiation temperature vs time that drives capsule simulations, 
and the black curve is the laser power vs time used as input to 
hohlraum simulations. (50-05-0295-0395pbOl) 
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cones. The 192 beams are clustered in groups of four, 
so that there are effectively 48 spots. These are divided 
as 8 spots in each of the inner cones and 16 in the outer 
cones. We may use slightly separate wavelengths in 
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FIGURE 4. Yield vs duration of the peak power pulse, from integrated 
2-D simulations. The pulse width changes by varying the cut-off 
time. The energy in a sample of the pulses is shown. The failure at 
short pulse appears to be due to asymmetry, not energetic failure to 
ignite. Two different hohlraum lengths, providing different symmetry 
"tunes," are shown. (50-05-0295-0388pb01) 
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FIGURE 5. Yield and burn-weighted ion temperature for geometric 
scales of the PT. The lines show I-D calculations of the capsule alone, 
in which linear dimensions and times are scaled together (the hori- 
zontal scale is effective energy, that is, 1.35 MJ times the scale factor 
cubed; the dots are integrated calculations, plotted against the laser 
energy). For these, linear dimensions and times were scaled, and laser 
powers were scaled as the square of the scale factor. Hohlraum length 
and cone-to-cone power ratios were adjusted to recover symmetry. 
(50-05-0295-0389pbO1) 
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the four beams in each spot to limit laser-plasma insta- 
bilities. The four beams combine at an angle corre- 
sponding to an effective f/8 optic. 

Each beam is focused to an elliptical spot, with the 
minor axis in the plane of the laser ray and the hohlraum 
axis. This maximizes the LEH clearance while minimiz- 
ing the laser intensity. The spot has a shape approxi- 
mating a flat top (probably a sixth-order super-Gaussian), 
again to minimize the peak intensity while maximizing 
LEH clearance. The nominal spot is 500 pm x 1000 pm 
at best focus. Such a spot can be made with recently 
developed kinoform phase plate techniques.8 

The pulse shape shown in Fig. 3 creates four shocks, 
with the final shock bringing the ablator up to peak 
pressure with sufficiently low DT entropy. The entropy 
requirement implies a corresponding requirement on 
the precision of the pulse shaping. For optimal perfor- 
mance, the shocks must be timed within about 200 ps. 
Adequate shock timing may not be predictable a priori 
given uncertainties in opacity and equation-of-state 
(EOS), but is achievable with an experimental program 
using techniques currently in use on Nova.9 

The CH ablator contains 0.25% Br dopant. (Some 
Nova targets currently use Br-doped CH.IO) The dopant 
is used to control the stability of the ablator/DT inter- 
face. It reduces the preheat in the CH and eliminates 
an unstable density step at the CH/DT interface. The 
CH is assumed to contain 5% 0 as an incidental fabri- 
cation by-product. 

We conclude this section with a brief description of 
our baseline one-dimensional (1-D) capsule simulations. 
These simulations are performed with the LASNEX 
code,ll using Legendre decomposed radiation trans- 
port,'* EOSs calculated in line with a "Quotidian E O S  
package,13 and average-atom opacities calculated with 
the XSN code.14 We have also simulated the capsule 
implosion with other radiation transport schemes, but 
find no difference in the calculations. Implosion 
calculations use as a source nonl'lanckian frequency- 
dependent radiation determined from hohlraum 
simulations. The spectrum affects the short-wavelength 
hydrodynamic instability growth; other than this, the 
spectrum has little effect on target characteristics. We 
normally calculate the deposition of a particles produced 
by the burn with the multigroup diffusion package in 
LASNEX.15 Hatchett16 performed a baseline 1-D simu- 
lation of the PT using a Monte Carlo charged-particle 
transport code17 and found that the ignition and burn 
are essentially the same as with multigroup charged- 
particle diffusion. 

Other Possible Ignition Targets 
Modeling of a wide variety of other targets has been 

performed at various levels of detail. Several impor- 
tant aspects of the target can be varied, providing 
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different trade-offs of the remaining uncertainties in 
our understanding. 

We can vary the size of the target, and the energy it 
uses. Direct geometric scales of the PT produce good 
burn at any laser energy above about 700 kJ, as shown 
in Fig. 5. This energy margin allows for loss of energy 
to stimulated scattering processes and laser coupling. 
Also, it allows us, if necessary, to change the relative 
size of the hohlraum and capsule. This allows a trade- 
off of the capsule ignition physics, and hydrodynamic 
instability, with symmetry and hohlraum filling. 

The knee at 600-800 kJ in Fig. 5 and the two thresh- 
olds at 1.6 and 1.8 ns in Fig. 4 are typical signatures of 
ignition. Without a deposition and thermonuclear 
bootstrapping, NIF targets would be expected to pro- 
duce no more than 10-100 kJ of yield at the likely ion 
temperatures of less than about 10 keV. Experimental 
demonstration of ignition will be clear when we do a 
series of targets that scan through the threshold between 
such a non-bootstrapping mode and burn producing 
about 1 MJ or more. This could be done by varying the 
target size, as shown in Fig. 5, or more likely by vary- 
ing the implosion velocity (implicit in Fig. 4). Varying 
the D to T ratio will provide another easy-to-interpret 
lever on the burn rate. Curves of yield vs implosion 
velocity, for various D to T ratios, should show an 
inflection and a large increase in yield when the burn 
threshold is crossed for ratios near 50-50. 

Various other target designs, described next, are at 
various scales in the ignition range. 

Uncertainty in ablation characteristics can be 
addressed by using other ablator materials. In particu- 
lar, Be generally performs better than CH as an ablator. 
(The PT uses a CH ablator because of fabrication expe- 
rience with Nova.I8) Be must be doped more heavily 
than CH, and radially varying the doping allows for 
complete optimization. Designs exist in which the Be is 
doped with Cu, which appears attractive from a fabri- 
cation point of view, and others with a mixture of Na 
and Br. In the most highly optimized targets, the addi- 
tional performance margin obtained by using Be instead 
of CH is equivalent to about 25 eV in peak hohlraum 
T,. The advantage is better at 250 eV than at 300 eV. 

Another important advantage of Be is more hydro- 
dynamic stability. Using the modeling described below 
in the section on hydrodynamic instabilities, we have 
found a clear advantage to Be targets. Because it ablates 
faster, Be is more stable-the initial mass of the Be 
ablator is nearly twice that of the CH. The outer sur- 
face roughness specification is somewhat looser for Be 
than for CH, but the most important difference is in 
the required surface quality for the inner surface of the 
DT ice. Perturbations initially on the ice grow by cou- 
pling to the outer surface, the unstable ablation front, 
during acceleration; this coupling is much less effective 
through the more massive Be shell. As a result, a Be 

target (driven at 300 eV) can tolerate about four times 
larger perturbations initially on the inner surface of the 
ice than a CH target. 

We can modify the convergence ratio (defined as the 
initial outer radius of the ablator divided by the igni- 
tion-time hot-spot radius) by varying the initial central 
DT gas density. Since reducing the convergence ratio 
reduces the final p ~ ,  it also reduces the yield. If the ini- 
tial gas fill is increased the ignition is marginal, i.e., 
the yield is reduced from 15 MJ nominal to about 1 MJ. 
These low-convergence targets require gas densities 
that would initially be in vapor equilibrium with liquid 
DT (as opposed to solid for the PT), and fielding them 
will require some modifications in the fabrication and 
fielding technology. The triple-point gas den~ity, '~ 
0.68 mg/cm3, corresponds to a PT yield of 10 MJ. 

temperatures stress laser-plasma instabilities while 
minimizing hydrodynamic instabilities, and low tem- 
peratures provide the opposite trade-off. The baseline 
is 300 eV, a compromise between the two constraints. 
We have designed capsules driven at temperatures as 
high as 400 eV that appear to be very resistant to 
hydrodynamic instabilities. Using doped Be as an abla- 
tor, we have designed targets driven at 250-eV for 
which ignition is nearly as robust as with CH at 300 eV. 
Laser-plasma instabilities are estimated to be very 
benign in the 250-eV hohlraum. 

There is also a wide variety of possible pulse shapes. 
The pulse shown in Fig. 3 has four pulses or steps, each 
at a time and power to launch a shock, as needed, for 
the low-entropy implosion. Many other pulses can 
result in the same shocks in the fuel. We can use shorter 
pulses at higher powers (sometimes called "picket 
fence pulses"); we have used steps with the power 
held constant for a few nanoseconds in each step; at 
the other extreme, we have used pulses in which the 
power increases smoothly from an initial 10 TW up to 
peak power. Each of these shapes represents a different 
trade-off of laser, hohlraum, and capsule physics. 

We have also designed targets in which the solid DT 
fuel is supported in a foam layer.20 This may be an 
important option if p layering is inadequate. DT-wettable 
foams of density 0.05 g/cm3 with micrometer-scale cell 
structure have been fabricated, and our designs assume 
this density. The foam targets work nearly as well as 
the solid DT targets. If p layering, or some other tech- 
nique, can be used to maintain a pure DT layer about 
10 pm thick on the inside of a foam-supported main 
fuel layer, ignition occurs in clean DT and target 
performance is barely degraded by the presence of the 
foam. If all of the solid DT must be supported by foam, 
it is somewhat more difficult to ignite, although targets 
at the PT scale still ignite with some remaining margin. 

There are numerous possible ignition designs that 
have attractive features, and may actually perform better 

Various peak drive temperatures are possible-high 
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than the point design, but that are not as closely con- 
nected to the existing experimental data. Direct-drive 
targets are an important option, pending experimental 
results from the Omega Upgrade at the University of 
Rochester. Other hohlraum designs are being investi- 
gated on Nova-for example, Au shields placed between 
the capsule and the LEHs can reduce the time-dependent 
asymmetry. Recent results on Nova for such a hohlraum 
are in excellent agreement with expectations based on 
simulations?lAs the NIF is being planned and built, 
experiments on Nova will continue to refine our 
understanding of the target physics and will allow us 
to optimize the NIF design further. 

So far we have described the various target options 
that work according to current modeling; we have also 
found two target concepts where our modeling pre- 
dicts difficulties: 

We considered lining the hohlraum with CH, 
instead of the He/H gas fill described earlier. 
However, we find that the lining stagnates on axis, 
creating a pressure spike that perturbs the capsule 
implosion unacceptably. Unfilled hohlraums have 
too much Au absorption of the light. We intend to 
consider alternate liners and unfilled hohlraums 
with short, low-temperature pulses. 
In principle, it seems possible to achieve ignition 
with noncryogenic gaseous DT. However, we have 
found that the implosion velocities required for igni- 
tion at the NIT scale result in high core temperatures 
before ignition pu is reached, and then conduction 
from the hot spot is very high. In a cryogenic target, 
energy conducted from the hot spot into the DT 
pusher heats more DT-this increases the mass of 
the hot spot, and the energy is not lost. If the hot 
spot is surrounded by inert material, the energy is 
not only lost from the fuel, but it serves to degrade 
the compressibility of the pusher. Rayleigh-Taylor 
(RT) instabilities would also be much more prob- 
lematic if the igniting fuel were surrounded with 
inert material. Therefore, we have been unable to 
calculate ignition successfully in noncryogenic cap- 
sules at the NIF scale. 

Hohlraum Design and Modeling 
The size of the hohlraum relative to the capsule is 

determined by a variety of trade-offs. The required 
profile of T, vs time is determined by the capsule, and 
any hohlraum larger than some minimum size could 
provide the needed TR vs time profile. A larger 
hohlraum takes more laser energy and power, and the 
optimal size is a trade-off of the energy and power 
requirements and the need for symmetry and accept- 
able plasma filling. Our modeling indicates that the 
symmetry and laser-plasma instabilities are acceptable 
in the baseline hohlraum. Assuming a 1.8-MJ, 500-TW 

NIF, there will be margin to increase the hohlraum size 
with the PT capsule, increasing the margin for laser- 
plasma instabilities or asymmetry. If necessary, we can 
further increase this margin by using a smaller capsule, 
at the cost of either increasing hydrodynamic instabili- 
ties or developing Be-ablator fabrication technology. 

Even with perfect laser pointing and beam-to-beam 
power balance, there is some asymmetry that we call 
the intrinsic asymmetry. This asymmetry arises because 
of the LEH and the bright laser-irradiated spots (the 
LEH alone causes a 15% peak-to-valley asymmetry). 
As described in Ref. 6, the laser spots are placed to can- 
cel the LEH asymmetry. The symmetry can be adjusted 
by changing the hohlraum length and the pointing of 
the beams. The quantities determining the intrinsic 
symmetry change in time: the LEH shrinks, the laser 
spots move due to plasma evolution, and the spots 
become less bright relative to the overall hohlraum 
brightness. With a single cone of beams, we found that 
the time-dependent asymmetry was too large. Two 
cones of beams can be arranged to provide adequate 
symmetry. Also, with two cones the time-dependent 
asymmetry can be corrected dynamically by varying 
the relative power in the cones as a function of time. 
This detailed symmetry tuning will have to be done 
with a time-dependent symmetry campaign similar to 
those being done on the Nova laserF2 

To model the intrinsic asymmetry, we use a detailed 
two-dimensional (2-D) simulation with a radiation- 
hydrodynamics code such as LASNEX.13 We use the 
best available radiation transport model for the 
hohlraum/capsule coupling, and simulations are con- 
tinued all the way through burn. The simulations track 
the laser beams, calculating inverse Bremsstrahlung 
energy deposition and any refraction that occurs. We 
typically use XSN nonLTE multigroup opacities,16 
although we have also performed simulations with an 
opacity table derived from the super transition array 
opacity m0de1.2~ Any coupling to the capsule via hydro- 
dynamic pressure or electron conduction is included. 

We have achieved adequate symmetry and good 
burn in such integrated simulations of a variety of 
designs: the PT at several scales as shown in Fig. 5, two 
Be designs driven at 250 eV and at 300 eV, and a 
smooth-pulse 250-eV Be design. All except the PT 
scales shown in Fig. 5 use 1.1-1.5 MJ, at powers ranging 
from 365-500 TW. They give yields in the integrated 
simulations that are between 50-90% of clean 1-D 
yields and show unambiguous ignition. 

and pointing of the laser beams requires fully three- 
dimensional (3-D) asymmetry. This asymmetry has 
been estimated analytically using laser-spot brightness 
and positions determined from the 2-D LASNEX simula- 
tions. Also, the asymmetry has been calculated in 3-D 
with a view-factor code?4 We have used fully integrated 

Modeling asymmetry from imperfect power balance 
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calculations (described earlier) to confirm the model- 
ing and for some sensitivity studies. The actual asym- 
metry on the capsule is 3-D, and its effect on the 
implosion must be estimated with 2-D simulations of the 
implosion driven with an asymmetric radiation source. 

We have imposed a wide variety of asymmetries on 
2-D capsule implosions to ensure that the specified 
asymmetry levels are acceptable. Asymmetry can 
affect ignition in a variety of ways: the obvious kine- 
matic effects of differing velocities; initiation of RT 
instability growth, especially evident during decelera- 
tion; mass flow toward less driven regions, seeding RT 
instability; irregular hot-spot compression, sometimes 
forming jets that protrude from the core and disrupt 
the imploded configuration; and delayed ignition, 
resulting in more RT growth. The maximum tolerable 
asymmetry depends on its temporal and spatial 
specifics. In summary, the capsule can tolerate less 
than about 1 % time-averaged asymmetry, 5-10% time- 
dependent swings in asymmetry that last for -2 ns, 
and larger swings if they last much less than 2 ns. 

We do not find much variation in sensitivity to 
asymmetry among the various targets we have 
designed. Smaller capsules are slightly more sensitive 
to asymmetries that couple to deceleration RT growth. 
The difference is not large, and symmetry sensitivity is 
not an issue that is important in deciding the overall 
trade-offs of laser size and power. Varying the hohlraum 
size, with a given capsule, is the symmetry issue likely 
to be more important in the trade-offs. 

The 3-D view factor calculations indicate that with 
nominal pointing errors--each beam is to point within 
50 pm of its nominal position, rms deviation-the 
resulting additional asymmetry on the capsule will be 
significantly 4%. This pointing specification also 
ensures more than adequate clearance of the LEH. This 
requirement is similar to that met by the Nova laser 
(30 pm r m ~ ? ~  which is 10 prad, while 50 pm rms on 
NIF is 7 prad because of the longer focal length). 

The 3-D view factor calculations also indicate that 
10% rms power imbalance results in 4% asymmetry 
on the capsule, provided the deviations are uncorrelated 
among the 192 beams. The tolerable power imbalance 
can be much larger than this, depending on its tempo- 
ral dependence. If there are correlations between the 
beams’ powers, a much tighter power balance require- 
ment is necessary. Groups of eight beams, with each 
group entering the same area of the hohlraum, must be 
balanced within about 3%. Generally the requirements 
are consistent with purely independent statistical devi- 
ations of the 192 beams; any correlations significantly 
beyond this may increase the asymmetry unacceptably. 

These requirements on the laser are well within cur- 
rent Nova performance parameters of 3% rms energy 
imbalance, and 5-10% power imbalance over time 
scales that are generally less than half the pulse length.26 
This does not mean that symmetry in Nova hohlraums 
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is as good as in NIF hohlraums; the looser requirements 
for NIF are a result of the larger number of beams. 

Asymmetries might also arise from laser-plasma 
interaction processes or other phenomena, such as RT 
instability at the Au/He interface, which are currently 
predicted not to be significant but for which uncertainty 
remains. Light can be scattered or it can be absorbed 
more or less efficiently at different positions in the 
hohlraum. The effect in all cases is equivalent to a 
power balance change, a movement of the x-ray emission 
spots, or perhaps a spreading of the laser deposition 
spots (for small-angle side-scattering). Difficulties could 
arise only if these effects are so large that the irrepro- 
ducible part of them is larger than the limits described 
here. If any of these processes occurs but is reproducible 
and not too large, the effect can be compensated for by 
changing the hohlraum design parameters. Estimates 
based on Nova experiments and appropriate theory 
and modeling indicate that these processes can be kept 
within acceptable limits. If not, our ultimate recourse 
will be to increase the hohlraum size, reduce the laser 
intensity, and correspondingly reduce the hohlraum 
drive temperature. 

Laser-Plasma Instabilities 
The most important laser-plasma scattering processes 

are SBS, stimulated Raman scattering (SRS), and filamen- 
tation. In SBS and SRS, the incident laser beam scatters 
from electron waves and ion waves, respectively, in the 
forward, side, or backscatter direction. Backscatter is 
calculated and observed to be the most unstable process, 
although sidescatter must be examined for its possible 
effect on capsule symmetry. SRS forward scatter is a 
very weak process; forward SBS is being evaluated for 
possible symmetry effects because of the exchange of 
energy between overlapping beams.27 Filamentation or 
whole-beam self focusing results from the refraction of 
the laser light into low-density regions, which are 
themselves produced by the pressure gradients from 
nonuniform laser heating or by ponderomotive forces. 
All of these processes are sensitive to the ne and tem- 
perature, and laser intensity and wavelength.2s In 
addition, SBS is sensitive to the electron-ion temperature 
ratio, velocity gradient, and the fraction of light and 
heavy ions in multiple species plasma.29 Also, we have 
shown with 3-D filamentation sir nu la ti on^^^ that fila- 
mentation is sensitive to the speckle length (the axial 
length of a diffraction-limited hot spot near the focal 
plane of the laser beam). The speckle length increases 
with the square of the f-number of the focusing system. 

The laser must propagate through 3-5 mm of 
hot (T, - 3-5 keV at peak power), low-density 
(ne 2 1 x loz1 ~ m - ~ ) ,  low-Z (mixture of He and H) 
plasma. The density is about 0.05 critical over most of 
the beam path. For the inner ring of beams, the density 
reaches as high as 15% of critical for the last millimeter 
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of pathlength. However, this far into the hohlraum the 
individual laser beam intensity has decreased substan- 
tially from its peak of 2 x 

These scattering processes affect the target perfor- 
mance in several ways. Of course, energy scattered 
back out of the hohlraum is unavailable for x-ray con- 
version. The total energy lost comes out of the -50% 
energy margin shown in Fig. 2. The irreproducible part 
of this becomes a pulse-shape uncertainty, and any 
resultant geometrical nonuniformity can affect the 
symmetry of the irradiation on the capsule. These 
effects will be tolerable if the scattering is less than 
about 10%. We do not expect hot electrons produced 
by SRS to have any effect on target performance. 

We estimate that the scattering processes will be 
acceptable under these predicted plasma conditions. 
Experimentally verifying these estimates is an action 
part of the Nova program, described in ”Laser-Plasma 
Interactions in NIF-Scale Plasmas (HLP5 and HLPG)” 
on pg. 305 of this Quartedy. 

W/cm2. 

Modeling of Hydrodynamic 
Instabilities 

The shell is subject to RT instability on the outside 
during its acceleration and on the inside during deceler- 
ation. There is also Richtmyer-Meshkov (RM) instability 
at all interfaces. (These instabilities are reviewed in 
Ref. 31.) Short-wavelength RT growth in these capsules 
is stabilized by ablation of material through the unstable 
interface and by the finite scale length on the ablation 
front. E~per imenta l~~ and cal~ulational~~ aspects of 
this stabilization are well documented. During deceler- 
ation, the growth of short wavelengths is also reduced 
from classical RT since the unstable interface is between 
two DT regions, the hot spot and the main fuel, and 
again there is ablation (driven by electron conduction 
in this case) and a finite gradient scale length. Also, 
perturbations that grow on the outside must couple 
through the shell to affect the ignition, and short wave- 
length modes couple less effectively. These effects all 
reduce the impact of the short wavelengths, so the sys- 
tem is only weakly nonlinear. The targets have been 
designed so that this is the case. 

is as accurate as possible, with an extension into the 
weakly nonlinear regime, as necessary. The linear 
analysis is based on a decomposition of the surface 
perturbations into spherical harmonics, which are 
eigenmodes of the linear evolution. We determine the 
single-mode growth spectrum by running multiple 2-D 
simulations, each of one single mode in the linear 
regime throughout the simulation. This provides the 
most accurate calculation of all known effects, includ- 
ing stabilization, RM growth, and convergence effects. 
This set of calculations provides a spectrum of growth 
factors, which we combine with an assumed initial sur- 

We have based our modeling on linear analysis that 

face spectrum to determine the ignition-time perturba- 
tion. Using a nodinear saturation model from Ref. 34, 
we determine whether the perturbations are nonlinear 
and estimate the nonlinear saturation. This results in a 
curve of ignition-time perturbation amplitude as a 
function of initial perturbation amplitude. 

To test the weakly nonlinear analysis, we also run 
full simulations of multimode perturbations with real- 
istic initial amplitudes. Currently simulations must be 
2-D, and the number of modes that can be included is 
limited. We have run a variety of multimode simulations 
on several capsules, at solid angles ranging from rela- 
tively small conic sections to half-spheres. Results are 
consistent with the modeling described earlier, although 
further substantiation is an area of current work. Recent 
development of 3-D codes will allow testing of possi- 
ble differences between 2- and 3-D evol~t ion?~ 

We must also estimate how the perturbations around 
the hot spot at ignition time will affect the ignition. The 
unstable interface is between relatively cold, dense DT 
and the hot, lower-density DT. Material mixing of 
different elements is not occurring, and there is only 
thermal mixing. The actual perturbations are 3-D, and 
multimode, and the weakly nonlinear perturbation 
growth analysis indicates that the spectrum is strongly 
dominated by mode numbers around I = 10-15”. The 3-D 
character cannot be fully represented in any existing 
code; available 3-D codes do not include all of the rele- 
vant physical processes. There is experimental3* and 
calc~lational~~ evidence that the multimode 3-D pertur- 
bation is probably an array of spikes penetrating in 
toward the hot-spot center, surrounding approximately 
hexagonal bubbles. In 2-D, we modeled this array of 
spikes and bubbles five ways: (1) We simulated a sin- 
gle bubble of appropriate solid angle surrounded by a 
curtain of material falling along a reflecting boundary 
condition. The circular cone represents approximately 
a multifaceted 3-D cone of similar size and gross 
shape. (2) We ran perturbations with the opposite sign: 
a spike on axis surrounded by a circular bubble. (3) We 
simulated perturbations on the waist that represent 
long circular ridges and curtains. (4) We continued 
through burn time the multimode 2-D simulations 
mentioned earlier. (5) We did 1-D modeling in which 
the thermal mixing caused by the perturbation growth 
is represented as an enhanced thermal conductivity in 
the perturbed region. 

All of these approaches give similar results, regard- 
ing how large a spike can be tolerated before ignition 
is quenched. Combined with the modeling described 
earlier, this corresponds to a maximum tolerable ini- 
tial ablator surface roughness of about 50 nm rms. 
This compares with 30 nm rms on current Nova capsules. 

We have also considered the bubble penetration 
from the outside of the shell at peak velocity. We find 
that the surface finish requirements for shell integrity 
during acceleration and for ignition are similar. This 
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equivalence depends weakly on the shape assumed for 
the spectrum of initial perturbations. 

Because we have modeled the perturbation growth 
and its effects with a variety of different approaches, 
and get generally consistent results, we are fairly confi- 
dent that our modeling is accurate. The modeling 
relies on 2-D code simulations of linear-regime pertur- 
bation growth, so it is very important that these be 
tested thoroughly. The dominant uncertainties are the 
dependence on the spectrum of the drive x rays, and 
on zoning, resulting in a net uncertainty in the outer 
surface finish specification that we believe to be about 
a factor of two. Finally, of course, it is very important 
to test the modeling experimentally. A major fraction 
of the Nova program is oriented toward verifying this 
modeling, with a variety of experiments measuring 
perturbation growth and its effects in planar32 and 
~ p h e r i c a l ~ ~ ' ~ ~ ~ ~  geometry. Results from these experi- 
ments have been consistent with the modeling. 

The modeling described so far pertains to surface 
perturbations that are initially on the outside of the 
ablator. Of course, there will be perturbations on the 
other interfaces, as well as material inhomogeneity and 
other fabrication defects. Any of these can be modeled 
in a conceptually identical way, using LASNEX simu- 
lations that assume the existence of the perturbation of 
interest. We have determined that the capsule tolerates 
perturbations initially on the other interfaces, which 
are much larger than tolerable perturbations initially 
on the outside. Perturbations on the DT/CH interface 
are unlikely to be large enough to matter. Ignition does 
not occur if perturbations on the DT gas/solid interface 
are greater than about 3.0 pm for the PT, and more 
than about 8 pm for Be capsules, which are the same 
size as the PT and are driven at 300 eV. Current esti- 
m a t e ~ ~ ~  of the smoothness of p layer surfaces are -1 pm. 
Solid DT in a low-density foam is somewhat smoother. 

In summary, the PT has a factor of about two margin 
in surface finish beyond surface finishes on the best 
current Nova capsules. The requirement on the DT 
gas/solid interface also gives about a factor of 2 mar- 
gin compared with roughness measured on recent DT 
ice surfaces. 

Robustness Studies 
We performed extensive studies of the robustness of 

the PT target following the initial design work, which 
we categorize into two studies discussed below. 

Robustness of Yield in Integrated 
Simulations 

Choosing a particular configuration as nominal, we 
varied the laser powers and pointing in detailed 

integrated calculations (described earlier). Figure 4 is 
an example of such a variation (although the calcula- 
tions shown there used a laser pulse slightly different 
from what we chose as nominal for the full set of varia- 
tions). Table 1 shows the sensitivities we found, and 
compares them with estimates of the reliability with 
which we can determine and maintain these parame- 
ters. This study produced three valuable results. (1) We 
verified that the target can tolerate plausible variations 
in the input parameters (shown in Table 1). This allays 
concern that the performance of the target is a finely 
tuned optimum that would be impossible to achieve 
experimentally. (2) We identified ways in which the 
configuration we chose as nominal was not in fact 
optimal (most importantly, we found significant room 
for improvement in the pointing we were using for the 
inner cone). We are currently doing a second iteration, 
with improved pointing and better optimization of the 
other parameters, which should show a margin of 
performance even larger than that shown in Table 1. 
Some results of the study with the new optimization 
are shown in Table 1. (3) This study provides a context 
for designing the experimental campaign to achieve 
ignition. Table 1 (and subsequent revisions) shows 
which parameters must be measured and maintained 
and to what accuracy. 

We are also doing integrated simulations varying sev- 
eral parameters at once. We have varied both the inner 
and outer cone laser powers separately (in addition to the 
variations shown in Table l), and see sensitivity similar 

TABLE 1. Sensitivity analysis of the PT using integrated calculations 
of the entire hohlraum/capsule target 
scsr *- - B- - ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~  

Laser parameter+ Determined Preliminary 
sensitivities estimate 

Power during foot 30% <5% 
Peak power 35 % <5% 
Second-rise timing 500 ps 4 0 0  ps 
Third-rise timing 500 ps 4 0 0  ps 

4 0 0  ps Duration of peak power 

(total power fixed) 25 % <5 % 

(total power fixed) 35% <5% 

(outer cone power fixed) 25% <5% 

800 ps 
Inner beam power during foot 

Inner beam power during peak 

Inner beam power during peak 

Pointing of inner beams 85 pm (200 pm)+ <20 pm 
Pointing of outer beams 100 pm (350 pm)+ <20 pm 
*For each indicated parameter describing the laser input power, we tabulated 
the full-width at half maximum of the yield as that parameter was varied. We 
also tabluated estimates of the precision with which the parameters can be 
determined and maintained in an experimental campaign working toward 
ignition. In all cases, the indicated precision is dominated by estimates of 
experimental precision, and the corresponding specification on the laser itself 
is significantly smaller. 
+These values are for a new optimization with the P6 asymmetry reduced. 
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to that shown in Table 1. Ultimately we will explore the 
entire parameter space of possible variations, although 
we will use the new nominal design mentioned above 
instead of continuing to center the variations on ow 
first preliminary optimization. 

Sensitivity to Combinations of 
Asymmetry, Pulse-Shaping Errors, 
and Hydrodynamic Instabilities 

period of variation. We also included variations in 
the drive profile (the net flux onto the capsule, Po) of 
k5%. The combination of asymmetry, drive profile 
errors, and surface roughness represents the most 
complete possible model of the implosion. We found 
that the additional asymmetry and profile variations 
had little effect on the yield; for example, with 30 nm 
outer roughness and 1.0 pm inner roughness, we 
obtain 11.5 MJ of yield with the nominal asymmetry 
plus the variations of 4.5% rms P,, 1.5% rms P,, and 
+5% P,. " 

To create a complete model for what could affect the 
implosion adversely, we utilized a series of capsule- 
only simulations. We started by simulating the capsule 
with the asymmetry determined from the nominal 
integrated calculation, then added perturbed surfaces, 
and finally added asymmetric drive sources. The 
asymmetry can be made to match that in the inte- 
grated calculations by extracting from the integrated 
simulation the asymmetry in ablation pressure in the 
imploding capsule. (The asymmetry can be character- 
ized with Legendre polynomial moments, with P2 
through P, contributing.) Then a matching radiation 
drive asymmetry, in a simulation of the capsule alone, 
produces an identically out-of-round implosion. This 
technique matches the asymmetry both for a nominal 
design and for the off-nominal integrated calculations 
represented in Table 1. (We chose as nominal the same 
integrated calculation used as the central point for 
the variations presented in Table 1). We performed 
three variations given the "baseline" nominal asym- 
metric implosion. 
1. Asymmetry alone. We found that the "nominal" 

These robustness results are extremely encouraging 
assurance of the nominal design's performance. 

Summary 

asymmetry has about 50% margin in the P, moment 
and >loo% margin in the P, and P, moments. This 
suggests that the overall robustness can be improved 
by reoptimizing to minimize P,. This is part of the 
reoptimization mentioned above, increasing further 
the margin of the PT. 

face roughness. We performed implosions with the 
nominal asymmetry and perturbations on both the 
inner and outer capsule surfaces. The spectral features 
of the perturbations were based on characterization 
of p layered DT for the ice roughness and of Nova 
CH capsule surface roughness for the outside. The 
capsule ignites and burns well with nominal asym- 
metry and nominal surface roughnesses of 30 nm on 
the CH and 1 .O pm on the DT. 

wavelength surface roughness. In addition to the 
nominal asymmetry, we included further random 
asymmetry-up to 4.5% rms P2 and 1.5% rms P4. 
The additional asymmetry was a random function 
of time, with zero mean and about 2 ns typical 

2. Nominal asymmetry plus short-wavelength sur- 

3. Off-nominal asymmetry and drive, plus short- 

Given the experimental substantiation from the Nova 
program, we have good reason to expect ignition with 
a 1.8-MJ, 500-TW laser. Such a laser will provide an 
adequate safety margin, above the ignition threshold 
indicated by modeling supported by Nova experiments. 
This margin is sufficient to cover estimated uncertainties. 

We can compensate for the remaining uncertainties by 
adjusting the target design if necessary after additional 
Nova experiments, or after the NIF experiments begin. 
Some possible changes in the target design or perfor- 
mance will be energetically significant. These include: 

A factor of two in hydrodynamic instability growth 
(equivalent to a factor of two in surface finish, or a 
factor of two in the acceptable size of the bang-time 
perturbations) shifts the ignition cliff from 0.8 MJ to 
about 1.0 MJ. Improvements in surface finish could 
probably recover the original margin. 
The combined uncertainties in x-ray conversion and 
hohlraum wall loss are less than about 20% in energy. 
SBS and SRS should be less than about lo%, based 
on the experiments described in "Laser-Plasma 
Interactions in NIF-Scale Plasmas (HLP5 and 
HLP6)" on pg. 305 of this Quarterly. 
Achieving the correct power balance between the 
inner and outer cones of beams may require reduc- 
ing the power in one or the other, so that it cannot 
run at its full power. This may result in a net energy 
loss of 10-15%. 
An error in hohlraum optimization that requires 
increasing the LEH radius 50% would require an 
increase in laser energy of 15% to regain the same 
hohlraum temperature. 
Similarly, increasing the hohlraum area by 35% 
increases the required laser energy by 15%. 
Several other uncertainties are energetically insignif- 

icant. For example, the EOS and opacity of the CH 
ablator are sufficiently uncertain that we expect to adjust 
the details of the pulse shape phenomenologically, but 
this will not significantly affect the performance 
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requirements from the laser or the target performance. 
These errors, in combined effect, are consistent with the 
factor of two margin provided by a 1.8-MJ, 500-TW laser. 

There are some issues that we are addressing to sub- 
stantiate this conclusion further and to progress with 
plans for the facility. We need to make a final decision 
regarding the optimal cone-to-cone energy ratio, and 
beam angles, which will be built into the target cham- 
ber and will be difficult to change once detailed facility 
design is in progress. To maximize our understanding 
of the options available to us, we are continuing to 
pursue other designs-e.g, hohlraums with shields 
between the capsule and the LEH. Finally, we also con- 
tinue to pursue more detailed modeling of the PT. 
These results, along with the ongoing experimental 
program on Nova, will either lead to increasing confi- 
dence in the performance of the PT or will indicate 
what changes need to be made in the design. 
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Introduction 
High-gain inertial confinement fusion will most 

readily be achieved with hot-spot ignition,'f2 in which 
a relatively small mass of gaseous fuel at the center of 
the target is heated to 5-10 keV, igniting a larger sur- 
rounding mass of approximately isobaric fuel at higher 
density but lower temperature. Existing lasers are too 
low in energy to achieve thermonuclear gain, but 
hydrodynamically equivalent implosions using these 
lasers can demonstrate that the important, scalable 
parameters of ignition capsules are scientifically and 
technologically achievable. The experiments described 
in this article used gas-filled glass shells driven by x rays 
produced in a surrounding cavity, or hohlraum. These 
implosions achieved convergence ratios (initial capsule 
radius/final fuel radius) high enough to fall in the range 
required for ignition-scale capsules, and they produced 
an imploded configuration (high-density glass with hot 
gas fill) that is equivalent to the hot-spot configuration 
of an ignition-scale capsule. Other recent laser-driven 
 implosion^^/^ have achieved high shell density but at 
lower convergences and without a well defined hot 
spot. Still other experiments5r6 have used very-low- 
density gas fill to reach high convergence with unshaped 
drive (see below), but that approach results in a rela- 
tively low shell density. Moreover, even at the highest 
convergence ratios the implosions described here had 
neutron yields averaging 8% of that calculated for an 
idealized, clean, spherically symmetric implosion-much 
higher than previous high-convergence experiments. 

As we discuss below, the implosions described here 
were characterized by a number of diagnostics. In par- 
ticular, convergence ratios were directly determined by 
measurements of the areal density of the imploded fuel 
using a technique based on secondary-neutron spec- 
troscopy. The implosions were modeled, with the 
inclusion of non-ideal effects, with detailed computer 
codes such as LASNEX? a coupled radiation transport, 
hydrodynamics, and burn-particle transport code. All 
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observable quantities were in close agreement with 
these simulations, demonstrating good understanding 
of the implosions. 

Experimental Design 
The capsules, shown in Fig. 1, were indirectly driven 

gas-filled microballoons. We chose a relatively small 
capsule (capsule diameter 16% of hohlraum diameter) 
to limit the areal density of the imploded fuel, allowing 
the use of secondary neutrons for the determination of 
this quantity (see below). We used glass capsules filled 
with deuterium (D) or equimolar deuterium/tritium 
(DT). Capsule fill pressures varied from 25 to 200 atm, 
which changed the capsule convergence for constant 
drive (see "Measuring Convergence"). Ten Nova 
beams (2.1 kJ each at 0.35 pm) were incident on the 
interior of a uranium (U) hohlraum at 2 x lOI5 W/cm2 
and produced an x-ray drive flux on the surface of the 
capsule; the hohlraum geometry is shown in Fig. l(b). 
Figure 2 shows the measured laser power P,, corre- 
sponding brightness temperature of the x-ray drive 
Trad, and the neutron production rate R,. 

We measured x-ray drive using a multichannel, K- 
and L-edge-filtered x-ray spectrometer looking into 
the hohlraum at both directly illuminated laser spots 
and the indirectly illuminated wall;s observed spectra 
were nearly Planckian. Subject to hydrodynamic insta- 
bility limitations? we chose the x-ray drive vs time 
dependence, or pulse shape, to optimize the pres- 
sure-density trajectory of the capsule compression. 
Use of a glass shell and a U hohlraum minimizes the 
x-ray preheating of the capsule. The capsule implosion 
is driven by pressure generated by ablation of the 
outer surface material. Under the conditions of these 
experiments-x-ray brightness temperature low enough 
that the ablation front is subsonic, time-scale short enough 
that the ablated material is optically thin to the driving 
x rays-it can be shown'O that the ablation pressure is 
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approximately given by Pabl = O . ~ O T , ~ ~ ~ / / ( X ~ , , , / ~ ) ~ ”  
where o is the Stefan-Boltzmann constant, R is the gas 
constant and p is the molecular weight. This gives abla- 
tion pressures of 8 Mbar at the foot of the pulse (t = 0.2 ns) 
and 110 Mbar at the peak of the pulse (t  = 1.4 ns). 

Achieving High Convergence 
In implosions such as these, several factors limit the 

convergence ratio achievable. The most important are 
pusher entropy, drive asymmetry, and Rayleigh-Taylor 
(RT) instability. These factors must be minimized in the 
experiments and properly accounted for in models. 

The first factor is pusher entropy. The less dense the 
pusher is near stagnation, the less efficiently it can cou- 
ple its kinetic energy into compressing the fuel. X-ray 
preheat of the pusher raises its specific entropy; ablation 
pressure cannot then hold it at as high a density dur- 
ing inward acceleration, and at stagnation more of its 
kinetic energy will be spent compressing itself rather 
than compressing the fuel. X-ray preheat is minimized 
by the use of a U hohlraum, with the resulting near- 
Planckian x-ray spectrum, and a glass pusher, which 

Y 

V- 

u hohlrauml 

37 pm 

k- 2500 pm -+ 
FIGURE 1. Capsule and indirect-drive hohlraum geometry. 
(50-05-0695-1562pbOl) 

self shields from hard x rays. Similarly, pulse-shaping 
is required to limit pusher entropy generation by shocks 
and to keep the pusher dense during inward accelera- 
tion. In the ideal, lowest entropy state, the pusher pres- 
sure results entirely from the Fermi degeneracy of the 
free electrons. In Figure 3, we plot the ratio of the pres- 
sure to the electron degeneracy pressure as a function 
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FIGURE 2. Observed laser power PL, hohlraum temperature Trad, 
and neutron production rate R, for 100-atm DT-filled capsules. 
(SO-05-0695-1563pbOl) 
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FIGURE 3. Ratio of pressure to electron degeneracy pressure in fuel 
and pusher of 100-atm fill capsules at bang time as calculated with 
the Haan mix model. The dense glass pusher, from 10 to 15 pm, is in 
a good, low-entropy state. (50-05-0695-1564pb01) 
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of radius through the fuel and pusher at the time of 
peak neutron production (bang time) in a model calcu- 
lation of the implosion of a 100-atm DT-filled capsule. 
Figure 3 shows three more or less distinct regions: 
clean fuel (0-7 pm), mixed fuel and glass (7-10 pm), 
and dense glass pusher (10-15 pm). The pusher has been 
compressed along a good low-entropyP(p) trajectory, 
or adiabat, so that its pressure is only a factor of about 
two above the Fermi degeneracy pressure. This capsule 
has the sort of compressed configuration-isobaric 
with a hot spot surrounded by colder and denser 
matter-described in the introduction for a high-gain 
capsule implosion. 

convergence. The hohlraum does not produce a per- 
fectly uniform drive distribution, but any position on 
the capsule ”sees” radiation from all the various elements 
of the hohlraum (directly illuminated wall regions, 
indirectly illuminated regions, and entrance holes), so 
higher moments of the drive distribution are strongly 
smoothed. (Typically the drive symmetry is analyzed 
in terms of spherical harmonics, which reduce to 
Legendre polynomials P, with cylindrical symmetry.) 
The remaining systematic asymmetry is controlled by 
choosing the relative values of capsule radius, hohlraum 
dimensions, and the first bounce position of the laser 
beams along the hohlraum wall to minimize the P, 
and P, effects. P, and P, effects are eliminated by the 
left-right symmetry of the hohlraum. The remaining 
lower-moment asymmetry is time-dependent: both the 
albedo of the wall and the effective positions of the 
laser spots change as hot wall material moves into the 
hohlraum. By design with simulations, the configuration 
used in this work produces a P, asymmetry that changes 
sign, is at most 8%, and averages to a very low value. 
Details of hohlraum design are being reported in “Nova 
Symmetry: Experiments, Modeling, and Interpretation 
(HLP3 and HLP4)” on p. 293 of this Quarterly. 

is random variations due to imprecise laser beam-to- 
beam power balance and pointing. This is minimized 
by precise control of the laser.l1/l2 We maintain toler- 
ances of 8% rms beam-to-beam power balance during 
the foot of the laser pulse and 4% power balance dur- 
ing the peak. Pointing tolerance is k30 pm rms. This 
control gives a power balance on the capsule that from 
simulations is uniform to within 2% rms at peak power 
and 4% in the foot. Early experiments demonstrated 
that this level of power balance is necessary for high 
convergence. A version of Figure 6 with the early data 
showed convergence declining as fill was reduced. 

a denser pusher, convergence may be limited by RT 
instability at the fuel-pusher interface, which leads to 
what is commonly called mix. Calculations show that 
perturbations on the interface are primarily seeded by 
the feed-through of growing perturbations at the 

X-ray drive asymmetry is the second factor limiting 

A second source of time-dependent drive asymmetry 

Finally, since the fuel is compressed at stagnation by 
I I I 1 1 1 1 1  

ablation front, which in turn are seeded by initial abla- 
tor surface finish perturbations. We have applied 
Haan’s multimode, moderately nonlinear mix model9 
to calculations of the implosions of the 25- and 100-atm 
fill capsules. In this model, growth factors (final ampli- 
tude at fuel-pusher interface/initial amplitude at abla- 
tor surface) are calculated at a number of Z-modes, 
initial amplitude 0~ Pl(cosB), for perturbations small 
enough that the growth factors remain linear in the ini- 
tial amplitudes. We then obtain an estimate of the rms 
depth of mix penetration by multiplying the initial sur- 
face-finish mode spectrum by the growth factors, 
applying a saturation model in which nearby modes 
contribute to the saturation of a particular mode, and 
then adding the saturated mode amplitudes in quadra- 
ture. There is an empirical parameter in the saturation 
model, which Haan calls v, that must be estimated 
from mix experiments. (In the presence of a dense 
spectrum of modes, mode l has a saturation amplitude 
at radius Xo of vRo/12.) Haan’s current best estimate of 
this parameter is v = 2, which is the value we have 
used in our analysis. 

Figure 4 shows the linear growth factors we calcu- 
lated. At low I values (long wavelengths), the growth 
factors are comparable for the 25- and 100-atm cap- 
sules, whereas at higher l values the 100-atm capsules 
have much larger growth factors. This is a reflection of 
much more feed-through in the 100-atm case. When 
the first shock breaks out of the back of the glass 
pusher into the fuel, there is less decompression in the 
100-atm case, leading to a thinner, denser pusher during 
inward acceleration. Were our pulse shape more highly 
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tuned, the 25-atm shells would have been thinner, but 
then mix and shell breakup might have destroyed their 
convergence altogether. As it is, with saturation 
applied, most of the quadrature sum of amplitudes at 
bang time comes from 1 I 2 0  for either fill pressure. 

is in terms of the distance from the fuel-pusher inter- 
face to the fall line, which is the trajectory the interface 
would have if it never decelerated at stagnation. For 
our capsules, the Haan model gives a bang-time mix 
depth-defined as the height of bubble tops above the 
interface-of about 35% of the distance to the fall line. 
Mix depth is not a constant with time, but rather it 
peaks at about that fraction near bang-time. Were it a 
constant, we would have another, simpler mix model, 
known as a fracmix model. In either model, the spike 
penetration-the distance from interface to spike 
tips-is estimated at (1 + a) times the bubble height, 
where a is the interface Atwood number. 

One way of expressing the depth of mix penetration 

Measuring Convergence 
We determined burn-averaged fuel density and cap- 

sule convergence b measuring burn-averaged fuel 
areal density pR = Y help(r)dr. If p is uniform, as we 
assume, then p = po(pR/p,Ro)3/2, so a determination of 
pR gives both p and R. When we make comparisons 
later with calculations of p and R, we shall calculate 
those quantities in exactly the same way, with pR 
determined from the calculated secondary neutron 
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FIGURE 5. Secondary-neutron energy spectrum measured with 
array of neutron time-of-flight detectors (LaNSA). Observed is sum 
of spectra from all 25-atm capsules. (50-05-0695-1566pbOl) 

spectrum as described below for the experimental 
analysis. In fact, the uniform-p assumption gives a 
slight underestimate of the actual convergence and 
density because the actual density must increase with 
radius as the temperature decreases. From simulations, 
this is about a 15% effect in the density for the 25-atm 
capsules and about a 25% effect in the 100-atm capsules. 

We measured fuel pX by the secondary-neutron 
technique.13-17 This technique relies on the observa- 
tion of 12-17-MeV secondary neutrons produced via 
the D(T,nI4He reaction in an initially pure D fuel. The 
1.01-MeV tritium nuclei, or tritons, are produced in the 
primary fusion reaction D(D,p)T. If the tritons do not 
slow significantly as they traverse the fuel, then the 
fraction of tritons producing secondary neutrons is 
proportional to fuel pX. For the fuel conditions in this 
work, (low temperature with mixed pusher material), 
pR values above a few mg/cm2 cause significant triton 
slowing, and corrections must be made for the energy 
dependence of the D(T,d4He cross section. Cable and 
Hatchett13 have outlined how this can be done based 
on a measurement of the secondary-neutron energy 
spectrum. Since the cross section rises with decreasing 
triton energy, this correction typically results in a pR 
value lower than that calculated for the case of little 
slowing. We measured the secondary-neutron energy 
spectrum with an array of neutron time-of-flight detectors 
(LaNSA)? Figure 5 shows a spectrum obtained by 
summing all the 25-atm capsule data; the figure also 
shows the spectrum obtained from calculations of 
these implosions with the Haan mix model, as dis- 
cussed further below. 

Observed fuel areal densities, which ranged up to 
16 mg/cm2, allowed us to determine the densities and 
convergences plotted in Fig. 6. For this figure, observed 
values were averaged over several implosions (two at 
200 atm, six at 100 atm, and ten at 25 atm), and the 
errors were dominated by statistics related to the num- 
ber of the observed secondary neutrons. Figure 6 
shows that the observed values are consistent with or 
better than those expected from simulations if the effects 
of fuel-pusher mixing are included at the level that 
current models9 predict given the capsules' surface fin- 
ish. (The calculations labeled "clean 1 - D  include no 
mix effects and assume perfect spherical symmetry; 
this is physically unrealistic but is commonly quoted 
as an "ideal" limit). Fuel-pusher mixing introduces 
two important effects: mixing of high-Z matter into the 
fuel enhances the triton slowing, and mixing of fuel 
outward into the pusher decreases the fuel convergence. 
Secondary-neutron spectroscopy allows us to quantify 
these effects since the secondary-neutron energy spec- 
trum is dependent on the rate of the triton slowing. 
Figure 5 shows that the calculated and observed sec- 
ondary spectra are in good agreement, which further 
supports the validity of the mix modeling. 
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proportional to T5 for this temperature range) and 
because the fuel temperature is affected by small varia- 
tions in capsule surface finish, capsule dimensions and 
laser energy. (The yield would be much less sensitive 
to mix if the glass pusher were replaced by a layer of 
cryogenic liquid DT, as it is in most current ignition- 
scale capsule designs.) 

at this temperature, the observed fuel density corre- 
sponds to a final fuel pressure of 16 Gbar. 

The glass shell pR was 73 _+ 16 mg/cm2 (100 atm) and 
60 k 19 mg/cm2 (25 atm) in a pair of shots at each fill. 
These values are about lo from the simulated values of 
54 and 81 mg/cm, respectively. In the 25-atm simula- 
tions, the peak burn-time glass density is 160 g/cm3. 

burn occurred at 1600 ? 100 ps after the start of the 
laser pulse (see Fig. 2); simulations gave 33-ps burn 
duration occurring at 1603 ps. We see in both simulations 
and measurements from a separate, brief experimental 
series that shock breakout, which corresponds to initial 
fuel movement, does not occur until 1 ns after the start 
of the laser pulse. This gives an average implosion 
velocity of 1.4 x lo7 cm/s; simulations show that peak 
velocity is 1.8 x lo7 cm/s. Using the observed fuel den- 
sity and burn duration, we obtain a confinement 
parameter of nz = 1.9 k 0.6 x 1014 s/cm3. 

Fuel ion temperatures were 0.9 k 0.4 keV for all cases; 

Burn duration for the 100-atm capsules was 50 _+ 15 ps; 

Summary and Conclusion 
We have done a series of indirectly driven high- 

convergence implosions with the Nova laser fusion 
facility. These implosions were well characterized by a 
variety of measurements, and computer models are in 
good agreement with the measurements. We measured 
the imploded fuel areal density using a technique based 
on secondary-neutron spectroscopy. At capsule con- 
vergence ratios of 24, comparable to what is required 
for the hot spot of ignition-scale capsules, these cap- 
sules achieved fuel densities of 19 g/ cm3. Independent 
measurements of density, burn duration, and ion tem- 
perature gave nz0 = 1.7 f 0.9 x 1014 keV-s/cm3. 

These experiments, which used better diagnostic 
techniques than previous work, have allowed detailed 
comparisons with simulations and have permitted a 
deeper understanding of the sensitivity of the implosion 
process to factors such as laser power balance. These 
implosions have provided an integrated test of our ability 
to control and model the implosion dynamics enough 
to achieve convergence ratios comparable to those 
required for the hot spot of an ignition-scale capsule. 
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Introduction 
A high-density fluid on top of a low-density fluid is 

Rayleigh-Taylor1 (RT) unstable. Driven by gravity, ran- 
dom perturbations at the interface between the two 
fluids will grow: fingers ("spikes") of the heavier fluid 
will poke through the lighter fluid, and bubbles of the 
lighter fluid will rise into the heavier fluid. The RT 
instability and its shock-driven analog, the Richtmyer- 
Meshkov2 (RM) instability, have been a focus of research 
in inertial confinement fusion (ICF) for some time.3-19 
In ICF, the driver-laser light, x rays, or ions-heats 
the outer layer of the capsule wall, causing it to ionize 
and expand rapidly. The result is a low-density ablated 
plasma accelerating the high-density capsule wall 
("pusher"). The ablation front is RT unstable, and 
outer-surface imperfections grow. This growth can 
seed perturbations at the pusher inner wall, which in 
turn become RT unstable during deceleration and stag- 
nation. Ultimately, pusher material can mix into the fuel, 
degrading performance. 

The role of the RT instability in ICF can be under- 
stood heuristically as follows. The goal of ICF is to 
maximize the fuel core pressure P,,,, for a minimum 
applied (ablation) pressure Pa. To see how we might 
do this, we write20 

where Ro/AR is the capsule aspect ratio (the ratio of 
initial shell radius to shell thickness) and R,/R, the 
convergence ratio [the ratio of outer capsule radius to 
final compressed hot fuel radius (the "hot spot" radius)]. 
The [(R,/AR) + 11 factor results from converting the 
kinetic energy of the pusher into pressure at stagnation, 
by using Bernouilli's theorem, i.e., Pstag = Pa + (1 /2) pv2. 
The (R,/R,>0.9 factor results from the pressure multi- 
plication due to the spherically imploding shock wave 
and is based on the self-similar solutions of Guderley20 

From Eq. (11, we immediately see that maximum pres- 
sure amplification occurs for high-aspect-ratio capsules 
with a high convergence ratio. 

The RT instability limits the aspect ratio, however, 
as we see from the following. In the linear regime, per- 
turbation growth is exponential in time, 

where the exponent Sydt represents growth in terms 
of perturbation e-foldings. A dispersion curve for the 
RT growth rate y can be written as * 
y = -PkVa, 

1 + k L  
(3)  

where k = ~ T C / ? L  is the perturbation wave number, g is 
the pusher acceleration, L = p / Ap is the density gradi- 
ent scalelength at the ablation front, p is a multiplier 
usually set in the range of 1 to 3, z1, = k / p  is the abla- 
tion velocity, liz is the mass ablation rate per unit area, 
and p is a characteristic density at the ablation front. If 
we assume (1) a constant acceleration over a distance 
S = X0/2, (2) that 80% of the pusher is ablated over this 
distance ( v,dt = 0.8AR), and (3)  a density gradient 

(L = aAR, with a = 0.1-0.2), then we can approximate 
the perturbation e-foldings as 

scale lengt d that is 10 to 20% of the shell thickness 

1 / 2  

,ydt=[ e - 0 . 8 ! ~ .  ax 
l+a!- 

(4) 

Here we have substituted k = ! /R ,  where C is the mode 
number of a spherical harmonic. We have chosen P -1 
which is typical of indirect drive. When A X I X  is small, 
Eq. (4) shows that the perturbation e-folding is large. 
One can maximize R,/AR, and hence the pressure 
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amplification, only to the extent that the RT growth 
will allow. 

The situation for a capsule implosion, illustrated in 
Fig. 1, can be approximated as GT = GI f G2, where the 
total growth factor GT has been decomposed into growth 
at the ablation front or outer surface G,, fractional 
feedthrough f to the inner surface or pusher-fuel inter- 
face, and growth at the inner surface G2. Experiments to 
measure mix (and hence GT) directly in implosions are 
difficult, typically relying on spectroscopic tracer layers 
or yield degradation to signal the onset of mix.18~19 The 
dominant source for the total perturbation growth and 
subsequent mixing, however, is the growth G, of outer- 
surface perturbations during the acceleration phase. 
This can be measured directly with high precision with 
face-on experiments in planar geometry. The integral 
effect, namely, outer-surface growth, feedthrough, and 
inner-surface growth, can be measured with side-on 
imaging of cylindrical implosions. The HEP2 campaign 
comprises these two areas-planar and cylindrical 
RT experiments. 

The evolution of a single-mode perturbation at the 
ablation front of an accelerated planar foil is expected to 
have three distinct phases. (1) When the drive first turns 
on, a strong shock is launched through the foil during 
compression. The shock front will typically be deformed, 
bearing the imprint of any initial surface imperfections. 
The behavior of this perturbed (or "rippled) shock front 
is dynamically similar to that produced by the RM 
instability? Material behind the shock develops a lateral 
velocity component, moving from regions in which the 
foil was thinner (initial perturbation valley) towards 
regions in which the foil was thicker (initial perturbation 
peak), increasing the areal density modulation. The 
shape of the shock front is not constant, but evolves with 

(a) Ablation front (GI) (b) Feedthrough (f, 

a t  

AR 

a l  

AR 

time?Ir2 The areal density modulation may decrease or 
even reverse phase, if the foil is thick enough with 
respect to the perturbation wavelength. (2) After the 
shock breaks out of the back of the foil (the side away 
from the drive), and a rarefaction wave returns to the 
ablation front, the compressed foil accelerates as a unit. 
Perturbation growth continues, now as a result of the RT 
instability. The linear regme is defined by kq << 1, where 
k = 2n/h represents the perturbation wave number and h 
and q are the perturbation wavelength and spatial 
amplitude. In the linear regime, the perturbation grows 
exponentially as given in Eq. (2), namely, q(t) = Toe$, 
where the growth rate y can be written approximately as 
in Eq. (3) in the form of a dispersion curve,8 

y p y 2 -  l + k L  pkm 
P 
- 

(3) After sufficient growth, kq is no longer small and the 
perturbation enters the nonlinear regime. The shape of 
the perturbation changes from sinusoidal to "bubble and 
spike," which corresponds in Fourier space to the gen- 
eration of higher  harmonic^.^ Within the framework of 
third-order perturbation theory,23 the amplitudes of the 
perturbation fundamental mode (first harmonic) ql, sec- 
ond harmonic q2, and third harmonic q3 can be written as 

(c) Stagnation (G,) 

/n \ 

(c) Stagnation (G,) 

FIGURE 1. Schematic showing how RT perturbation growth affects an implosion. The quantities G,, GI, f, and G, correspond to the total 
growth factor, growth factor at the outer surface during acceleration, feedthrough to the inner surface, and growth factor at the inner surface 
during deceleration. (20-03-1293-4392pb02) 
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where qL is the linear-regime spatial amplitude given 
by Eq. (2). The wave numbers of the first three harmonics 
correspond to k, = 2nn/h, n = 1,2,3. At third order, we 
see in Eq. (5a) the occurrence of negative feedback to the 
first harmonic; that is, the growth of the fundamental 
is decreased. The perturbation growth is said to “satu- 
rate.” In the asymptotic limit of the nonlinear regime, 
the bubble amplitude can be written as 

1 / 2  
q(t) = (Fgh) dt, 

which corresponds to a perturbation growing at its ter- 
minal bubble velocity?4 

(a) 

s k  =- v3D in3-D 
Lk2 ’ 

where L represents the system size and v is a parameter 
determined by comparison with simulations or data. 

We present here the results of an extensive, multiyear 
experimental and computational study of perturbation 
growth on planar foils and on imploding cylinders 

where F = u2/gl is the dimensionless Froude number, 
which depends only on the shape of the perturbation 
(here u, g, and I are characteristic flow velocity, acceler- 
ation, and spatial scale, respectively). As derived by 
Lay~er?~ F1/’ = 1 /(624ll2 = 0.23 in two dimensions (2-D) 
and 0.36 in three dimensions (3-D) for an axisymmetric 
bubble. If we define the transition into the nonlinear 
regime as taking place when the growth in the funda- 
mental mode is reduced by lo%, then from Eq. (5a) we 
have k2qE = 0.1, or qL/h = 0.1, which is a typical and 
widely used threshold for nonlinearity. This same tran- 
sition criterion results if one assumes that the onset of 
nonlinearity occurs when the linear-regime perturbation 
velocity is equal to the asymptotic nonlinear bubble 
velocity, namely, 4 = ug, or yq = (kgI1/%l = (gh/67~)l/~. 
Rearranging again leads to q / h  = 0.1 at saturation. 

mode coupling leads 
to the appearance of ’%eat” modes k. + k.. To second 
order, this can be written as 

In the nonlinear 

1 -  J 

Eq. (8) is derived in the Appendix. Mode coupling 
redistributes a multimode perturbation to longer and 
shorter wavelengths and affects the saturation of indi- 
vidual modes. If a perturbed interface has a sufficiently 
dense Fourier composition, it becomes convenient to 
think of the perturbation in terms of a characteristic wave 
number kchar = 2n/h,har and a characteristic spatial 
amplitude qchar. In these terms, the criterion for the onset 
of saturation becomes kcharqchar no longer being 
small. Within a continuum this leads to individ- 
ual constituent modes saturating when their amplitudes 
reach a threshold S, given by 
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Low-adiabat drive 
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FIGURE 2. (a) The experimental configuration consists of a cylindrical 
Au hohlraum (3000 pm long, 1600 pm diam) with the modulated 
CH(Br) foil mounted on the wall. (b) In the hohlraum, eighth = 351-nm 
laser beams are converted to x rays, which ablatively accelerate the foil. 
Two additional laser beams at h = 528 nm generate backlighter x rays 
used for in-flight diagnosis of the foil. 

(ga) 

(20-03-12934392pbO3) 
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driven with an x-ray drive. We investigated initial per- 
turbations of the form 

where k, = 2nn/h, for m = 1,2, and 8. The modes are enu- 
merated as harmonics of the longest repeating pattern. In 
the next section, we discuss the ”Experimental Details,” 
and in “Drive Characterization” we present our drive 
characterization work. The following sections discuss 
“Single-Mode Experiments,” ”Two-Mode Experiments,” 
and ”Eight-Mode Experiments.” Our 3-D single-mode 
experiments and simulations are discussed in ”3-D 
Single-Mode Experiments.” The cylindrical experiments 
are discussed in ”The RT Instability in Cylindrical 
Implosions,” and conclusions are given in ”Summary.” 
The final section, “Appendix: Amplitude of Coupled 
Modes,” discusses a second-order perturbation model. 

Experiment a1 Details 
Figure 2 shows the experimental setup for the pla- 

nar experiments using a shaped, low-adiabat drive. 
Sinusoidal surface perturbations are molded onto one 
side of a planar 750-pm-diam bromine-doped CH foil 
[C50H47Br2,7, or ”CH(Br)”] of density p = 1.26 g/cm3. 
A subset of the experiments were with fluorosilicone 
(SiOC,H,F, or ”FS, at p = 1.28 g/cm3). As shown in 
Fig. 2(a), the foil is mounted across a hole in the wall of 

i Density 

h = 5 0 y m  
L J - L  w 

Position 

FIGURE 3. Sample images taken (a) in side-on geometry, (b) in face- 
on geometry, and (c) from 2-D simulations for planar experiments 
with FS foils. (20-03-1293-4393pbO1) 
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a 3000-pm-long, 1600-pm-diam cylindrical Au hohlraum 
with the perturbations facing inwards. The foil is diag- 
nosed by back-illumination with an 800-pm-diam 
spot of x rays created by irradiating a backlighter disk 
with one or two h = 528-nm Nova33 beams, typically 
delayed relative to the drive beams, as shown in Fig. 20~). 
The modulations in foil areal density cause modula- 
tions in the transmitted backlighter x-ray flux, which 
are recorded as a function of time with gated or 
streaked x-ray imaging diagnostics. This is illustrated 
in Fig. 3 (taken from Refs. 14 and 15). 

expressed as the modulation transfer function (MTF), 
namely, the ratio of observed to actual contrast [AlnE, 
where E = film exposure]. The MTF for the 22x-magni- 
fication grazing-incidence Wolter x-ray microscope34 
used for most of these experiments is given by3537 

Instrumental spatial resolution is most conveniently 

1 
1 + (ko)’ ’ 

M ( k )  = (10) 

with (T = 6.65 pm; Fig. 4(a) shows M vs perturbation 
wavelength. The inverse Fourier transform of M ( k )  cor- 
responds to an exponential resolution function, 

X(x) = e-x’o. (11) 

Figure 4(a) also shows a curve corresponding to Eq. (10) 
with IS = 8.1 pm; this is the lowest MTF that is consis- 
tent with the data. 

Equations (10) and (11) correspond to the ”top” sec- 
tor of the Wolter microscope, which was used for most 
of the shots in this work. The “west” sector was used 
in one experiment; its resolution (which is slightly 
worse than that of the top sector) is given by 

1 ~ ( x )  = -[exp(-x/ol)+aexp(-x/02)], l + a  (12) 

with a = 0.22, (rl = 3.5 pm, and, o2 = 18 pm. Table 1 
gives the correspondence between experiment and 
Wolter sector used. Figure 403) shows the MTF for one 
of the gated x-ray pinhole cameras used for some of 
these experiments, the FXI.38 This camera was run at 
8x magnification with IO-pm pinholes. 

The Wolter microscope is a grazing-incidence x-ray 
optic, so it has a high-energy cutoff in its reflectance. 
We measured this cutoff on an identical second Wolter 
optic?6 as illustrated in Fig. 5. The solid curve in 
Fig. 5(a) gives the x-ray emission spectrum resulting 
from electron-beam excitation of a cold Nb target at 5 kV. 
The dotted curve represents the same spectrum after 
double reflection off the x-ray optic. The ratio of these 
two curves (dotted/solid) gives the reflectance, shown 
in Fig. 5(b). The high-energy cutoff is at -3 keV; the 
peak reflectance is only about 10%. The smooth dashed 
curve in Fig. 503) is the theoretical double-bounce 
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reflectance of an ideal Ni surface at grazing angles of 
1.1" and 1.2", multiplied by an overall degradation fac- 
tor of 0.3, and represents the reflectance assumed in 
the post-processing of the simulations for these experi- 
ments. The degradation factor is presumably caused 
by surface roughness and absorption by contaminants 
that have settled onto the Wolter optic surface. 

Figure 6 shows the measured (time-integrated) 
spectra for Mo, Rh, and Sc, the backlighter materials 
used in the face-on experiments. On separate shots, the 

1.c 
.* s 
Y 3 0.8 
FI 
2 

3 

3 0.4 

5 0.6 

s .* Y 

0.2 

T 
(a) Wolter microscope 

backlighter disks were irradiated with 528-nm light at 
I = 1 x lOI4 W/cm2. The Mo spectrum [Fig. 6(a)I is 
dominated by n = 3+2 L-band emission at 2.4-2.8 keV; 
the Rh spectrum [Fig. 6(b)] is also dominated by n = 3+2 
L-band emission, here at 2.8-3.3 keV. The Sc spectrum 
[Fig. 6(c)] is dominated by the n = 2+1 He, K lines. 
These backlighter materials were chosen by consider- 
ing the total optical depth (OD) of the experimental 
foils and the response of the recording instruments. 

(b) Ex1 gated imager 

1.0 t 

C 
0 20 40 60 80 100 120 0 20 40 60 80 100 120 

Perturbation wavelength (pm) Perturbation wavelength (pm) 

FIGURE 4. (a) Instrument modulation transfer function (MTF) vs perturbation wavelength for the 22x-magnification grazing-incidence 
Wolter x-ray microscope. The data points represent the measured MTF from the observed t = 0 contrast from accelerated rippled-foil targets. 
The data points and error bars for the h = 50 pm and h = 75 pm perturbations correspond to the means and standard deviations of the 
deduced MTF from seven and nine separate rippled-foil shots, respectively. The other data points correspond to single shots at each wave- 
length, and the error bars correspond to the standard deviation assuming that each individual period is independent data. The black curve 
represents a best fit of the data with the function M(k)  = 1 /I1 + (k0)~1, with (J = 6.65 p; the gray curved is M ( k )  for (J = 8.1 pm. (b) MTF for 
the FXI gated imager at 8x magnification with 10-pm pinholes and a Sc backlighter. (20-03-0394-0738pbO3) 

TABLE 1. Compilation of the data for each face-on single-mode shot, using the Wolter x-ray microscope. The ten columns in order 
give (1) foil material, (2) drive pulse shape, (3) perturbation wavelength, (4) the perturbation initial amplitude, (5) the foil thickness, 
(6) the total laser energy, (7) the sector (top or west) of the Wolter microscope used, (8) the backlighter material used, (9) the observed 
growth factor, and (10) the predicted growth factor from the LASNEX simulations. 

Single-mode 

Foil 

CH(Br) 
CH(Br) 
CH(Br) 
CH(Br) 
FS 
FS 
FS 
FS 
CH 

Drive 

Shaped 
Shaped 
Shaped 
Shaped 
Shaped 
Shaped 
Shaped 
1 ns sq. 
1 ns sq. 

h 
(pm) 

Thk 
(pm) Sector 

100 
70 
50 
30 
50 
50 
50 
50 
50 

2.4 
2.4 
0.42 
1.5 
4.5 
0.8 
0.16 
2.2 
2.5 

48 
50 
57 
53 
57.5 
56.0 
65.5 
34.2 
59.4 

16.1 
18.5 
17.4 
15.1 
19.3 
16.6 
16.7 
13.4 
13.9 

Back-lighter 

Rh 
Rh 
Mo 
Rh 
Rh 
Rh 
Rh 
DY 
U 

Gobs GLASNEX 

3.8 5.8 
6.5 7.3 

19.9 24.0 
7.2 9.7 
6 4 

22 20 
75 75 
2.9 2.8 
1.7 1.9 
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Drive Characterization 
Figure 7 shows the low-adiabat x-ray drive used in 

most of these e x p e r i r n e n t ~ . l ~ . l ~ ~ ~ ~  This drive was gen- 
erated by focusing eight 351-nm, 2.0-2.4-kJ, 3.3-ns 
temporally shaped Nova beams into the hohlraum, 
where they are converted to approximately thermal 
x rays. The black curve shows the total power of the 
eight laser beams on a typical shot. The intensity dur- 
ing the first 1.6-1.8 ns of the drive, called the "foot," is 
about a factor of 10 lower than in the 16-TW peak, 
which occurs at 2.6 ns. This shaped pulse leads to a 
lower adiabat and higher compression than if the same 
total laser energy were delivered in a square pulse. The 
x-ray drive used in our analysis results from a two- 

dimensional (2-D) hohlraum simulation39 using the 
experimental laser power PL, and is shown as radiation 
temperature TR(t) by the gray curve in Fig. 7. This 
x-ray drive has been checked by two independent 
experimental techniques: (1) shock breakout trajectory 
through an A1 wedge mounted on the hohlraum and 
viewed with a streaked UV imager?O and (2) accelerated- 
foil trajectory using streaked side-on radiography.14J7 
The resulting TR profile has a -95-eV foot increasing to 
200 eV in the peak at about 3 ns. This shape mimics, on 
a short time scale, the early stages of an ignition pulse 
shape, which typically has a -90-eV foot followed by a 
stepped ramp to a 300-eV peak.41 
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FIGURE 5. Measured Wolter reflectivity vs x-ray energy. In (a) the solid curve corresponds to the x-ray emission spectrum from a Nb trans- 
mission target bombarded by a focused electron beam accelerated across a potential difference of 5 kV The dotted curve is the same except 
the x rays have undergone two -1" grazing-incidence reflections off the Ni surface of the Wolter x-ray optic. (b) The solid histogram gives the 
ratio (dotted/solid) of the two curves in (a) and corresponds to the Wolter reflectance. The smooth dashed curve represents the calculated 
reflectance for two ideal Ni surfaces at grazing angles of 1.1' and 1.2", with an overall degradation factor of 0.3. (20-03-0394-0740pb02) 
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FIGURE 6. Time-integrated spectra for the backlighters used in the face-on experiments. In each case, a single 5-11s laser beam (h = 528 nm, 
I = 1 x W/cm2) was used. The backlighter disks were (a) Mo, (b) Rh, and (c) Sc. The dominant transitions are marked. The high-energy 
portion of each spectrum was measured with a static crystal (RAP) spectrometer, and the low-energy portions with a filtered photodiode 
array. (20-03-0394-0739pbO2) 
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Figure 8 shows the drive spectrum during the foot and 
at peak power for the nominal conditions of this investi- 
gation. For comparison we also show Planckian spectra 
corresponding to radiation temperatures TR = 95 eV dur- 
ing the foot and TR = 200 eV during the peak. The actual 
drive spectrum used derives from a full hohlraum 
simulation?9 but is not too different from the time- 
dependent combination of a Planckian with the spectrum 
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FIGURE 7. Drive expressed in terms of laser power and x-ray radiation 
temperature. Black curve (scale on right) gives total power vs time of 
the eight h = 351-nm drive laser beams. The adopted drive temperature 
TR(t), shown by the gray curve (scale on left), was obtained from a 2-D 
hohlraum simulation. The first 2 ns represents the "foot"; peak laser 
power P, occurs at 2.6 ns; peak TR occurs at 3 ns. (20-03-12934397pbO2) 
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FIGURE 8. Black curves represent nominal drive spectra during the 
foot and the peak of the drive shown in Fig. 7. Gray curves correspond 
to Planckian spectra at T, = 100 and 200 eV. (20-03439P0743pb02) 

from a planar Au disk illuminated by a shaped h = 351-nm 
laser pulse. The weighting of the two spectra for this 
case (shown in Fig. 8) corresponds to the relative solid 
angles subtended by the foil mounted on the hohlraum 
wall for the eight laser spots in the hohlraum versus that 
for the wall area not directly illuminated with laser light. 
The contribution of the Au M-band emission from the 
laser spots causes the drive spectrum to be "harder" 
than a Planckian spectrum. 

the shock-front velocity vs and pressure P behind the 
shock front are related by P = pusv:, where pus is the 
density of the unshocked material. From Ref. 43 we 
can write P oc TR7l2, so we have TR oc P ~ / ~  oc ~ , 4 / ~ .  
When applied to Al, for example, and after correcting 
for albedo effects, this becomes40 

From the strong-shock relations for ideal 

v0.63 
TR =s 

80 ' 
(13) 

with TR in eV and vs in cm/s; the numerical factor 
arises from the equation of state (EOS) of Al. A 

"0 1 2 3 4 5 
t (ns) 

FIGURE 9. The drive is characterized with measurements of shock 
trajectory, deduced from measuring in face-on geometry the shock 
breakout time across a variable-thickness A1 wedge mounted on the 
wall of the hohlraum. Corresponding I-D LASNEX simulations are 
shown. (a) Results for 19.4-kJ shot discussed in Figs. 7 and 8. 
(b) Results for ELaser = 17.6 kJ. C?0-07-0394-0744pb03) 
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measurement of shock velocity therefore allows us to 
deduce the ablation pressure and drive temperature. 

shots. The measurements were made by viewing a 
wedged AI witness plate face-on with a streaked UV 
imager.40 The shock breakout time is recorded as a 
function of position across the increasing thickness of 
the witness plate, allowing the shock trajectory to be 
reconstructed. Figure 9 shows the experimental trajec- 
tories at two laser energies and the corresponding 
simulations from 1-D LASNEX4 using the drive 
described above (scaled in proportion to the laser power 
history for the lower-energy shot). The absolute timing 
of the shock trajectory data relative to drive turn-on 
(t  = 0) was experimentally determined in the data 
shown in Fig. 9(b) but not in Fig. 9(a), where only the 
relative time was measured. The agreement between 
the data and simulation is very good. The data for the 
higher-energy shot [Fig. 9(a)l and the simulations for 
both shots show a two-component trajectory corre- 
sponding to an initial shock launched by the foot, and 
a delayed second shock coming from the peak of the 
drive. For the measured two-shock system in Fig. 9(a), 
the first shock has a velocity nl = 20 pm/ns, and the 
second shock has a peak velocity of v2 = 53 pm/ns. The 
simulations give velocities of 16 and 46 pm/ns, respec- 
tively. Applying Eq. (13) directly to the data gives 
TR = 120 and 215 eV for the foot and peak of the drive, 
as compared to 100 and 200 eV from the simulations. 

Figure 9 shows measured shock trajectories for two 

- 1.26 
Nh_ 

The foil trajectory, which is a measure of the gross 
hydrodynamics, was obtained by viewing across the 
rear edge of the foil in side-on g e ~ m e t r y , ~ ~ ! ~ ~  as shown 
in Fig. 10. This trajectory is reproduced very well with 
the 1-D simulation using the drive model described 
above, as illustrated in Fig. 11 for a CH(Br) foil. The 
back edge of the foil does not begin to move until 
shock breakout at -2.6 ns. The foil then accelerates 
during the interval 2.6 5 t 23.6 ns, after which the 
drive is turning off and the foil begins to coast. The 
black curve represents the foil trajectory from the 1-D 
LASNEX simulation; the gray curve represents the 
acceleration of the ablation front, defined as the zone 
of half peak density. The fluctuations in the acceleration 
at 0.2 and 2.2 ns are due to the passage of the first and 
second shocks. The inset in Fig. 11 gives the ablation 
velocity va = m / pmax and density gradient scalelength 
L = p / Vp where m IS the mass ablation rate per unit 
area, Pmax is the peak density, and p and Vp are the 
density and its gradient. (Computationally, the scalelength 
L is taken as the minimum value of a In p) / &I-' ). 
Calculations based on this drive give better agreement 
with experiment than was obtained in preliminary results4 

It is instructive to look in more detail at the effect of 
this shaped drive on the foil. Figures 12(a)-12(c) show 
results from the 1-D LASNEX simulations for radiation 
drive temperature, ablation pressure (defined as peak 
pressure in the simulation), and foil peak density as 
functions of time. Figures 12(d)-12(f) give the corre- 
sponding spatial profiles of electron temperature T,(z), 
pressure P(z), and density p(z) at five times spanning 
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1.3-2.9 ns. In Fig. 12(a), the drive TR(t) shows a -90-eV 
foot for the first 1.5 ns, an increase to a peak of 190 eV 
at 3 ns, and a decay to -100 eV at 5 ns. The resulting 
ablation pressure in the CH(Br) foil (Fig. 12b) shows a 
3-5 Mbar foot and a peak of 28 Mbar at 3 ns, i.e., at the 
same time as the peak in TR. [This is also the time of 
peak acceleration and peak ablation velocity (Fig. ll).] 
The peak density of the foil [Fig. 12(c)l is generated 
just behind the strongest shock, reaching 6.5 g/cm3 or 
a compression of 5.2 at 2.6 ns, when the second shock 
breaks out of the back of the foil and is at maximum 
strength. (This is also the time of minimum L, shown in 
the inset in Fig. 11.) The Te(z) profile at 1.3 ns [Fig. 12(d)] 
shows a sharp increase at z = -20 pm because of the pas- 
sage of the first shock. Notice, however, that a low level 
of heating precedes the first shock (z  > -20 pm). This 
"preheat" results from the deep penetration of the hard 
component (kv 2 1.4 keV) of the drive spectrum. By 2.5 ns, 
the second shock has overtaken the first, and the sharp 
features in Te(z) are washed out. The pressure profiles 
[Fig. 12(e)l convey a similar picture. During the interval 
1.3-2.1 ns, the sharp rise in pressure to 4 Mbar due to 
the first shock is readily apparent. At 2.5 ns, the second 
shock has overtaken the first, increasing the pressure to 
20 Mbar, and at 2.9 ns the pressure reaches its maximum 
of 28 m a r .  Figure 12(f) shows the effect on the foil 
compression of this staged two-shock drive. The com- 
pression at 1.3 ns just behind the first shock increases 
the foil density from 1.26 to 3.3 g/cm3. By the time the 
second shock has overtaken the first at 2.5 ns, the peak 

FIGURE 12. Various repre- 
sentations of the 16.4-kJ drive 
corresponding to results 
shown in Fig. 11 from I-D 
simulations to illustrate the 
effect of pulse shaping. 
(a) Laser power P, and radi- 
ation temperature TR vs 
time. (b) Ablation pressure 
(defined as the peak pressure 
in the simulation) vs time. 
(c) Peak density vs time. 

density has reached 6.4 g/cm3, corresponding to a 
compression of 5. This is greater than the maximum 
possible compression of 4 for a single strong shock (in 
the ideal-gas limit). The staging of multiple shocks 
allows a higher compression by maintaining the foil on 
a lower adiabat. 

We illustrate the lower adiabat achievable with this 
shaped drive by characterizing an adiabat with the 
ratio a = P/PFD of pressure at peak density to that of a 
Fermi-degenerate gas at the same density (which rep- 
resents the lowest possible internal energy). For P,, 
we use the pressure at zero temperature for the EOS of 
the foil. For the low-adiabat drive shown in Fig. 12, we 
have a = 2; for a 1-ns square drive at the same laser 
energy13 we have a = 9, a factor of 4.5 higher. Note that 
the EOS for a real material differs significantly from 
that of an ideal Fermi fluid for densities only a few 
times solid density. The value of the parameter a 
defined above does not uniquely characterize an isen- 
trope but changes with density along one. The value of 
a goes to infinity at solid density because P,, -+ 0. The 
value of a does, however, approach a constant along 
an isentrope in the limit p + 00. This asymptotic limit 
of a is about 1.25 for our low-adiabat drive, but it is 2.3 
for a 1-ns square drive. Thus, if the foil driven with the 
shaped pulse were to be compressed to high density 
without introducing additional entropy, as in a capsule 
implosion, its compression would be close to that 
expected in the degenerate limit. 

30 t- n 
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measurement of shock velocity therefore allows us to 
deduce the ablation pressure and drive temperature. 

shots. The measurements were made by viewing a 
wedged A1 witness plate face-on with a streaked W 
imager.4o The shock breakout time is recorded as a 
function of position across the increasing thickness of 
the witness plate, allowing the shock trajectory to be 
reconstructed. Figure 9 shows the experimental trajec- 
tories at two laser energies and the corresponding 
simulations from 1-D LASNEX44 using the drive 
described above (scaled in proportion to the laser power 
history for the lower-energy shot). The absolute timing 
of the shock trajectory data relative to drive turn-on 
(t  = 0) was experimentally determined in the data 
shown in Fig. 9(b) but not in Fig. 9(a), where only the 
relative time was measured. The agreement between 
the data and simulation is very good. The data for the 
higher-energy shot [Fig. 9(a)l and the simulations for 
both shots show a two-component trajectory corre- 
sponding to an initial shock launched by the foot, and 
a delayed second shock coming from the peak of the 
drive. For the measured two-shock system in Fig. 9(a), 
the first shock has a velocity u1 = 20 pm/ns, and the 
second shock has a peak velocity of v2 = 53 pm/ns. The 
simulations give velocities of 16 and 46 pm/ns, respec- 
tively. Applying Eq. (13) directly to the data gives 
TR = 120 and 215 eV for the foot and peak of the drive, 
as compared to 100 and 200 eV from the simulations. 

Figure 9 shows measured shock trajectories for two 

The foil trajectory, which is a measure of the gross 
hydrodynamics, was obtained by viewing across the 
rear edge of the foil in side-on g e ~ m e t r y , ' ~ ~ ~ ~  as shown 
in Fig. 10. This trajectory is reproduced very well with 
the 1-D simulation using the drive model described 
above, as illustrated in Fig. 11 for a CH(Br) foil. The 
back edge of the foil does not begin to move until 
shock breakout at -2.6 ns. The foil then accelerates 
during the interval 2.6 5 t 13.6 ns, after which the 
drive is turning off and the foil begins to coast. The 
black curve represents the foil trajectory from the 1-D 
LASNEX simulation; the gray curve represents the 
acceleration of the ablatiob front, defined as the zone 
of half peak density. The fluctuations in the acceleration 
at 0.2 and 2.2 ns are due to the passage of the first and 
second shocks. The inset in Fig. 11 gives the ablation 
velocity ua = m / pmax and density gradient scalelength 
L = p / Vp where m is the mass ablation rate per unit 
area, Pmax is the peak density, and p and Vp are the 
density and its gradient. (Computationally, the scalelength 
L is taken as the minimum value of [a( In p) / a~]-'  >. 
Calculations based on this drive give better agreement 
with experiment than was obtained in preliminary 

It is instructive to look in more detail at the effect of 
this shaped drive on the foil. Figures 12(a)-12(c) show 
results from the 1-D LASNEX simulations for radiation 
drive temperature, ablation pressure (defined as peak 
pressure in the simulation), and foil peak density as 
functions of time. Figures 12(d)-12(f) give the corre- 
sponding spatial profiles of electron temperature Te(z), 
pressure P(z),  and density p(z) at five times spanning 
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FIGURE 10. Foil trajectory (for a FS foil) in side-on geometry measured 
with the Wolter x-ray microscope. The profiles are of optical depth OD, 
and are artificially offset vertically by time, as indicated on the right- 
hand vertical axis. The circles represent the position that was taken as 
the foil rear edge (side away from x-ray drive). (20-034895-2047pbOl) 
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Figure 11. The square plotting symbols represent the measured posi- 
tion of the rear edge (side away from the x-ray drive) of the foil as a 
function of time. These data represent the average of two shots, one 
using a 50-pm-thick and the other a 48-pm-thick CH(Br) foil. Error 
bars represent uncertainties in defining the edge of the foil. The black 
curve represents the result of the 1-D LASNEX simulation. The rear 
edge of the foil does not start to move until after shock breakout at 
2.6 ns. The gray curve represents the acceleration of the ablation 
front (defined as the zone of half peak density). Inset: ablation 
velocity and density gradient scalelength from the simulation. 
(20-07-0592-1702BpbO2) 
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1.3-2.9 ns. In Fig. 12(a), the drive T&) shows a -90-eV 
foot for the first 1.5 ns, an increase to a peak of 190 eV 
at 3 ns, and a decay to -100 eV at 5 ns. The resulting 
ablation pressure in the CH(Br) foil (Fig. 12b) shows a 
3-5 Mbar foot and a peak of 28 Mbar at 3 ns, i.e., at the 
same time as the peak in TR. [This is also the time of 
peak acceleration and peak ablation velocity (Fig. 111.1 
The peak density of the foil [Fig. 12(c)] is generated 
just behind the strongest shock, reaching 6.5 g/cm3 or 
a compression of 5.2 at 2.6 ns, when the second shock 
breaks out of the back of the foil and is at maximum 
strength. (This is also the time of minimum L, shown in 
the inset in Fig. 11.) The Te(z) profile at 1.3 ns [Fig. 12(d)l 
shows a sharp increase at z = -20 pm because of the pas- 
sage of the first shock. Notice, however, that a low level 
of heating precedes the first shock (z > -20 pm). This 
"preheat" results from the deep penetration of the hard 
component (hv 2 1.4 keV) of the drive spectrum. By 2.5 ns, 
the second shock has overtaken the first, and the sharp 
features in Te(z) are washed out. The pressure profiles 
[Fig. 12(e)l convey a similar picture. During the interval 
1.3-2.1 ns, the sharp rise in pressure to 4 Mbar due to 
the first shock is readily apparent. At 2.5 IIS, the second 
shock has overtaken the first, increasing the pressure to 
20 Mbar, and at 2.9 ns the pressure reaches its maximum 
of 28 Mbar. Figure 1209 shows the effect on the foil 
compression of this staged two-shock drive. The com- 
pression at 1.3 ns just behind the first shock increases 
the foil density from 1.26 to 3.3 g/cm3. By the time the 
second shock has overtaken the first at 2.5 ns, the peak 

FIGURE 12. Various repre- 
sentations of the 16.4-kJ drive 
corresponding to results 
shown in Fig. 11 from 1-D 
simulations to illustrate the 
effect of pulse shaping. 
(a) Laser power P, and radi- 
ation temperature TR vs 
time. (b) Ablation pressure 
(defined as the peak pressure 
in the simulation) vs time. 
(c) Peak density vs time. 
(d)-(f) Spatial profiles of (d) 
electron temperature T,, 
(e) pressure in the foil, and 
(0 foil density at 1.3, 1.7,2.1, 
2.5, and 2.9 ns, spanning the 
foot through the peak of the 
drive. The 0-pm position 
corresponds to the initial 
position of the back edge of 
the foil (the side away from 
the drive). The drive is inci- 
dent from the left (negative) 
side. (20-03-0794-2831pb04) 

density has reached 6.4 g/cm3, corresponding to a 
compression of 5. This is greater than the maximum 
possible compression of 4 for a single strong shock (in 
the ideal-gas limit). The staging of multiple shocks 
allows a higher compression by maintaining the foil on 
a lower adiabat. 

We illustrate the lower adiabat achievable with this 
shaped drive by characterizing an adiabat with the 
ratio a = P/P,, of pressure at peak density to that of a 
Fermi-degenerate gas at the same density (which rep- 
resents the lowest possible internal energy). For P,, 
we use the pressure at zero temperature for the EOS of 
the foil. For the low-adiabat drive shown in Fig. 12, we 
have a = 2; for a 1-ns square drive at the same laser 
energyI3 we have a = 9, a factor of 4.5 higher. Note that 
the EOS for a real material differs significantly from 
that of an ideal Fermi fluid for densities only a few 
times solid density. The value of the parameter a 
defined above does not uniquely characterize an isen- 
trope but changes with density along one. The value of 
a goes to infinity at solid density because PFD + 0. The 
value of a does, however, approach a constant along 
an isentrope in the limit p + 00. This asymptotic limit 
of a is about 1.25 for our low-adiabat drive, but it is 2.3 
for a 1-ns square drive. Thus, if the foil driven with the 
shaped pulse were to be compressed to high density 
without introducing additional entropy, as in a capsule 
implosion, its compression would be close to that 
expected in the degenerate limit. 
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Single-Mode Experiments 
Figure 13 shows the data from a single-mode face- 

on experiment with a h = 100 pm, qo = 2.4 pm initial 
perturbation on a 48 pm thick CH(Br) 
shows the ’,raw” image; Fig. 13(b) shows profiles of 
modulations in optical depth AOD = -1nE at early, 
intermediate, and late times. The initial perturbation 
amplitude was large, and we observe clear sinusoidal 
contrast (AOD) even at the earliest time, 0.2 ns. At 2.2 ns, 
the contrast is slightly greater and still sinusoidal, indi- 
cating that the growth is still in the linear regime. At 
4.2 ns, the shape of the perturbation has deviated sub- 
stantially from sinusoidal, forming sharp spikes and 
bubbles of high and low OD, respectively; the pertur- 
bation has entered the nonlinear regime. The transition 
from the linear to nonlinear regime is particularly clear 
in Fourier space; Fig. 13(c) shows the real components 
of the Fourier transform for the three AOD profiles. At 
0.2 ns, only the q1 fundamental mode (first harmonic) 
exists, indicating a purely sinusoidal perturbation. At 
2.2 ns, ql has grown slightly but is still the only com- 
ponent, indicating a purely sinusoidal shape and linear 
regime. At 4.2 ns, a whole spectrum of higher Fourier 
harmonics-up to the fifth-is observed, corresponding to 
the bubble-and-spike shape of the top lineout in Fig. 13b. 
The perturbation is  fully into the nonlinear regime. 

Figure 14 shows the results of our h-scaling experi- 
ments with single-mode CH(Br) foils. The data points 
represent the observations for the fundamental and the 
second harmonic. The error bars represent the standard 
deviation of the ensemble formed by treating each 

Figure 13(a) 

individual period of the perturbations as independent 
data. The solid curves are the corresponding 2-D 
LASNEX4 simulations. The h = 100 pm data shown in 
Fig. 14(a) is the full time evolution of the results shown 
at three particular times in Fig. 13. The perturbation 
growth evolves through three stages. Before shock 
breakout (t < 2.5 ns), the perturbation is growing only 
slowly because of the rippled shock dynamics?1j22 For 
a brief period after shock breakout (2.5 ns 4 t I 3.2 ns) 
the perturbation is growing strongly because of the RT 
instability in the linear regime. Late in time (t. > 3.2 ns), 
the perturbation ”saturates.” The evolution has 
entered the nonlinear regime, the second harmonic 
appears, and the observed contrast rolls over. The 
growth factor G, defined as the ratio of peak to initial 
contrast, was small here-G = 4. A similar situation 
occurs for 3L = 70 pm, qo = 2.4 pm [Fig. 14(b)]. Here, the 
overall growth was slightly greater, G = 6, reflecting 
the higher growth rate. For h = 50 pm, yo = 0.4 pm 
[Fig. 14(c)], the situation is qualitatively different. 
Because the initial amplitude is small, the perturbation 
evolution remains primarily in the linear regime, 
achieving the higher growth G = 20. Figure 14(d) 
shows the results for h = 30 pm, yo = 1.5 pm. Because 
of the low instrumental MTF at h = 30 pm (see Fig. 4), 
the contrast remains low and no higher harmonics are 
observed. The observed growth factor for the fundamen- 
tal mode was G = 7. Table 1 lists the key parameters for 
these experiments, including observed and simulated 
growth factors. 

The solid curves in Fig. 14 represent the corresponding 
results from 2-D LASNEX simulations, after convolution 
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FIGURE 13. Various representations for single-mode face-on data for a k = 100 pm, qo = 2.4 pm perturbation imposed on a 48-pm-thick 
CH(Br) foil. (a) The ”raw” streaked image is shown as film density. The film response is removed using a calibrated exposure across a preci- 
sion P20 optical density wedge. (b) Profiles of A(optica1 depth) =-Ah€ at 0.2,2.2, and 4.2 ns. (c) Real components of the Fourier transforms for 
the profiles in (b). At late time, the perturbation enters the nonlinear regime, and up to the fifth harmonic of the perturbation Fourier compo- 
sition is observed. (20-03-0394-0748pbO2) 
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of the simulated image exposure with the instrumental 
resolution function [Eq. (1111. (Our modeling is discussed 
in detail in Ref. 45.) Qualitatively, the simulations agree 
quite well with the data. There is modest growth dur- 

ing the shock transit phase, strong growth after shock 
breakout, and then saturation with the appearance of 
the second harmonic, indicating entry into the nonlin- 
ear regime. 

FIGURE 14. Results 
from single-mode, 
h-scaling series for 
various values of h and 
q,,. Data points repre- 
sent first harmonic 
(fundamental mode) 0.4 
and second harmonic 
Fourier coefficients of 

corresponding results 

simulations. (a) Shows 4 
full time dependence o) 

for data of Fig. 13. All 
3 shots except that in (c) 'c 

used the "top" sector 
of the 22x and a Rh Fr, 0.6 
backlighter; in (c), the 
west sector was used, 
and a Mo backlighter 0.4 

O.6 

InE. Solid curves are 0.2 

from 2-D LASNEX 5 
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FIGURE 15. Isodensity contour plots from 2-D simulations, in 1-ns steps, for perturbation growth from (a-d) h = 50 pm, qlo = 0.4 pun and (e-g) 
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This basic behavior can be understood in terms of 
the simple linear and perturbation theories outlined in 
Eqs. (2,3,5). In the linear regime, RT growth is exponen- 
tial. For q / h  2 0.1, the evolution enters the nonlinear 
regime, higher harmonics appear, and at third order, 
the growth in the fundamental mode is reduced. The 
late-time rollover in the simulations (and presumably 
in the data), is partially an instrumental artifact, how- 
ever. Mass is being concentrated in long, narrow spikes 
in the nonlinear phase, as illustrated in Fig. 15 with 
isodensity contour plots from the simulations for h = 50 
and 70 pm. For example, at t = 3.5 ns for 3L = 70 pm 
[Fig. 15(g)l, 50% of the highest density contours lie 
within a 10-pm region at the center of the spike, which 
is difficult to resolve with the 10-15-pm resolution of 
the imaging instrument used (see Fig. 4). The observed 
contrast is therefore decreasing after f = 3.5 ns. Notice 
that there is much less concentration of material in the 
spike at 3.5 ns for h = 50 pm [Fig. 15(c)]. For this case, 
spatial resolution does not become an issue until very 
late (t = 4.5 ns). For completeness, Fig. 16 shows the 
simulations before and after convolution with the 
instrument resolution function. The contrast is greater 
before inclusion of the MTF, the difference being great- 
est for the shortest wavelengths. 

The simulations systematically predict slightly more 
growth than is observed (Fig. 14). The seeds of this 
discrepancy occur early-by 1.5 ns for the 3L = 100 and 
70-pm foils, well before the shock has broken out-so 
the disagreement occurs during the shock transit phase. 
We consider possible causes for this discrepancy in 
Fig. 17, using the A =  70 pm experiment as a test case. 

(a) h = 100 pm, qo = 2.4 pm (b) h = 70 pm, qo = 2.4 pm 

1.5 

1.0 

(c) h = 50 pm, q,, = 0.4 pm (d) h= 30pm,q, = 1.5 pn 

I t  LASNEX with MTF (c + 

0 1 2  3 4 5 0  1 2  3 4 5 
t (ns) t (ns) 

FIGURE 16. Effect of instrument resolution on the results from the 
simulations. Black curves in (a)-(d), which include the effects of 
instrumental MTE are reproduced from Fig. 14. Gray curves represent 
the simulation results before inclusion of MTF. (20-03-0394-0745pbO3) 
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Possible uncertainties in the drive TR(t) could arise 
from uncertainties in the albedo of the Au hohlraum 
wall early in time and from stagnation of Au plasma 
on the hohlraum axis late in time. To assess the sensi- 
tivity of perturbation growth to uncertainties in the 
drive, we compare in Fig. 17(a) the results of simula- 
tions in which the foot of the drive was 10 eV higher 
and the peak 10 eV lower than the nominal drive. This 
variation in the drive produces very little variation in 
the predicted overall growth for h = 70 pm. 

foil compression, which affects the RM-like growth 
during shock transit. In Fig. 17(b) we compare the 
effect of using a tabular EOS library with that of using 
an in-line QEOS The QEOS model generates 
a slightly stiffer EOS, which leads to less foil compres- 
sion and hence to -15% less perturbation growth. 

There is also uncertainty in the exact magnitude of 
preheat in the drive spectrum early in time. In Fig. 17(c) 
we assess the sensitivity of perturbation growth to pre- 
heat by comparing simulations with a nomina1 drive 
spectrum and with a ”high preheat” drive, in which 
the drive spectrum above kv = 1.4 keV is increased by 
a factor of 10 for the first 2 ns, while keeping the total 

Different EOS models can lead to different predicted 

(a) h = 70 pm, qn = 2.4 pm (b) 

I - Nominal drive - Tabular EOS 1 QEokr* 
(d) 

a, ._ I - Nominal drive I 

0 1 2  3 4 5 0  1 2  3 4 
t (ns) t (ns) 

5 

FIGURE 17. Sensitivity of perturbation growth for h = 70 pun, qo = 2.4 pun 
to (a) drive, (b) EOS, (c) preheat, and (d) MTF. Data and black curves are 
reproduced from Fig. 14b). (a) The light gray curve corresponds to a 
simulation in which the radiation temperature in the foot of the drive was 
increased by 10 eV; the dark gray curve Rpresents a simulation in which 
the peak of the drive was reduced by 10 eV. (b) The nominal simulation 
(black) uses a tabular EOS library. The gray curve uses an in-line model 
calIed QEOS, whch results in a slightly “stiffer“ EOS. (c) The gray m e  
corresponds to a simulation in which the preheat in the drive was arti- 
ficially increased during the first 2 ns (the foot), the drive for hv 2 1.4 keV 
was increased by a factor of 10, and the drive for hv < 1.4 keV was 
decreased to maintain the same total energy. (d) The gray curve corre- 
sponds to post-processing the simulation with a resolution function 
artificially degraded to give a 15% lower MTF. (20-03-08942839pb03) 
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drive power constant. Enhancement of the preheat sig- 
nificantly reduces perturbation growth. 

We also illustrate the sensitivity of observed growth 
to uncertainties in the MTF. Decreasing the MTF by 
15%, the maximum reduction consistent with the data 
shown in Fig. 4(a), decreases the predicted growth by 
1570, as shown in Fig. 17(d). 

To summarize, the simulations slightly but system- 
atically overpredict perturbation growth during the 
shock transit phase. A possible cause is higher preheat 
in the foot of the drive, but a combination of stiffer 
EOS and degraded MTF may also be involved. 

We have also done single-mode 2-D experiments 
aimed at measuring large RT growth factors.14 These 
experiments differed from those described above only 
in the use of fluorosilicone (SiOC4H,F3, or ''FS) as the 
foil material. We used FS because its admixture of 
opacities shields the foil from x-ray preheat, keeping 
the foil on a lower adiabat. The density gradient at the 
ablation front is therefore steeper, and the ablation 
velocity is lower, leading to higher RT growth factors. 

We did these experiments in an amplitude-scaling series, 
starting with large amplitude to see the initial contrast 
easily. In this case, however, the RT evolution quickly 
enters the nonlinear regime, higher harmonics are formed, 
the perturbation takes on the classic bubble-and-spike 
shape, and the growth slows sharply, ultimately 
changing from exponential to linear. We then shot an 
intermediate-amplitude target, which entered the non- 
linear regime only towards the end of the acceleration. 
Finally, to maximize the observed growth, we used a 
very-small-amplitude perturbation, so that the foil 
remained in the linear regime throughout the accelera- 
tion. Figure 18 shows the results. For the smallest 
amplitude perturbation, a growth factor of 75 was 
observed in the fundamental mode. The peak-to-valley 
amplitude grew by a factor of 80 (that is, 4.4 e-foldings 
of growth), in agreement with the simulations. 

To better illustrate the differences between the evo- 
lution of these three targets, we use the simulations to 
show in Fig. 19 the actual shape of the perturbations at 
peak growth. The large-qo foil [Fig. 19(a)l shows the 
classic bubble-and-spike shape of the nonlinear RT 
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FIGURE 18. Amplitude (qo) scaling results for three fluorosilicone 
(E) foils. Perturbations were L = 50 pm, qo = 0.16, 03, and 4.5 pm; 
the smallest-qo perturbation yielded the highest growth factor (G = 
75). (2043-1293-4395pbOl) 
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regime; the small-qo foil [Fig. 19(c)l still looks largely 
sinusoidal, indicating linear RT evolution; the interme- 
diate-qO foil [Fig. 19(b)l is midway in between. 

The transition to the nonlinear regime can be illustrated 
qualitatively with third-order perturbation t h e ~ r y . ' ~ . ~ ~  
We compare the results from the LASNEX simulation 
for the intennediate-qO foil (qo = 0.8 pm) with those 
obtained from perturbation theory [Eq. (5)]. Amplitudes 
in areal density pR are converted to spatial amplitude 
by dividing by a characteristic density. Figure 20 shows 
the results. Third-order perturbation theory predicts 
the entry into the nonlinear regime very well. 

The quantity of most interest in RT instability stud- 
ies is the growth rate y in Eq. (2), which is often 
parametrized as in Eq. (3)  in terms of foil acceleration 
g, density p, and density gradient scalelength L. 
Unfortunately, because of the nature of our low-adiabat 
drive, the foil g, p, and L are not constant, as shown in 
Figs. 11 and 12. Hence, our RT growth cannot be char- 
acterized in terms of a single value of y over the full 
duration of the foil acceleration. Nevertheless, from 
linear-regime simulations for h = 50 pm [Figs. 21(b), 
21(c)], we show the dispersion curves in Fig. 21(d) for 
CH(Br) and FS, using parameters characteristic of the 
foils at f = 3.0 ns. Even though the exact quantitative 
form of Eq. (3)  for indirect drive is not settled, the 

equation appears qualitatively to describe the effect of 
stabilization at the ablation front. This has recently been 
demonstrated conclusively by comparing RT growth at 
the ablation front with that at an embedded interface, 
away from the ablation front, for this same drive and 
ablator material. At the ablation front, no growth was 
observed for wavelengths shorter than 30 pm, whereas 
at the embedded interface, strong growth down to 
wavelengths as short as 10 pm was observed.47 

Earlier experiments were done with a 1-ns drive 
pulse shape, using FS and CH f0i1s.l~ Figure 22 shows 
the results. This drive puts the foils on a much higher 
adiabat; the duration of the acceleration was short, and 
the growth was predominantly due to the rippled shock 
dynamics. Growth factors were G = 2.5 and G = 1.5 for 
the FS and CH foils, respectively. 

itatively understood by the density profiles in Fig. 23, 
where we have carried out 1-D LASNEX simulations 
with the shaped drive, changing only the foil material. 
The FS foil remains on the lowest adiabat, has the 
steepest density gradient at the ablation front, and (as 
we saw above) exhibits the largest RT growth factors. 
The CH foil is at the opposite extreme. With no opacity 
shield against the hard x rays in the drive, the CH foil 
jumps to a very high adiabat, the density gradient at 

All of our single-mode 2-D experiments can be qual- 
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the ablation front has only a very gentle slope, the 
ablation velocity is very high, the RT growth is practi- 
cally zero, and the foil burns through quickly. The 
CH(Br) foil falls between these two extremes. 

Two-Mode Experiments 
We next turn to the two-mode  experiment^.^^!^^ 

Figure 24(a) shows the two-mode perturbations we 
investigated; the upper side of each curve corresponds 
to the foil. Figure 24(a) shows a large-amplitude two- 
mode perturbation given by h2 = 75 pm and h3 = 50 pm, 
with q2 = q3 = 2 pm. 

Characterization of the initial perturbations is critical 
for proper interpretation of the RT growth. The initial 
perturbations are characterized by three independent 
techniques-interferometry, contact profilometry, and 
x-ray radiography-and are accurate to 10% or better. 
Figure 25 shows examples of characterization by pro- 
filometry and radiography for the two-mode foils (and 
for the eight-mode foils of the next section, “Eight-Mode 
Experiments”). The agreement between the two tech- 
niques is very good except at the shortest wavelengths 
(h I 25 pm) because of the finite resolution of our 
radiography setup. We use the qfl from contact pro- 
filometry as the most accurate initial amplitudes. 

Figure 26 shows the results for the large-amplitude 
two-mode foil shown in Fig. 24(a). Figure 26(a) shows 
the raw image, and Fig. 26(b) shows a profile of In€ at 
2.7 ns aligned relative to the mold, showing how the 
phase of the data is established. Figure 26(c) illustrates 
the analysis technique with a profile of In€ at 3.3 ns. To 
remove the long-range structure arising from the back- 
lighter, we fit a low-order polynomial to the profile of 
In€, shown by the gray curve. The 1owerMlid curve in 

Fig. 26(c) shows the In€ profile after having subtracted 
the fit to the backlighter structure. The vertical dotted 
lines represent the boundaries for the Fourier analysis. 
The histogram in Fig. 26(d) shows the real component 
of the Fourier transform of In€ at 3.3 ns. Because of the 
cosine symmetry of the perturbation, the imaginary 
component (not shown) is identically zero except for 
random noise. 

The Fourier modes are enumerated as harmonics of 
the longest repeating pattern (150 pm). Hence, the two 
pre-existing modes are k2 (h = 75 pm) and k3 (h = 50 pm). 
Because the initial amplitudes are large, the perturbation 

8 

6 
4 

2 
- 0  

2 6  M 
v 

Y A 4  
% 2 
5 n o  

6 
4 
2 
0 
-300 -200 -1 00 0 100 

Axial position (pm) 

FIGURE 23. Density profiles from 1-D LASNEX simulations for FS, 
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FIGURE 22. Results 
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drive pulse shape for 
(a) FS and (b) CH foils. 
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FIGURE 24. Multimode perturbation patterns investigated. (a) Two-mode perturbation: curves correspond to kz = 75 pm, qz = 1.8 pm and 
h3 = 50 pm, q3 = 1.8 pm. Their superposition represents the actual perturbation. The foil corresponds to the upper side of the curve. (b) Eight- 
mode perturbation corresponds to the sum of wavelengths h, = (180 pm)/n, n = 1-8; Table 1 gives corresponding amplitudes. 
(20-03-0394-0741pb03) 
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quickly evolves into the nonlinear regime with the 
appearance at 3.3 ns of the second harmonic of k2, 
namely, 2k2. We also observe very distinct k, = k3 - k2 
and k5 = k ,  + k2 coupled modes corresponding to h = 150 
and 30 pm, respectively. Notably absent is the second 
harmonic of k3, namely, 2k3. This is because 3k2, the 
third harmonic of k2, has the same magnitude as 2k3 
but the opposite sign, leading to a cancellation. 

to the exact functional form used in fitting the back- 
ground. The smooth gray curve shown in Fig. 26(c) 
corresponds to a fifth-order polynomial fit. If we had 
chosen a second-order polynomial to fit the background, 
the k ,  term would have been 5% larger, and the other 
modes would have changed by -1%. With no back- 
ground subtraction at all, the k, mode would have 
been only 20% different, and the other modes would 
have varied by -5% or less. This is illustrated by show- 
ing the Fourier composition of the background itself. 
The gray curve in Fig. 26(d) corresponds to the Fourier 
transform of the gray curve in Fig. 26(c). Thus there is 
little sensitivity to the exact details of how we treat the 
backlighter background subtraction. 

It is instructive to view these nonlinear mode coupling 
effects within the context of perturbation theory.26 We 

The results shown in Fig. 26(d) are rather insensitive 

FIGURE 26. Various 
representations for the 
large-amplitude two- 
mode data. (a) Raw 
streaked image. (b) Late- 
time (2.7 ns) profile of 
In€ and initial pertur- 
bation on the mold, 
corresponding to the 
superposition of a 

pn, qo = 1.8 pertur- 
bation. Data are aligned 
relative to the mold, 
showing how the per- 
turbation phase is 
established. 
(c) Background-sub- 
traction technique, 
illustrated on a late-time 
(3.3 ns) profile of In€: 
"raw" profile, polyno- 
mial fit, and result after 
subtracting background. 
Vertical dotted lines 
represent boundaries 
for Fourier analysis. (d) 
Real component of 
Fourier transform of 
background-subtracted 
profile in (c), and Fourier 
transform of back- 
ground itself. 

h = 75 pn a = 50 

(20-03-0394-0746pbO2) 

consider here only a qualitative application for the 
coupling from two pre-existing modes k, and k3 using 
Eq. (8) from the Introduction, namely, 

where T$ represents the spatial amplitude of mode k ,  
had the Gowth been entirely in the linear regime. 
Notice that q k ,  -k, has the same sign as the product 

ment with the experimental observation shown in 
Fig. 26(d). If the boundaries of the Fourier transform 
are shifted by 75 pm (that is, by half of the fundamental 
n = 1 period), the k2 and k3 modes have opposite signs 
(not shown). The k3 - k2 mode is then negative, and the 
k, + k2 mode is positive, again in agreement with Eq. (8). 
Qualitatively at least, the observation of the k3 k k, 
coupled terms can be understood from second-order 
perturbation theory. The modes are too large already 
by shock breakout to apply second-order theory quan- 
titatively, however. 

Figure 27 shows the full time dependence of the 
two-mode data shown in Fig. 26. The plotting symbols 
represent the data, which again correspond to the real 

q k 2 q k ,  L L  ,whereas q k , + k ,  has the opposite sign, in agree- 
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component of the Fourier transform of In€. Because of 
symmetry, the imaginary component of the Fourier 
transform should be zero, and we take its value as a 
measure of the error for each point. The k3 i: k2 coupled 
terms are not observed until after about t = 2.5 ns, after 
the perturbation has entered the nonlinear regime. The 
black curves in Fig. 27 are the corresponding results 
from 2-D LASNEX simulations, after convolution of 
the simulated image exposure with the instrumental 
spatial resolution function [Eq. (1111. The gray curves 
in Fig. 27(a) correspond to simulations of the evolution 
of each mode had it been the only mode initially pre- 
sent. The departure of the black curves from the gray 
curves for t 2 3 ns coincides with the growth of the 
coupled terms, as shown in Fig. 27(b). The Fourier 
composition of the perturbation is redistributed into a 
broader spectrum because of the k3 f k, mode cou- 
pling. This corresponds in physical space to a change 
of shape: mode coupling makes the bubbles broader 
and flatter and the spikes narrower. This is illustrated 
explicitly in the next section. 

Eight-Mode Experiments 
Figure 24(b) shows a small-amplitude eight-mode 

perturbation given by X n  = (180 pm)/n. The individual 
amplitudes qx (given in Table 1) are about a factor of 10 
smaller than those for the two-mode foil. Figure 28(a) 
shows the raw image of the experimental shot, and 
Fig. 28(b) gives a late-time profile of 1nE aligned relative 
to the mold, showing how the phase of the data is 
e s t ab l i~hed?~ ,~~  The vertical dashed lines indicate the 
boundaries for the Fourier analysis. The black histograms 
in Figs. 28(c) and 28(d) show the real component of the 
Fourier transform at an early time (3.2 ns) and at late 
time (4.4 ns). Because of the cosine symmetry, the 
imaginary component (shown by the gray histograms) 

oscillates around the baseline as random background 
and serves as an estimate of the error. Early in time in 
the linear regime [Fig. 28(c)], only the pre-existing modes 
grow, in accordance with their initial amplitudes and 
growth rates. The k3 mode (h = 60 pm) dominates. Late 
in time [Fig. 28(d)], the perturbation has entered the 
nonlinear regime and the modes no longer grow 
independently. The k3 mode no longer dominates, its 
magnitude having been reduced by k3 - k,  mode cou- 
pling to drive up the k,  mode. This causes the k,  term 
to reverse phase; the initial sign of the k, mode was 
negative, as given in Table 1. 

Figure 29 shows the full time evolution of the eight- 
mode data. The plotting symbols correspond to the 
real component of the Fourier transform of the data, and 
the error bars correspond to the imaginary component. 
The black curves represent the eight-mode LASNEX 
simulation after convolving InE with the spatial resolu- 
tion function [Eq. (ll)]; the qualitative agreement with 
the data is good. The light gray curves represent the 
single-mode simulations, in which it is assumed that 
each mode existed alone. As a result of mode coupling, 
modes k, through k5 grow less than they would have 
alone. Growth reduction is least for mode k4, which 
has the largest amplitude at the time of saturation. The 
presence of multiple modes causes nonlinearity to occur 
earlier than if the modes had existed alone. 

Modes k,, k6, and k,  reverse phase and grow with the 
opposite sign. These modes show most prominently 
the effects of coupling from the dominant modes, k,, 
k3, and k4. The dark gray curves show the amplitudes 
predicted for these modes from second-order theory, 
described in more detail below. The phase reversal for 
mode k,, for example, can be understood from Eq. (8 )  
and considering only the dominant modes k2, k,, and 
k4. Both the k3 - k,  and k4 - k3 coupled terms are posi- 
tive, tending to cause a phase reversal in the growth of 
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FIGURE 27. Full time dependence for two-mode data of Fig. 26. (a) Results for the h = 75 pm component of the pre-existing perturbation and 
for k3 (the h = 50 pm component). (b) The k3 + k2, h = 30 pm and k3 - k2, h = 150 prn coupled terms and corresponding 2-D LASNEX two-mode 
and single-mode results. (20-03-0394-0747pbO3) 
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the k,  mode (which was initially negative), as observed. 
Similarly, the phase reversals of modes k6 and k7 can also 
be understood from Eq. (8), considering ki + ki coupling 
from the dominant modes k2, k3, and k4. Figure 29(d) also 
shows (dashed curve) the result for mode k4 of an eight- 
mode simulation with enhanced preheat in the drive 
(factor of 10 increase in drive spectrum for hv > 1.4 keV 
and t < 2 ns, as discussed in the earlier section ”Single- 
Mode Experiments”). As in Fig. 17(c), the enhanced 
preheat reduces the perturbation growth considerably, 
bringing the simulation into good agreement with the 
data. This is true for all eight modes, although we 
show only the enhanced-preheat result for mode k4. 

The second-order perturbation model can be quanti- 
tatively applied to the eight-mode e ~ p e r i m e n t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
using Eq. (A3) from the final section “Amplitude of 
Coupled Modes,” 

(A31 
k ’ c k  

by summing over the products of all pairs of modes 
whose sum or difference equals the k of interest. The 
q k ,  represent spatial amplitudes, which we define 
from the LASNEX simulations by dividing the modu- 
lations in areal density by the foil peak density, that is, 

We apply this model to our experiment as follows. 
For each a, in the eight-mode foil, 2-D LASNEX simu- 
lations are run for perturbations of very small initial 
amplitude, ensuring that the RT evolution remains in 
the linear regime. The T i n  (t) are then obtained by scaling 
by the ratio of actual to the assumed initial amplitude. 
This technique of generating the qin ( t )  automatically 
includes the effects of the time-dependent acceleration, 
compression, density gradient, and ablative stabiliza- 
tion. The dark gray curves in Figs. 29(a), 29(f), and 
29(g) show the results from this perturbation analysis ,. .,. 
for t 5 3.7 ns. After this time, the central assumption of 

FIGURE 28. Eight- 
mode data in various 
representations. (a) 
Raw streaked image. 
(b) Late-time profile of 
lnE, aligned with the 
mold as in Fig. 26. 
Vertical dashed curves 
give boundaries used 
in Fourier analysis. (c) 
Real and imaginary 
components of Fourier 
transform of ”early- 
time” (3.2 ns) profile of 
lnE = -OD. The imagi- 
nary component 
(which should be zero 
because of the cosine 
symmetry) illustrates 
the level of back- 
ground noise and can 
be used for an estimate 
of the error. The domi- 
nant k3 (h = 60 pm) 
mode is indicated. (d) 

0.2 

Same as (c) except at 2 0.1 
late time (4.4 ns). The .g 
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strength from the k2 L. 

and k3 terms has been 
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the model (dominant modes not affected by the cou- 
pling terms) is violated and the model is no longer 
applicable. In each case, the phase reversals are well 
described by second-order perturbation theory. 

k3 results from the redistribution of the Fourier compo- 
nents because of mode coupling. In physical space, this 
corresponds to a change in shape, as illustrated in Fig. 30 
for the two-mode and eight-mode perturbations. The 
black curves correspond to profiles of lnE taken from the 
LASNEX simulations before inclusion of the instrument 
spatial resolution function. The gray curves represent 
the sum of the results from the single-mode simula- 
tions. Comparing the gray and black curves, we see 
that the shapes of the perturbations with and without 
mode coupling differ. With mode coupling, the bubbles 
are broader and flatter and the spikes are narrower. This 
shape effect has been observed in other sir nu la ti on^?^ 
but to our knowledge this is the first experimental 
observation of the effect in ablatively accelerated foils. 

The results from our eight-mode experiment can also 
be compared with results from a saturation model devel- 
oped for a full continuum of initial modes?2 The basic 
premise of this model is that a perturbation correspond- 
ing to a full continuum of modes saturates when the 
product kcharqchar is no longer small, that is, when 

At late times (t 2 4 ns), the saturation of modes k2 and 

unity. But qchar can be approximated as the quadrature 
sum of individual modes within a band Ak centered 
around kchar = 27c/hchar, namely, 

where Ak = E2k for some c2 < 1, L is the system size, 
L/27c is the 2-D density,of Fourier states, and s k  is a 

0 

-2 
I &mode, t = 3.8 ns I 
0 100 200 300 

27El 
qchar = E1hchar = 1. 

%bar 

Position (pm) 

FIGURE 30. Effect of mode coupling on perturbation shape. The 
upper black curve represents the two-mode simulation at 3.6 ns, and 

(15) 

_ _  
the upper gray curve corresponds to the sum of the simulations for 
the two individual modes run alone. The lower curves are the same 
only for the eight-mode perturbation at 3.8 ns. (20-03-0194-0106pb02) 

where qchar and Ichar are a characteristic spatial ampli- 
tude and wavelength and El is some number less than 

(a) k ,  (h = 180 pm) (b) k2 (h = 90 pm) 
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FIGURE 24. Full time dependence for data shown in Fig. 28. (a)-(h) Growth of modes h, = (180 pm)/n, n = 1-8, vs time. Solid circles repre- 
sent data; black curves represent corresponding 2-D LASNEX simulations. Light gray curves represent simulations under the assumption that 
each individual mode existed alone, and the dark gray curves for modes k,, k,, and k,  correspond to the results of a calculation using weakly 
nonlinear, second-order perturbation theory. The dashed curve for mode k4 corresponds to a simulation with assumed enhanced preheat in 
the foot of the drive. (20-03-0394-0749pbO3) 
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typical spatial amplitude of an individual mode within 
Ak. Combining Eqs. (15) and (16) gives 

(in 3-D), 

where and have been combined into a single 
parameter v (set in Ref. 32 for the 2-D case to V2D = 1.141, 
and L represents here the longest wavelength in the 
periodic perturbation, L = 180 pm. The result for 3-D 
given in Eq. (1%) is derived the same way, but with 
E2k replaced by ( ~ ~ k ) ~ ,  and the density of states factor 
becomes ( L / 2 7 ~ ) ~ .  The normalization v~~ = 1.14 was 
arrived at by comparison with the classical (incom- 
pressible) fluid RT experiments of Read and Y o ~ n g s . ~ ~  
The above saturation results, namely Eq. (17a) and (17b), 
can be derived more elegantly as follows. A multimode 
perturbation in a localized region of space can be thought 
of as a wavepacket. Over a small but finite spectral 
range, this wavepacket cannot be distinguished over 
short distances from a single-mode at wave vector k. 
We expect RT saturation to occur at roughly the same 
amplitude in both cases (wavepacket vs single-mode), 
which means that amplitudes at saturation of the indi- 
vidual components of the wavepacket will be less than 
the amplitude of the single mode. Based on the criterion 
of Layzer for a single saturation is expected to 
occur when the spacial amplitude 17 reaches - (0 .6 /k) .  
In the multimode case, an additional factor of A / L  
enters to account for the number of similar modes 
about k that can contribute to the saturation of mode k. 
Hence sk = L / k L  = 2.n/k2L, as given by Eq. 17(b). We 
apply this saturation model, namely Eq. 17(a), to our 
eight-mode experiment by calculating with LASNEX 
the growth of each mode k,  in the linear regime until 
its spatial amplitude defined by Eq. (14) exceeds the 
S iven by Eq. (17). At this time we make a smooth 
transition to bubble growth that is linear in time, corre- 
sponding to a terminal bubble velocity equal to the 
velocity at saturation. This transition to saturated growth 
is accomplished with the logarithmic construction 

krl g 

(18) 

where T& ( t )  represents the spatial amplitude had the 
growth remained in the linear regime. The modes are 
added in quadrature to produce the predicted root- 
mean-square (rrns) bubble amplitude. We compare this 
with the rms bubble amplitude from the LASNEX 
eight-mode simulation. Bubbles are defined in terms of 
foil areal density jp dz (that is, the foil pr) by consider- 
ing only those perturbations leading to pr < (pdaV. 
Figure 31 shows the result for the nominal v~~ = 1.14 
and for values of v2,, a factor of 2 higher and lower 

than 1.14. The result corresponding to V2D 
agrees best with the LASNEX eight-mode simulation. 
This is only a crude test of the model for ablatively 
accelerated foils, because the density of Fourier modes 
is low. Future work will involve 3-D experiments with 
a near continuum of modes and larger growth factors 
as a better test of this saturation model. 

0.57 

3-D Single-Mode Experiments 
The nonlinear RT growth of a perturbation depends 

upon its shape. Perturbations of the same magnitude 
wavenumber k = (k: + k 2)1/2 can have different shape 
and can therefore evolve differently in the nonlinear 
regime while having the same linear-regime RT growth 
rate. In this section we examine how the 3-D shape 
affects the growth of single-mode perturbations on pla- 
nar foils? The CH(Br) foils were made using a new 
laser ablation technique to make molds in Kapton or 
Mylar  substrate^.^^ We prepared perturbed foils all with 
the same magnitude wave vector k = (k: + k,'!'i2 
and nominally the same amplitude. The " 2 - D  foil (1-D 
wave vector k = kx) was a simple h = 50 pm sinusoid 
with initial amplitude qo = 2.5 pm. One of the "3-D 
foils [2-D wave vector k = (k,, k )] corresponded to a 
"stretched" k, = 3k perturbation, and the other was a 
square k, = k mode. The three foils were characterized 
using contact radiography [Fig. 32(a)-32(c)l and contact 
profilometry. The radiographs were converted to spatial 
amplitudes using a CH(Br) step wedge. Figure 32(d)-32(f)] 
show corresponding images from Nova shots at 4.3 ns, 
which is near peak growth. The gated x-ray pinhole 
camera for these images was run at 8x magnification 

Y 

Y 
Y 

Y 

' I  

0 

LASNEX 
Saturation model 

0 1 2 3 4 
t (ns) 

FIGURE 31. Results of eight-mode LASNEX simulation and corre- 
sponding results from multimode saturation theory. Black curve 
corresponds to the rms perturbation in areal density Alp dz from the 
eight-mode simulation, where we consider only the bubble amplitude. 
Other curves correspond to results of the saturation model for normal- 
izations [Eq. (17a)l of v~~ = 2.28,1.14, and 0.57. (20-03-0194-0131pb02) 
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with 10-pm pinholes and 150-pm Be filtering. The 
backlighter was Sc at 4.3 keV 

Each image from the Nova shots [Fig. 32(d)-32(f)l is 
converted to In E 0~ -OD = - s p ~  dz. Hence, modulations 
in InE correspond to modulations in foil areal density. 
To visualize the 3-D RT evolution better, we focus 
momentarily on the k, = k mode. Figure 33(a) gives a 
3-D surface perspective otthe data shown in Fig. 32(f). 
Figure 33(b) shows the corresponding simulation with 
the new 3-D radiation-hydrodynamics code HYDRA.53 
The height of these surfaces is proportional to -(areal 
density), and crudely speaking, represents the boundary 

between the hot, low-density ablated plasma and the 
dense pusher material ahead of it. 

In the reference frame of the accelerating ablation 
front, one would see a broad, hot bubble of ablated 
plasma rising up through the pusher and spikes of 
dense pusher fluid falling essentially freely through 
the ablated plasma. This canonical shape of the 3-D RT 
instability can be understood from a simple buoyancy- 
vs-drag e q ~ a t i o n ? ~ , ~ ~  

Plvdf = (P1 - P2)vg -CDPlU2s ,  
au 

(a) 

qo = 2.5 pm; (b) 3-D 
k ,  = 3k , a, = 53 pm, 
hy = 158 pm, qo = 2.4 
pm; and (c) 3-D k, = k 
a,=a =71pm, 
qo = 2.7 pm. (d)-(f) 
Corresponding images 
from Nova shots at 4.3 IIS. 
(20-03-0595-1 390pb01) 

Y 

Y’ 
Y 

FIGURE 32. (a)-(c) 
Contact radiographs of 
foils identical to those 
used in the 3-D single- 
mode Nova experiments. 
Perturbations correspond 
to (a) 2-D h = 50 pm, 

FIGURE 33.3-D surface 

Y perspective of the k, = k 
case from Fig 32 as (a) mea- 
sured on the Nova shot at 
4.3 ns and (b) simulated 
with the 3-D radiation- 
hydrodynamcs code 
HYDRA?3 The height is 
proportional to In E 
(50-05-0595-1116pbOl) 
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where subscripts 1 and 2 refer to the dense pusher fluid 
and low-density ablation plasma, respectively, V is the 
volume of fluid pushed aside by the bubble.passage, S 
is the cross-sectional area of the bubble, and cD is the 
drag coefficient. Equation (19) states that the net force 
on the mass plV of the heavy fluid equals the buoyancy 
force minus drag. The bubble tip naturally acquires the 
shape that minimizes the drag per unit mass, i.e., the 
bubble evolves towards a shape that minimizes S/V, 
which implies a spherical bubble tip shape, as observed. 
This is entirely equivalent to the common interpretation 

k, = 3ky \ 

0.3 
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Y .- 3 
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a 
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FIGURE 34. (a) Results of the evolution of the fundamental mode 
Fourier amplitude of 1nE for the 3-D k, = ky, k, = 3ky, and 2-D h = 50 pm 
perturbations. Connecting lines are meant only to guide the eye. (b) 
Predicted Fourier amplitude of 1nE from 3-D HYDRA simulations for 
the evolution of four perturbation shapes, all with the same wave 
vector magnitude k = (k: + k:)1/2, for somewhat different drive 
histories and foil thicknesses from those of (a). The most symmetric 
(k, = kJ mode is predicted to grow the most, the 2-D h = 50 pm mode 
to grow the least, and the 3-D stretched cases fall in between, in agree- 
ment with the experiments. (20-03-0595-1389pbOl) 

that for a spherical 3-D bubble the flow can carry mate- 
rial away from the bubble tip on all sides, allowing it 
to transit more easily into the spike  region^.^^^^^ One can 
also obtain from Eq. (19) the form of the terminal bubble 
velocity of Eq. (7). When buoyancy is exactly balanced 
by drag, one has (pl - p2) Vg = cDplu2S. If we let V = h3, 
S h2, and p2 = 0, we then have plh3g = ~ ~ p ~ u ~ h ~ ;  this 
yields u2 = gh, as in Eq. (7). Also note that if g = 0, as in 
the Richtmyer-Meshkov instability (long after shock 
passage), we obtain uRM - h/t ,  as pointed out by Alon 
et 

The images are Fourier analyzed, and the amplitudes 
corresponding to the fundamental mode are extracted. 
For an experimental demonstration of the effects of 
dimensionality on perturbation growth, we conducted 
shots for three targets (2-D h = 50 pm, 3-D k, = k and 
k, = 3kJ. The total laser energy for these shots was 
similar, and the timing and filtering of the diagnostic 
were identical. Figure 34(a) shows the results for the 
evolution of the fundamental mode. The k, = ky square 
3-D mode grows the most, the h = 50 pm 2-D mode 

and as was recently observed.57 

Y 

(a) Rough foil (b) Smooth foil 

FIGURE 35. Typical 2-D images from surface-finish experiments 
using CH(Br) foils with two surface finishes, (a) rough (arms = 1.7 pm) 
and (b) smooth (oms = 10 nm). The diagnostic was a gated x-ray 
framing camera filtered with 381 pm Be; foil was back-illuminated 
with x rays generated by a -500-p-diam random phase plate 
(RPP)-smoothed laser beam incident on a Sc backlighter disk. 
(20-03-1293-4408pbOl) 
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grows the least, and the k, = 3ky stretched 3-D mode 
falls in between. 

Figure 34(b) shows results from HYDRA simulations 
which were performed to help select parameters for 
the experiments. The foil thicknesses and drive histories 
in the experiments were somewhat different than those 
used in these simulations. The perturbations, in order 
of decreasing peak growth, correspond to k, = k k = 2k Y’ x Y’ 

k,  = 3k and 2-D 3L = 50 pm. Our simulations clearly 
show t i i t  the most symmetric perturbations grow the 
most, as reported by others.23r56/58t59 This agrees 
qualitatively with our experimental observations; 
quantitative comparisons are under way. 

Ultimately we are interested in the fully 3-D evolution 
at the ablation front of a perturbation consisting of a full 
continuum of modes. Recent progress has been made in 
developing 3-D modeling capability.5/51/53t56(58-61 We 
have therefore begun a series of surface-finish experi- 

2 2 - ments to compare the perturbation growth from a 
randomly roughened surface with that from a smooth 

1 1 -  surface. We generated the rough surface by sandblast- 
ing a glass mold with 50-pm A1203 pellets. The typical 

0 deviation from the average for the smooth foil is 
arms = 10 nm, whereas crms = 1.7 pm for the rough foil. 

w l  - FI f m -  3.2 ns Figure 35 shows gated images taken at 2.0,3.2, and 
4.4 ns when such foils were accelerated. Late in time, 
the surface of the rough foil has evolved into large, 

0 

roughly hexagonal bubbles of transverse size -100 pm. 

AlnE = -AOD profiles. These horizontal lineouts repre- 
sent the central region of each image shown in Fig. 35; 

bubble at 4.4 ns. Figure 36(b) shows similar profiles for 

growth into bubbles and spikes. Figure 37 shows the 

1 

0 

(b) Smooth foil 

4.4 
0 

3 

d 

Figure 36(a) shows this more quantitatively in 

0 200 400 the late-time lineout contains the prominent central 
Position (hm) 

0 200 400 
Position (pm) 

FIGURE 36. Corresponding AlnE lineouts from Fig. 35 for (a) rough 
foil, (b) smooth foil. (20-0342934379pb01) 
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FIGURE 37. Absolute 
value of the real com- 
ponent of the Fourier 
transform of the AlnE 
profiles shown in Fig. 36. 
Harmonic n and wave- 
length h, are related by 
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by arrows. 
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corresponding Fourier transforms. The smooth foil again 
shows no significant growth. For the rough foil, the 
growth late in time is dominated by harmonics n = 3-8, 
corresponding to h = 150-56 pm. This is reasonable, 
because perturbations with h > 150 pm grow too slowly, 
and perturbations with h < 56 pm are more strongly 
ablatively stabilized [see Fig. 21(d)l. 

Late in time, the Fourier spectrum for the rough 
surface is dominated by the fourth harmonic, with 
peak amplitude q = 0.28. This fourth harmonic results 
from the prominent 112-pm-diam bubble shown in the 
center of the image at 4.4 ns in Figs. 35(a) and 36(a). We 
use this amplitude to make a crude estimate of growth 
factor in optical depth, GOD, for the dominant mode. 
From the surface profile of a similar rough foil, we esti- 
mate qo(h = 100 pm) = 0.3 pm. The initial contrast for a 
CH(Br) foil with a h = 100 pm, qo = 5 pm pure sinusoidal 
initial perturbation was measured on a separate shot 
(using the same diagnostic, backlighter, and filtering) 
to be AOD, = 0.14. We therefore estimate the growth 
factor for the dominant mode in Fig. 37(a) to be 
GOD = q/q, = 0.28/[(0.14)(0.3 pm)/(5.0 pm)] = 33. This 
is considerably less than expected in a typical implosion, 
but it represents a first step towards experimentally 
addressing the question of 3-D growth from a random 
initial surface finish. An analysis based on 2-D LASNEX 
simulations and Haan’s 3-D saturation theory 32 has 
been done for this rough surface experiment. The 
results, shown in Fig. 38, suggest that the multimode 
RT evolution was just entering the saturation regime, 
according to Haan’s criterion. We are therefore designing 
a drive to produce a higher growth factor and having a 
longer acceleration interval, to allow a more discrimi- 
nating test of multimode saturation physics. 

FIGURE 38. Saturation 
analysis based on 2-D 
LASNEX simulations 
and the Haan 3-D satu- 
ration theo$2 for the 
rough surface foils, 
shown in terms of 
(a) on,, vs time and 

2! 

I! 
03) F&er spectrum at 
peak growth. E 

13” 
(2043-1293-4501pbO2) 

II 

The RT Instability in Cylindrical 
Implosions 

The RT growth during ablative acceleration has been 
measured in many direct- and indirect-drive experi- 
ments. These measurements have verified the predicted 
stabilizing effect of mass ablation and density gradients. 
But few of these experiments have examined the role 
of feedthrough or of the deceleration phase, during 
which the growing perturbations may enhance thermal 
losses from the ”hot spot” or reduce the efficiency of 
compressional work done by the shell on the fuel. 
Qualitatively, RT growth on the inner surface during 
deceleration differs from growth on the outer surface 
during acceleration by the lack of ablative stabilization. 
The RT growth at the inner surface is moderated, how- 
ever, by the density gradient. In addition, convergent 
effects are important during these three phases. During 
ablative acceleration, convergence introduces a different 
threshold for nonlinear effects because of a decrease of 
perturbation wavelength in thin-shell e f f e c t s ? ~ ~ ~ , ~ ~  
and a change in perturbation amplitude arising from 
the combination of convergence and compre~sibility.~~ 
Feedthrough is decreased because the pusher shell 
thickens during convergence. Convergence effects are 
magnified during d e c e l e r a t i ~ n . ~ ~ ~ ~ / ~ ~ / ~ ~  

Current designs for indirectly driven ignition cap- 
s u l e ~ ~ ~  operate near the edge of present capabilities to 
fabricate smooth surfaces. It is important to assess the 
magnitude of feedthrough in ICF implosions if we are 
to correctly model the relative roles of perturbations on 
the outer and inner surfaces of capsules for these cap- 
sule designs. The effect of convergence on feedthrough 
is an integral part of the problem, so experiments in 
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convergent geometry are desirable. Few experiments to 
study convergent RT instability have been performed64 
because of the difficulty of diagnosis. Perturbations and 
mixing-layer widths are difficult to measure in spheri- 
cal geometry because of the lack of a direct line of sight 
and because of errors associated with Abel inversions in 
spherical geometry near peak convergence. Although 
perturbation growth can be indirectly inferred from 
time-dependent x-ray spectral line ratios in spherical 
i m p l o s i o n ~ , ~ ~ . ~ ~ f ~ ~  the results depend on the details of 
difficult atomic physics and radiative transport calcula- 
tions. We have used an indirectly driven cylindrical 
configuration to allow diagnostic access and superior 
control of the shell’s inner surface during target fabrica- 
tion, although questions arise concerning edge effects 
and implosion symmetry. We chose a feedthrough 
experiment to demonstrate that quantitative RT experi- 
ments can be performed in cylindrical geometry and to 
measure feedthrough in a radiation-driven target for 
the first time. 

Figure 39 shows the experiment geometry. The cylin- 
drical polystyrene shell was mounted orthogonal to the 
hohlraum axis, to allow a direct line of sight to the 
diagnostics, to avoid interference with laser beams, and 
to avoid radiation flow into the ends of the cylinder (as 
may occur in a coaxial configuration). Eight 351-nm, 
2.5-kJ, 2.2-ns Nova drive beams are pointed symmetri- 
cally about the cylinder. A low-adiabat drive was used, 
consisting of a low-power foot followed by a ramp to 
higher power, with a peak-to-foot ratio of about 3. A 
separate 528-nm, 2-ns beam was used to irradiate a 
2-mm-diam Ag disk to create an x-ray backlighter of 
photon energy -3-3.6 keV. An RPP66 was used to 
smooth the beam intensity onto the Ag disk, and the 

Ag backlighter -750 pm diam/ 
2 ns square, 213, RPP 

1-mil Be soft 
x-ray shield 

\ 
\ 2750 pm? ’. 400-ym- “d diam 
1 Beam footprints 

Time-r&olved apertures 
x-ray pinhole 

camera 
FIGURE 39. Side and transverse views of experimental geometry for 
the cylindrical implosion Rayleigh-Taylor experiment. 
(20-03-0895-2048pbOl) 

resultant laser spot was -750 pm in diameter. The disk 
was located -3.5 mm away from the center of the cylin- 
der and was oriented so that the disk normal bisected 
the angle between the cylinder axis and the backlighter 
laser direction. A 1-mil Be foil was placed between the 
backlighter and cylinder to filter out soft x rays and to 
keep reflected 2 0  light from the backlighter from strik- 
ing the inside of the cylinder. There should be no 2 0  
unconverted light from the eight Nova drive beams 
with a line of sight to the cylinder, so a Be shield on the 
other side of the cylinder is unnecessary. 

Figure 40 shows the polystyrene cylinder in detail. 
The cylinder has an outer diameter of 630 pmi an inner 
diameter of 430 pm, and length of 1800 pm. The outer 
diameter is tapered toward the center of the cylinder, 
allowing the central region of the cylinder to implode 
before the ends and minimizing edge effects. 
Perturbations were machined onto the outer surface of 
the central 400-pm-long region of the cylinder in a 
dodecagon shape (fundamental mode number rn = 12). 
(A sine wave perturbation would be preferable, because 
it contains no harmonics, but a sine wave is much more 
difficult to fabricate than a dodecagon.) A 4-pm-thick, 
160-pm-long dichlorostyrene (C8H,C12) belt was placed 
around the center of the cylindrical shell, flush with 
the shell’s inner surface. The belt served as a marker 
layer, because it is opaque to the x-ray backlighter, 
whereas the polystyrene cylinder is relatively transpar- 
ent. The time-resolved pinhole camera diagnostic 
images the marker layer; late in time, it also images 
some of the surrounding compressed material. The 
marker layer is on the inner surface of the cylinder and 
has no initial perturbations, so any perturbations 
observed indicate feedthrough of the initial outer-sur- 
face perturbations to the inner surface. The marker 

400-pm region 
with machined 
perturbations 

)I If- 430 pm 
Polystyrene 
cylinder 

on outer surface 

Expanded view of 
cross section of 

9 pm peak-to-valley 
perturbations on 

outer surface 

FIGURE 40. Side and end views of target of Fig. 39. 
(20-03-0895-2049pbOl) 
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layer has a density close to that of the unchlorinated 
polystyrene (1.4 g/cm3 vs 1.0 g/cm3); calculations 
show that this slight density mismatch does not cause 
significant RT growth. A 60-mg/cm3 microcellular tri- 
acrylate foam (C15H2,06) is placed inside the shell to 
provide a back-pressure as the cylinder implodes. The 
foam has a cell size -1-3 pm. The foam is shorter than 
the cylinder to minimize opacity to the backlighter. 
The cylinder is fabricated by coating the marker layer 
on a mandrel, machining the marker layer to size, coat- 
ing the other polymer layers onto the mandrel and 
marker layer, machining the coatings, leaching the 
mandrel out, inserting the cylinder inside the hohlraum, 
and inserting the foam inside the cylinder. On each 
end of the cylinder, a 400-pm-diam circular aperture 
made of 25-pm-thick gold was placed concentric with 
the cylinder axis. These apertures prevented any x rays 
emitted by the walls of the cylinder from entering the 
pinhole camera diagnostic, provided an alignment and 
parallax diagnostic on the shot, and provided a center- 
ing fiducial for each frame on the pinhole camera. The 
fiducial is crucial for quantitative Fourier analysis of 
the data. 

resolved, gated x-ray pinhole camera (GXI).67 A 4 x 4 
pinhole array with pinhole diameters of -7 pm allowed 
16 images spaced -55 ps apart to be projected onto 
four microchannel-plate strip lines with a magnification 
of 12. The filters used were 12.7-pm Ti and 150-pm Be. 
The Ti was chosen to block x rays with energies above 
4.75 keV and to allow the silver L-shell backlighter 
radiation through. 

To determine the contrast ratio expected between 
the tracer layer and the central foam region, a backlit 
nonimplosion shot was taken with a 40-pm-thick piece 
of chlorinated polystyrene on top of part of the foam. 
The contrast in exposure was measured to be 16:l after 
a density-to-exposure correction of the film. A streaked 
x-ray crystal (KAP) spectrometer viewed the Ag back- 
lighter disk and provided the backlighter spectrum as 
a function of time. Figure 41 shows a measured back- 
lighter spectrum on an implosion shot. The opacity of 
cold chlorinated polystyrene and the gold photocathode 
GXI response are overlaid. The chlorinated polystyrene 
absorbs virtually all the Ag L-shell radiation, and the 
GXI detects most of the backlighter where there is no 
chlorinated polystyrene. The transmission of 3.5-keV 
x rays through 100 pm of cold polystyrene is -0.6. 
Figure 42 shows the total 303 laser power into the 
hohlraum and the spectrally integrated x-ray backlighter 
flux as a function of time. The GXI is timed to measure 
during the peak x-ray backlighter fluence. The hohlraum 
was viewed along its axis with the west axial x-ray 
imager (WAX)68, another time-resolved pinhole cam- 
era with a serpentine microchannel plate strip. This 

The cylinder was viewed along its axis with a time- 

was used to verify that there was no beam clipping on 
the laser entrance holes. 

One purpose of a narrow 160-pm tracer region is to 
minimize the effect of misalignment on the pinhole 
camera measurement of the interface location. For 
example, a 1" tilt in the cylinder with respect to a point 
on the GXI would result in a lateral spread of 2.8 pm in 
an interface. Since the pinhole array also has a lateral 
spread in location, there is parallax between images. 
For a perfectly aligned cylinder, the four center pin- 
holes have a parallax of 0.9", the next eight surround- 
ing pinholes have a parallax of 2", and the four corner 
pinholes have a parallax of 2.7". The alignment of the 
cylinder relative to the GXI, measured on a shot with 
fiducial wires across the front and back faces of the 
cylinder, was 0.4" f 0.6". Thus the lateral spread in an 
image is primarily due to parallax. 

i n l  , 7  
-.- I Filtered GXI response 7 I 

Ag backlighter spectrum 
(scale at right) 

G Q .  o.8 t 
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FIGURE 41. The measured x-ray spectrum of the Ag backlighter 
compared with the gated x-ray imager spectral response and the 
transmission assuming cold opacities of the tracer layer. 160 pm is 
the initial length of the marker layer, and 40 pm represents an 
expansion of the marker layer by a factor of 4. (20-03-1095-2284pbOl) 
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FIGURE 42. The 3w (X = 351 nm) power of eight Nova laser beams 
(left scale) and x-ray backlighter power (right scale). The x-ray 
images are taken between 2 and 3 ns, near the peak of the back- 
lighter emission. (20-03-1095-2285pb01) 
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Figure 43 shows 12 frames from an implosion with 
the initially perturbed surface described above. The 
m = 12 perturbation is clearly visible. The perturbation 
amplitude grows in time, and the wavelength decreases 
as the radius decreases. At t = 2.11 ns (first image), cal- 
culations indicate that the ablation front has not burned 
through to the marker layer, so the observed m = 12 
feature is the result of feedthrough of the initial pertur- 
bation to the marker layer. The tips of the dodecagon 
have grown into spikes at the ablation front. Figure 44(a), 
an image of an unperturbed cylindrical implosion 
under identical conditions to a perturbed implosion 
[Fig. 44(b)l, shows no rn = 12 perturbations. The absence 
of any m = 12 feature in this case verifies that the initial 
perturbations caused the observed feedthrough. (We 
attribute the small bump at the upper left of the unper- 
turbed shell to a target defect). 

In the perturbed image [Fig. 44(b)l, we identify a 
contour r(0) at the outer edge at about the 50% expo- 
sure level and draw it in [Fig. 45(a)]. The contour can 
then be fitted with a Fourier series according to the 
usual prescription 

00 a 
2 

r(0) = 0 + 
where 

1 a, = r(0) cosmed0 

and 

b , = I j  r(0) sinm0d0. 

The results of the fit are shown in Fig. 45(b) and the 
Fourier composition is shown in Fig. 46, where the modal 
amplitude a, + b, is plotted vs mode number m. 
The term a. represents the average diameter of the con- 
tour, and al and b, represent the offsets of the center of 
the contour from the axes of symmetry. The coefficients 
depend on the choice of the center of the contour. We 
examined several methods to choose the center of the 
contour: a least-squares fit to a circle, a minimization of 
al and b,, and a center based on the measurement of 
the center of the defining aperture. Of these methods, 

(a,cosm0 + b,sinmO), 
m = l  

a 

--7[ 

IC 

7L 
-a 

( 2)1’2 

t = 2.11 ns t = 2.16 11s t = 2.22 ns t = 2.30 11s 

t = 2.36 ns t = 2.41 ns t = 2.47 ns t = 2.55 ns 

t = 2.61 ns t = 2.66 ns 
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t = 2.72 ns t = 2.80 ns 

FIGURE 43. A 
sequence of gated 
x-ray images of the 
cylindrical backlit 
implosion from one 
experiment ( t  = 0 corre- 
sponds to the start of 
the laser pulse). Shock 
emission appears on 
center at 2.30 ns. The 
backlighter spatial 
extent is limited by the 
circular apertures at 
each end of the cylin- 
der, and the deviation 
from circularity is a 
measure of the effect 
of parallax. 
(20-03-0895-205OpbOl) 
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only the latter proved reliable and resulted in mode 
number conservation during the implosion. Figure 47 
shows images of the perturbed implosion later in time. 
One side of the target has imploded closer to the center 
than the other side. This is probably due to a slight 
manufacturing imperfection in the target, as if the 
marker layer were thinner on one side than on the 
other. The apertures also indicate, on each image, the 
parallax due to the offset of each pinhole from the axis 
of the cylindrical shell; the images can be corrected for 
this effect. 

At 2.11 ns, there are significant components at m = 1,4, 
8, and 12. Mode 1 exists because one side of the cylinder 
implodes faster than the other. Mode 4 is expected 
because of the discrete number of beams illuminating 
the hohlraum. Mode 2 was minimized by the proper 
choice of beam pointing. Mode 12 has an amplitude of 
q = 10 pm. Since the instrumental resolution is insuffi- 
cient to distinguish between mode 12 and modes 11 

FIGURE 44. (a) Gated 
x-ray image of an 
implosion taken with a 
target with no initial 
perturbations and (b) 
an otherwise identical 
implosion taken with a 
dodecagon initial per- 
turbation. Images 
taken f = 2.16 ns. 
(?0-03-0895-2053pb01) 

FIGURE 45. (a) An 
outer contour taken at 
50% peak exposure, 
superposed over the 
initial x-ray image taken 
at 2.11 ns. (h) Results of 
a Fourier series fitted 
to the contour shown 
in (a). The horizontal 
and vertical axes are 
equal, each covering a 
range of 300 pm. 
(20-03-0895-2053pb02) 

and 13, it is reasonable to expect that the effective 
amplitude of the perturbation at mode 12 is the 
quadrature sum of modes 11,12 and 13, resulting in an 
amplitude of 12 pm. Other methods of analysis, 
including curve fits to the functional form 

r ( ~ )  = 0 + 
and variations in the choice of a center, result in a mode- 
12 amplitude of 9-11 pm; we assign the value 10 t- 2 pm 
as the amplitude of mode 12. A Fourier analysis of a 
dodecagon inscribed in a 260-pm-radius circle gives 
amplitudes of 3.5,0.85, and 0.34 pm for modes 12,24, 
and 36 respectively. Thus at t = 2.11 ns, the fundamen- 
tal has grown by a factor of 2.9 + 0.6 with respect to its 
initial value. 

To test the sensitivity of the analysis to the choice of 
50% isodensity contour, we analyzed several images 
with isodensity contours ranging from 40% to 60%. 

4 a 
2 

(ancos12nx + b,sin~nx) 
n = l  
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The results were insensitive to choice of isodensity 
contour. For isodensity values outside this range, the 
background noise from the microchannel plate occa- 
sionally affected the contour, with unphysical contours 
appearing because of noise spikes. 

For each image, we Fourier analyzed the contours 
for the inner edge of the marker layer (the interface 
between the marker layer and the TPX foam) and the 
outer edge (the interface between the marker layer and 
surrounding polystyrene cylinder). Figure 48 shows 
the time dependence of ao/2, which represents the 
average radius. The implosion trajectory is consistent 
with a 195-eV peak drive temperature in a calculation 
with the 1-D radiation-hydrodynamic code HYADES.69 

The perturbation was initialized in its linear 
regime. At t = 0, the wavelength of mode m = 12 is 
h = 27cX/m = 136 pm, where R = 260 pm. The ampli- 
tude of mode m = 12 is qo = 3.50 p i  initially, so that 

q / h  = 0.026. At 2.11 ns, the radius of the shell is 
X = 122 pm, so that h = 27Wm = 64 pm. The amplitude 
of mode m = 12 is q = 10 pm, so q / h  = 0.16. The pertur- 
bation at the marker layer has exceeded the nominal 
threshold for nonlinearity q / h  = 0.1 at 2.11 ns. 

Growth of perturbations on the marker layer result 
both from shock imprinting and from feedthrough 
from RT growth at the ablation front. Simple estimates 
suggest that the latter dominates. To illustrate this, we 
estimate the marker layer amplitude that would result 
from shock imprinting alone. The shock is launched 
from a rippled surface at the ablation front, and hence 
is itself rippled. A rough estimate of the amplitude of 
the ripple imparted to the marker layer upon passage 
of the rippled shock is given by 

rlrn = To(1- aRo/ho)u, /us . 

Here qm is the amplitude of the imprinted ripple on 
the marker layer, qo is the ablation front surface 

Mode number, m t (ns) 

FIGURE 46. Fourier amplitudes vs mode number m for a 50% outer 
contour of the gated x-ray image at t = 2.11 ns. The largest physically 
significant amplitude corresponds to m = 12. (20-03-1095-2286pbOl) (20-03-0895-2052pbOl) 

FIGURE 48. Measured outer and inner diameters of the tracer layer 
vs time, and corresponding kajectories from a HYADES calculation 
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FIGURE 47. Gated 
x-ray images at (a) 2.36 
and (b) 2.61 ns, with a 
mode 12 uniform in 
angle grid superposed. 
Outermost circular 
contour is a fit to the 
400-p-i-diam Au defin- 
ing aperture in both 
images. One side of the 
target has imploded 
faster than the other, 
yet the mode number is 
preserved using a center 
corresponding to the 
original cylinder axis. 
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perturbation initial amplitude, AR, is the initial dis- 
tance from the ablation front to the marker layer, h, is 
the initial perturbation wavelength, u the particle 
velocity behind the shock front, and us the shock veloc- 
ity. The factor ~o(l-hRo/h,) is an estimate, based on 
the shock oscillation data of Endo et a1.,22 of the ampli- 
tude of the shock-front ripple, assuming that it 
reverses phase after having traveled a distance of A,. 
Since AR, = 40 pm and 1, = 100 pm, the rippled shock 
has not reversed phase by the time it reaches the 
marker layer, but its amplitude is -40% lower than qo. 
Assuming that this marker layer perturbation then 
grows linearly in time via the Richtmyer-Meshkov 
instability, we write 

P 

where q12(t) is the amplitude of the fundamental mode 
at time t, A" is the post-shock Atwood number, and 
At = t - t,, where t, = 0.4 ns is the time when the first 
shock reaches the marker layer. Using reasonable esti- 
mates for the various parameters in this equation, we 
estimate that q12 (2.11 ns) = 2.5 pm. Allowing for some 
additional growth due to the higher up after the sec- 
ond shock reaches the marker layer at 1.6 ns, we get 
q12 (2.11 ns) = 3 pm. The measured amplitude of 10 pm 
at 2.11 ns is considerably larger, suggesting that feed- 
through from RT growth at the ablation front is the 
dominant source of the observed growth. 

unstable and perturbations fed through to the inside 
surface grow without ablative stabilization. At 2.72 
and 2.80 ns (Fig. 431, visible spikes protrude into the 
core. The spikes on the inner edge of the marker layer 
correspond radially to bubbles on the outer surface, 
such as can be seen in Fig. 43 at 2.30 ns and 2.47 ns. 
This suggests that ablation-front bubble growth is the 
dominant feed-through mechanism. 

During deceleration, the inner surface becomes RT 

Summary 
We have conducted an extensive series of experiments 

and simulations to examine the growth of single modes 
over a range of wavelengths and to examine the effect 
of multiple modes on perturbation growth. For single 
modes, the perturbation evolves before shock breakout 
because of the rippled shock dynamics. After shock 
breakout, the perturbations grow rapidly in the linear 
regime and saturate in the nonlinear regime, with the 
appearance of higher harmonics. In multimode foils, 
the individual modes grow independently in the linear 
regime. In the nonlinear regime, the modes become 
coupled and k. + k. terms are clearly observed, in agree- 
ment with simulations and second-order perturbation 
theory. Mode coupling redistributes the perturbation 
in Fourier space, which in physical space corresponds 
to a change in perturbation shape. The bubbles become 

' -  I. 

broader and flatter and the spikes narrower. In terms 
of a continuum model, the individual modes of the 
2-D perturbation saturate when they exceed 
S ,  = ~ , , / k 3 / ~ L l / ~  in amplitude. The simulations sys- 
tematically predict slightly more growth than is 
observed. This could be caused by greater than 
expected preheat in the foot of the drive, a stiffer EOS 
for CH(Br), or a degraded instrumental MTF. 

Single-mode experiments very clearly indicate the 
differences between 2-D and 3-D perturbation shape. 
Axisymmetric 3-D bubbles grow the largest in the non- 
linear regime, consistent with a simple buoyancy-vs-drag 
argument, third-order perturbation theory, and with 
full 3-D radiation-hydrodynamics simulations. The 
obvious next step is to measure the full multimode 3-D 
perturbation evolution and to compare the results with 
3-D simulations and with the predictions of Haan's 
saturation theory. 

In radiation-driven cylindrical implosions, we have 
observed the RT instability seeded by feedthrough from 
the outer surface to the inner surface. The mode number 
was conserved during the implosion. This proof-of- 
principle cylindrical experiment shows the potential 
for new studies of RT instability in convergent geometry. 
Ablation-front growth and feedthrough were measured. 
With higher resolution, studies of the stagnation phase 
and inner surface breakup may be possible. 

Appendix: Amplitude of 
Coupled Modes 

Following Ref. 26, a solution to a second-order per- 
turbation expansion of the 3-D hydrodynamic equations 
for inviscid, incompressible fluids can be written as 

where k; = k - k2 and where superscript L designates 
results in the linear regime. The time-independent part 
of the kernel G(k, k,) is given by 

y: ( l -k2 .k )+ -y2y; ( I -k2 .k ; -2k2 .k )  1 

G(k, k2) = - 1 2 (A2) 
2 (Yz -Y2(k) 

yhere k = (kx, k ) is the perturbation wave vector, 
k = k / k is the unit vector, and y(k), y,, and -(, are the 
linear growth rates for perturbations with wave vec- 
tors k, k,, and k; , respectively. This weakly nonlinear 
theory is valid only so long as the dominant modes are 
not being changed significantly by the nonlinear terms. 
The full expression for H(k,k,,f) is complicated, but for 
the regime considered here we have H = 1. 

Considerable simplification occurs for 2-D cosine per- 
turbations with Atwood number A = (pl - p2)/(p1 + p2) = 1. 
If we assume that yk= kl/', then Eq. (Al) reduces to 

Y .  
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where k, K > 0, and the time dependence has been 
dropped from the notation for simplicity. For example, 
Eq. (5b) for the Tecond harmonic of a single-mode per- 
turbation, q 2  = 7 ~ I T L  , comes from the second term in 
the summation in Eq. (A3), where k = 2 4  and k‘ = k,. 

Another simple case of general interest arises for 
k = k3 f k2. Here, Eq. (A3) reduces to 

2 

where qin represents the spatial amplitude attained by 
mode kn had the growth been entirely in the linear regime. 
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Introduction 
A key issue for inertial confinement fusion (ICF) is 

the hydrodynamic stability of the imploding capsule. 
Imperfections on the capsule surface can grow into 
large perturbations that degrade capsule performance. 
Understanding this process is crucial if we are to suc- 
cessfully predict requirements for future high-gain ICF 
capsules. Experiments on the Nova laser at Lawrence 
Livermore National Laboratory have directly measured 
perturbation growth on planar foils,l and three experi- 
mental groups have investigated backlit perturbation 
growth using imploding spheres.24 In addition to 
these efforts, which concentrate on indirectly driven 
implosions, is work investigating the hydrodynamic 
stability of directly driven ICF cap~ules.~f' In these 
direct-drive experiments the laser light shines directly 
on the capsules, causing the implosion and providing 
the seed for perturbation growth. 

This article reports measurement, via emission from 
spectroscopic tracers? of the full process of perturbation 
growth leading to pusher-fuel mix in spherical implo- 
sions, and shows perturbation growth dependence on 
initial perturbation amplitude and wavelength. In con- 
trast to the cited direct-drive work, we have in this 
experiment separated the drive from the perturbation 
seed. (For a review of x-ray spectroscopy of ICF plas- 
mas see Refs. 8 and 9.) 

The purpose of the experiments described here was 
to study, in a controlled manner, the effects of the 
Rayleigh-Taylor (RT) instability on capsule implosion 
performance. The mechanism by which RT growth 
degrades capsule performance can be summarized as 
follows: As the ablation phase of the implosion pro- 
ceeds, surface imperfections grow via the RT instabil- 
ity as low-density ablated material pushes on the 
high-density shell. This growth causes the imploding 
shock to deviate from spherical, carrying the perturba- 
tion information through the shell and rippling the 
interface between pusher and fuel. When the fuel is 
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compressed later in time, the pusher-fuel interface 
becomes RT unstable, which causes this rippling to 
grow and produce a region of mixed pusher and fuel 
material. Increasing the initial outer surface perturba- 
tion increases the degree of pusher-fuel mixing. 

Experiment 
These Nova experiments use plastic-shelled cap- 

sules filled with deuterium (D2). A typical capsule 
shell in the experiment had a 420-pm inside diameter 
and a 55-pm-thick wall, and consisted of three layers. 
The inner layer, the pusher, was -3 pm of polystyrene 
doped with 1.0% (atomic) C1. The middle layer was a 
3-pm-thick permeation barrier made of polyvinylalco- 
hol (PVA), which sealed in the fuel gas. An outer layer 
of plasma polymer 
inner layers,1° forming the ablator. The capsules were 
filled with 50 atm D, gas and 0.1 atm Ar. 

The Nova laser indirectly drove the implosion of 
these capsules. A square pulse of laser light with a 
duration of 1 ns heated a cylindrical gold case, or 
hohlraum, with (typically) 17 kJ of laser energy. The 
hohlraum, reaching a peak radiation temperature of 
230 eV, then emitted x rays that ablated the plastic and 
caused the implosion. 

The capsules had relatively low convergence (-8) and 
had considerably less sensitivity to growth of surface 
perturbations compared to that predicted for current 
high-gain ICF capsule designs. We chose capsule 
implosions with low convergence so that asymmetries in 
the x-ray drive would have little effect on the implosions 
and would, therefore, not complicate the perturbation 
growth effects. 

To make capsules with various degrees of surface 
roughness, many polystyrene beads, ranging in diame- 
ter from 0.6 to 7 pm, were embedded in the PVA layer. 
When the ablator layer was deposited onto this rough 
PVA surface, the perturbations were imprinted on the 

was deposited over the 
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outer surface. This method of using a capsule with a 
controllably rough outer surface as seed for RT growth 
during implosion contrasts with the method used in 
Refs. 5 and 6, where direct-drive laser illumination 
nonuniformity was assumed to be the dominant source 
of initial amplitude seeds to the RT instability and to be 
representable by a semi-empirical analytic expression. 

After shooting these capsules, we developed the 
capability of characterizing shell surfaces using an 
equatorially tracing atomic force microscope (AFM). 
Using this A N ,  we took equatorial traces of capsules 
from the same production runs as capsules that were 
shot. (To verify surface similarity, we compared scanning 
electron microscope images of these traced capsules 
with images of the shot capsules.) We converted the 
equatorial traces to power spectra and combined them to 
form ensemble averages. By assuming that the surface 
bumpiness is isotropic, we transformed these one- 
dimensional (1-D) average power spectra into 2-D 
(spherical surface) power spectra:ll 

(n  + I)! ! (n - I - l)! ! 
X 

(n - I)! ! (n + 1 + I)! ! 

where I is the perturbation mode number, P,, is the 1-D 
power spectrum and P2, is the 2-D power spectrum. 
Figure 1 shows 2-D (spherical surface) power spectra 
of capsules with rms = 0.03,0.31, and 1.75 pm. 

We diagnosed enhanced pusher-fuel mix due to 
these surface perturbations in two ways. First, we 
monitored the variation in capsule DD neutron yield 
with roughness; this we expected to decrease with 
increasing surface roughness as cold dense pusher 
material increasingly poisoned the fuel. Second, we 
monitored the variation in the x-ray self-emission of 
included trace elements, or with rough- 
ness. We expected the x-ray emission of the pusher 
dopant, C1, to increase relative to the x-ray emission of 
the fuel dopant, Ar, as the surface roughness was 
increased. In the temperature and density regime 
accessed in these experiments, the variation of x-ray 
line radiation from these dopants depends strongly on 
temperature. During the implosion, PdV work heated 
the fuel and the Ar, but conduction and convection, 
due to mix, heated the C1. At peak x-ray emission the 
imploded capsule had steep gradients through the mix 
region in both electron temperature and density as a 
function of radius. This made a simple one-tempera- 
ture, 1-D understanding of this process difficult. We 
therefore observed the x-ray emission by means of a 

crystal spectrometer coupled to an x-ray streak camera, 
which had temporal resolution of -30 ps and a spectral 
resolving power (MA) -700.13 

lo6 

1 oo 

lo-2 

Medium rough surf 

loo lo1 lo2 1 o3 
Mode 

FIGURE 1. The 2-D (spherical surface) power spectra characterizing 
the outer surface of three representative capsules with rms = 0.03, 
0.31, and 1.70 pm. (20-03-0795-1848pbO1) 
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FIGURE 2. Growth factor at pusher-fuel interface vs mode number 
for perturbations initially on the capsule outer surface. This is a 
snapshot at time of peak neutron production. Negative values indi- 
cate phase change of the perturbation. (20-03-0795-1849pbOl) 
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Analysis Method 
Simulating the implosion of these capsules was a 

multistep process. First, we estimated the capsule’s 
sensitivity to surface perturbations. Second, we combined 
the surface roughness with the perturbation growth fac- 
tors. Third, we ran implosion simulations to generate 
emission spectra. This section describes the three steps. 

First, we estimated the capsule’s sensitivity to surface 
perturbations using several 2-D LASNEXI4 simulations, 
from which we estimated linear growth for several 
single modes. The initial perturbations in these simula- 
tions were small to ensure that only linear growth would 
occur. This perturbation growth included the effects of 
stabilization at the ablation surface, feed-through 
between the interfaces, and RT/Richtmyer-Meshkov 
instability growth at the pusher-fuel interface. Figure 2 
plots these linear growth factors at the pusher-fuel 
interface vs perturbation mode number. This growth 
factor is the amplification of a perturbation initially on 
the outer surface as it imprints on the inner capsule 
surface. It is typically quoted at peak neutron emission. 
Negative growth factor values indicate phase change of 
the perturbation. This linear perturbation growth is small 
relative to high-gain ICF capsules because of favorable 
stabilization mechanisms at the ablation surface. 

Next, we combined the surface roughness, 
with the linear perturbation growth factors per stan- 
dard linear analysis. We estimated nonlinear saturation 
with Haan’s criterion,15 which states that saturation 
occurs on a spherical surface of radius R when ampli- 
tudes become larger than 4R/12. These saturated 
amplitudes then grow at a constant rate, rather than 
exponentially. This procedure predicted the pusher-fuel 
mixing vs time, estimated from the calculated rms 
deviation, 0, of the pusher-fuel surface from spherical. 
The limit of the bubble tips outward was taken to be 
&o, and the extent of spike tips inward to be (1 + A)&G, 

TABLE 1. Nova shots in the Ar/CI implosion series. 

Imbedded Surface Observed Observed yield/ 
Shot beaddiameter rms yield clean (no mix) 

(pm) (pm) (io9 neutrons) yield 

None 
None 
None 
None 

0.6 
2.0 
2.0 

3.S7.0 
3.S7.0 

0.031 
0.031 
0.064 
0.065 
0.307 
0.308 
0.308 
1.70 
1.70 

1.21 
1.26 
0.53 
1.01 
0.60 
1.22 
0.65 
0.66 
0.70 

0.72 
0.83 
0.33 
0.60 
0.35 
0.49 
0.44 
0.20 
0.20 

where A is the Atwood number. This mix-region size 
estimate also included contributions from both initial 
pusher-fuel surface imperfections and effects of 
embedding microspheres in the PVA layer of some of 
the capsules. Atomic mixing of the pusher and fuel 
was assumed throughout the mixed region. This mod- 
eIing distributed the materials within this region so as 
to maintain a constant concentration while conserving 
individual. material amounts. 

Finally, LASNEX implosion simulations used this 
time-dependent mix region in a self-consistent manner 
(i.e., the mixing affected the hydrodynamic evolution) 
and generated emission spectra by means of Detailed 
Configuration Accounting (DCA).16~17 These 1-D simu- 
lations used detailed atomic models for both Ar and C1. 
The DCA simulated spectra were calculated using 69- 
and 70-level atomic models for C1 and Ar, respectively. 
We produced the models with the DSP18 code, which 
contains atomic physics identical to that used in the 
RATION code.19 

Data Analysis 
Table 1 lists capsule surface conditions and observed 

and simulated yields for the nine Nova shots that 
comprise this experimental series. We have chosen 
three of these shots to illustrate the variation in x-ray 
spectral output during implosion with initial capsule 
surface roughness. 

Figure 3 shows spectra at peak x-ray emission for the 
implosion of a smooth (0.03-pm-rms) capsule. Figure 3(a) 
shows the spectrum observed with the spectrometer and 
Fig. 3(b) shows the analogous DCA simulated spectrum. 
Very little C1 Ly-a emission, relative to Ar Ly-a, is evident 
in either of these spectra. The simulations indicate that 
6% of the total C1 mass has reached at least 600 eV. The 
simulated Ly-a satellite line strengths, on the low-energy 
side of the Ly-a lines, differ from those observed; the large 
absorption feature evident in Fig. 3(b) at 2.75-2.80 keV is 
probably due to errors in calculating the opacity of the C1 
He-a line in the colder plastic away from the pusher-fuel 
interface. Figure 4 shows the spectra from an intermedi- 
ately rough (0.31-pm-rms) capsule. In this case the Ly-a 
emissions from both the C1 and Ar are comparable in 
strength, and 10% of the total C1 mass (according to sim- 
ulation) has reached at least 600 eV, Figure 5 shows the 
spectra from a very rough (1.75-pm-rms) capsule. In this 
case the C1 Ly-a emission is stronger than the Ar Ly-a 
emission, and 15% of the total C1 mass (according to sim- 
ulation) has reached at least 600 eV. The simulations 
show that from smooth to rough capsules the C1 Ly-a 
emission increased by 350% but the Ar Ly-a emission 
decreased by 30%. 
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FIGURE 3. Spectra at 
peak x-ray emission 
from the implosion of 
a smooth surface (rms 
= 0.03 pm) capsule. (a) - 
is as observed by the 2 
streaked crystal spec- I 
trometer. (b) is the 1-D 2 
DCA simulation of this 2 
shot. Relevant emission .z 
lines of C1 and Ar are $ 
labeled. 3 

(20-03-0795-l85OpbO2) 

F; 

FIGURE 4. Same as 
Fig. 3, for an interme- 
diate roughness 
(rms = 0.3 pm) capsule. 
(20-03-0795-1851 pb02) h 
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FIGURE 5. Same as 
Fig. 3, for a very rough 
(rms = 1.7 p) capsule. 
(20-03-0795-1852pb02) 
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FIGURE 6. Comparison of simulated and observed emission spectra 
from the nine shots in the series. The ratio of time-integrated C1 and 
Ar Ly-a emission is plotted vs surface finish. X marks experimental 
points; 0 marks simulation points. The black and gray lines are the 
results of averaging the experimental and simulation values, respec- 
tively, at each distinct rms value. (20-03-0795-1853pb01) 
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FIGURE 7. Observed and simulated mixed neutron yield over clean 
yield, vs surface finish for the same nine-shot data set. The black and 
gray lines are the results of averaging the experimental and simulation 
values, respectively, at each distinct rms value. (20-03-0795-1854pb01) 

To quantitatively compare the observed and simulated 
spectra, we ratio the time-integrated Ly-a emission from 
the two dopants. (At each time we estimated this line 
emission by subtracting the continuum and background 
and deconvolving the result into distinct Gaussian- 
shaped peaks. In this manner we eliminated contributions 
from the strong satellite lines of the Ly-a transitions 
and the C1 He-p line at 3.27 keV.) The Ar Ly-a strength 
effectively normalizes the C1 Ly-a strength to the 
specifics of capsule performance such as capsule size, 
laser drive, and diagnostic calibration. 

Figure 6 shows this comparison of observed and 
simulated emission spectra by means of the ratio of 
time-integrated Ly-a lines for all nine shots. The ratio of 
emission strength smoothly changed a factor of -9 for 
a surface rms change of -50. Figure 7 shows observed 
and simulated mixed neutron yield over clean yield vs 
rms surface finish for the same nine-shot data set. 

To test the importance of the saturation modeling, we 
also estimated the perturbation growth with unmodified 
linear analysis. The modification due to saturation is 
quite small, and given the large spread in experimental 
results, no conclusion can be made regarding the cor- 
rectness of the saturation modeling procedure. 

Conclusion 
Both the observed x-ray emission and neutron yield 

from the 1-ns-drive Nova implosions show significant 
variation as a function of initial capsule surface finish. 
Furthermore, we can successfully interpret this variation 
as a dependence of pusher-fuel mix on initial surface 
roughness. This interpretation derives from modeling 
based on linear analysis using multiple 2-D LASNEX 
simulations and 1-D mixed implosion modeling using 
LASNEX and DCA to simulate neutron output and 
x-ray emission of included dopants. 
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Introduction 
In inertial confinement fusion (ICF),lr2 the kinetic 

energy of an ablating, inward-driven, solid spherical 
shell is used to compressionally heat the low-density 
fuel inside. For a given drive, the maximum achievable 
compressed fuel density and temperature-and hence 
the maximum neutron production rate-depend on 
the degree of shell isentropy2t3 and integrity maintained 
during the compression. Shell integrity will be degraded 
by hydrodynamic instability growth2tP7 of areal density 
imperfections in the capsule. Surface imperfections on 
the shell grow as a result of the Richtmyer-Meshkov8 
and Rayleigh-Taylor9 (RT) instabilities when the shell 
is accelerated by the ablating lower-density plasma. 
Perturbations at the outer capsule surface are trans- 
ferred hydrodynamically to the inner surface, where 
deceleration of the shell by the lower-density fuel gives 
rise to further RT growth at the pusher-fuel interface. 
A widely used dispersion relation5?l0 for the RT 
growth rate y in the presence of a density scalelength L 
and a mass ablation rate dm/dt is 

where k is the wave number of the seeding perturbation, 
g is the acceleration or deceleration, p is a constant 
between 1 and 3 determined empirically, and p is the 
peak shell density. Equation (1) indicates that y increases 
as interfaces become sharper (smaller L),  as peak shell 
densities increase, and as mass ablation rates decrease. 

* Los Alamos National Laboratory, Los Alamos, New Mexico 
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Implosion Design 
In the HEP3 implosion campaign: the unsaturated 

to weakly nonlinear low-growth regime was studied. 
See the previous article, "Diagnosis of Pusher-Fuel 
Mix in Indirectly Driven Nova Implosions (HEPS)," 
p. 265 for a discussion. Unshaped drive pulses and low- 
opacity plastic capsules were used, which allowed strong 
shock and hard x-ray preheating. This led to shallower 
ablation-front gradients and lower shell densities during 
the implosion phase. The goal of the HEP4 campaign 
was to increase susceptibility to RT growth in a more 
isentropic implosion. HEP4 designsll have used shaped 
drive, and x-ray preheat shielding,I2 by adding mid-Z 
dopants in the capsule ablator for reducing preheat. 

Role of Doped Ablators 
Use of a mid-Z dopant in the ablator has three 

principal effects. First, these dopants are chosen to 
preferentially absorb the 1-3-keV x rays (arising from 
the Au hohlraum laser plasmas) that volumetrically 
preheat Nova-scale plastic shells most efficiently. A 
cooler shell will expand less quickly, thereby maintain- 
ing a higher shell density p and steeper interface density 
gradients for a longer time.13 Second, doping reduces 
the ablation scalelength by reducing the distance over 
which the soft drive x rays14 are absorbed. Third, the 
increase in shell density leads to a thinner shell during 
compression and thus gives rise to more efficient 
feedthrough of surface perturbations with skin depths 
= 1 /k. These effects combine to increase predicted max- 
imum linear growth factors GF (ratios of final pusher- 
fuel to initial outside surface perturbation amplitudes) 
from 10 to 110 as the doping is increased from 0 with no 
pulse shaping (HEP3  condition^)^ to 2 at.% Ge or Br 
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with a two-step pulse (HEP4 conditions).13 Mid-Z 
dopants, in particular Br, were used extensively to 
increase growth factors15 in planar RT experiments16 
conducted in the HEP2 campaign. 

A linear GF of 100, for example means that, in the 
absence of saturation, an initial perturbation amplitude 
of 0.1 pm with mode number 1 = kr(t )  on the surface of 
a capsule of radius Y would lead to a 10-pm perturbation 
of the same mode number at the pusher-fuel interface 
at peak neutron production time. In general, a full 
spectrum of randomly phased modes will initially be 
present. Each mode number will have a different pre- 
dicted GF through the dependence on wave number k 
in Eq. (1). Growth of high-mode-number perturbations 
(large k) is reduced by ablation, density gradients, inef- 
ficient feedthrough, and (when amplitudes become 
comparable to the wavelength) by the onset of satura- 
tion. Long wavelengths (small k) have low growth 
rates from the outset. One can therefore expect a bell- 
shaped growth factor spectrum that peaks near some 
intermediate mode number.13 

Instability Growth Modeling 
Until recently, three-dimensional (3-D) codes han- 

dling multimode growth up to and beyond saturation 
have not been available or practicable. In their place, a 
multimode mix mode14r6 has been used extensively, as 
described more fully in "Diagnosis of Pusher-Fuel Mix 
in Indirectly Driven Nova Implosions (HEP3)" on p. 265 
of this Quarterly. Briefly, a series of linear single-mode 
growth-rate simulations is used to calculate the ampli- 
tude evolution of each mode initially present on the 
capsule surface, starting with amplitudes small enough 
to ensure that the growth remains linear throughout 
the implosion. The time dependence of the linear mode 
amplitudes are then obtained by multiplying these 
growth factors by the initial amplitude spectrum. If the 
individual amplitudes grow large enough (22r/Z2), they 
are corrected for saturation in the presence of a full 
spectrum of modes.4 The quadrature sum of the per- 
turbation amplitudes fed through to the pusher-fuel 
interface is then used to set the annular width for a 
one-dimensional (1 -D) model of atomically mixed shell 
and fuel located at the shell-fuel interface. A 1-D 
implosion simulation incorporating this evolving mix 
layer is then used to predict observables such as neu- 
tron yield. The yield drops as the calculated mix width 
becomes a larger fraction of the converged fuel radius, 
principally because of enhanced conduction cooling by 
shell material penetrating closer to the central, hottest 
fuel region, which provides most of the fusion reactions. 

Figure 1 shows the calculated mix amplitudes (nor- 
malized to converged fuel radius at peak neutron 
emission time and defined as approximately one-third 
the mix width) vs initial outside surface roughness for 
the low-growth HEP3 implosions, the present HEP4 

, 

implosions, and the proposed National Ignition 
Facility (NIF) ~0nditions.l~ The gray lines with unit 
slope correspond to assuming no growth saturation. 
The departure from unit slope for each black curve 
signifies the predicted onset of growth saturation. A 
typical intrinsic surface roughness power spectrum 
was assumed for these calculations. The large fractional 
mix widths calculated for the NTF implosions are a 
consequence of the more elaborate pulse shaping used 
to keep NIF implosions nearly isentropic. Ignition for 
NIF will require that the final mix amplitude not exceed 
about one-fifth of the converged capsule radius.I7 This 
criterion is equivalent to a factor of -2 yield reduction 
for nonigniting target designs such as those used in 
HEP3 and HEP4. The present HEP4 experiments were 
designed to span both sides of this threshold by vary- 
ing initial surface roughnesses from 0.01 pm rms 
upward, while approaching the growth factors expected 
of the NIF targets. 

Figure 1 shows that a necessary condition for ignition 
sets the upper limit on initial capsule outside surface 
finish at a currently achievable roughness of 0.03 pm 
rms. If there were no growth saturation, NTF capsules 
would need to be considerably smoother (by a factor 
of 2), which is at the limit of current technology. A 
specific goal of the HEP4 campaign was therefore to 
test the validity of the growth saturation model. 
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FIGURE 1. Calculated mix amplitude (normalized to fuel radius at 
peak neutron emission time) vs initial surface roughness. Starting 
from the right, the three curves correspond to the low-growth HEP3 
design, the present higher-growth HEP4 design, and the NIF design. 
Black and gray curves correspond to calculations with and without 
growth saturation, respectively The section of the NIF curve above a 
normahzed mix amplitude of 0.2 corresponds to loss of ignition. 
(20-03-0995-2096pbO1) 
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Capsule Design 
Figure 2 shows the cross section of a typical capsule. 

The ablator, a 1.1-1.3 g/cm3 plasma-polymerized plas- 
tic (CH1,3), typically 39 pm thick, is doped18 with up to 
3 at.% Br or Ge. The early experiments used Br doping; 
the later experiments switched to Ge, which was more 
robust and easier to fabricate. A 3-pm polyvinyl alcohol 
(PVA) intermediate layer serves to confine the fuel. In 
early experiments, the inner polystyrene shell (-440 pm 
i.d. and 3 pm thick) was doped with 0.07 at.% Ti. The 
fuel consists of 25 atm each of D2 and H,, doped with 

265 pm - 

0 / 
FIGURE 2. Cross section of a typical deuterated-fuel capsule design. 
(20-03-0995-2107pbO3) 
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FIGURE 3. Initial capsule ablator opacity vs photon energy for 
58-pm-thick undoped plastic ablators and for 45-w-thick 1.3 at.% 
Ge and 1.9 at.% Br-doped plastic ablators. (20-03-0995-2099pb01) 

0.05 at.% Ar. The dilution of the D with H was necessary 
to avoid saturation in the secondary-neutron detector. 
The Ar and Ti serve as noninvasive emission diagnos- 
tics of electron temperature and electron density and of 
the spatial profile of the fuel and shell during the burn 
phase. Figure 3 shows the initial shell optical depth vs 
photon energy and shows, for example, that 1.3 at.% 
Ge doubles the initial capsule optical depth above the 
Ge (n = 2) bound-free absorption edge at 1.2 keV. 
Simulations using the measured photon flux above 
1.2 keV indicate that such shielding reduces the entropy 
of the inner shell surface relative to the undoped case 
by 20% before the first shock arrives at 1 ns. 

The RT seeding is provided by pre-roughening the 
capsule surface by ultraviolet (W) laser ablation19 of 
200 randomly distributed 75-pm-diam pits of equal 
depths, which yields a continuous distribution of per- 
turbation wave numbers. The surface roughness is 
quantified by averaging a series of circumferential 
depth profiles obtained by atomic force microscopy?0 
The profiles are Fourier-transformed to yield 1-D power 
spectra, which are found to be in excellent agreement 
with spectra predicted by a model assuming randomly 
located pits of the measured shape. By assuming 
isotropy, 1-D spectra can be converted21 to 2-D power 
spectra, which serve as input to simulations. A simple 
measure of the surface roughness is taken to be the 
square root of the summed power spectra, expressed 
as a rms roughness. For the purposes of defining 
roughness, the lowest order modes ( I  < lo), which 
grow the least according to Eq. (l), are not included. 
By varying the pit depths, rms roughnesses so defined 
covered the range between 0.01 and 2 pm. 

Hohlraum Drive 
The capsules are mounted in the center of a 2400-p- 

long, 1600-pm-diam Au hohlraum with 1200-pm-diam 
laser entrance holes on each end. A hohlraum of pen- 
tagonal cross section was used to avoid line focusing 
of reflected laser light onto the capsule surface, as is 
observed with cylindrical hohlraums. X-ray and opti- 
cal measurements indicate that such line foci reach 
irradiances of 1014 W/cm2 over the first 200 ps, which 
could seed RT-unstable perturbations of similar magni- 
tude to some of the smaller amplitude ablated pits. 

The soft x-ray drive was generated by irradiating the 
inner hohlraum walls with ten accurately synchronized 
(10 ps rms fluctuation), precision-pointed (30 pm rms 
fluctuation), power-balanced ( 4 0 %  rms fluctuation)F2 
0.35-pm, 2.2-ns-long, 3-kJ Nova pulses. Figure 4(a) shows 
the absorbed power from a ramped pulse shape, called 
PS26, chosen to provide reduced shock preheating23 
and to more closely approximate ignition-scale drive. 
The average x-ray flux at the capsule, plotted in Fig. 4(a) 
as a blackbody flux temperature, was inferred from 
filtered, time-resolved, multichannel (Dante) 
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rneas~rements~~ of x-ray re-emission from the hohlraum 
walls. Measurements were performed on both laser- 
irradiated and unirradiated walls.25 The drive was 
independently inferred from simultaneous UV shock 
breakout measurementsz6 using A1 wedges [Fig. 4(b)]; 
the results are in good agreement with simulations based 
on the measured drive shown in Fig. 4(a). The peak drive 
temperature was 237 f 7 eV; the uncertainty corresponds 
to a factor of 2 uncertainty in calculated neutron yield. 

Harder x rays emanating from the high-temperature, 
low-density Au laser plasmas (principally Au n = 4 to 
n = 3 and n = 5 to n = 3 transitions between 2 and 4 keV) 
are also present. Figure 3 shows that the ablator optical 
depth h) only 1 to 2 for these x rays, making them an 
important source of preheating of the inner shell. Their 
fractional contribution to the total drive at the capsule 
(shown in Fig. 5) was determined from a solid-angle 
average formed by combining the Dante localized abso- 
lute flux measurements with 2-D spatially resolved x-ray 
images of the hohlraum wall. We attribute the initial 
spike in the hard x-ray fraction to reflected laser light 
efficiently illuminating much of the hohlraum walls; 
0.1 ns later, plasma expansion has greatly diminished the 
reflectivity and localized the hard x-ray production at 
the first-hit locations of the laser. The error bars represent 
only Dante uncertainties; the assumption of an optically 
thick Lambertian source for the harder x rays may result 
in an additional 2x underestimate of their fraction. 
However, simulations show that admitting a total factor 
of 3 underestimate in hard x-ray fraction will decrease 
yields for 1.3 at.% Ge-doped capsules by only 30%. 

Deuterated Fuel Capsules 
The implosions are diagnosed by primary and sec- 

ondary neutron yieldsF7 neutron production 
time-resolved x-ray and time-resolved x-ray 
spectroscopy of tracer dopants in the shell and 
fue1.13~23~30~31 The results of an early campaign with Br- 
doped capsules have been published e l ~ e w h e r e . ~ ~  The 
newer Ge-doped capsule implosion results described 
here have been more thoroughly characterized and 
modeled. Results are compared with predictions 
made using the 2-D radiation hydrodynamics code 
LASNEX.32 A new 3-D radiation hydrodynamics code, 

growth-factor implosions. 
is also being used to simulate these high- 

Performance vs Preheat Shielding 
The first HEP4 implosions served to test our under- 

standing of the behavior of the smoothest available 
plastic capsules as ablator doping was increased. In the 
limit of negligible RT growth, one would expect that 
the increase in in-flight shell density p due to preheat 
shielding provided by the mid-Z dopant would improve 
capsule performance. Specifically, for a fixed implosion 

velocity v, the compressional p r e s s ~ r e ~ ~ ~ f ~ ~  pv2 that 
determines the final fuel areal density and yield achiev- 
able should increase with p. 

Figure 6 shows that the measured yield does indeed 
increase with Ge doping, with a slope consistent with 
that of the corresponding 1-D simulations. Peak neutron 
production times (2.2 
velocities were kept fixed by varying the initial ablator 
thicknesses (from 44 pm at 2 at.% Ge to 58 pm for 
undoped ablators) to compensate for changes in initial 
shell density and opacity when incorporating Ge in the 
ablator. Capsules were selected for best surface finish 

0.1 ns) and hence implosion 
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FIGURE 4. (a) Measured absorbed laser power and measured soft 
x-ray flux (plotted as a blackbody flux temperature) from absolutely 
calibrated filtered diode array (Dante). 03) Measured shock trajectory 
in AI wedge and corresponding predicted trajectory based on the 
x-ray drive in (a). (20-03-0995-2100pb01) 
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(<0.03 pm rms roughness). The simulations used the 
measured drive flux and spectrum at each time as 
baseline input, with slight modifications for (<lo%) 
shot-to-shot variations in laser energy and capsule 
dimensions. The systematic factor of 3 4  discrepancy 
between simulated and measured yields for smooth 
capsules is not completely understood, but 3-D calcu- 
lations which include long wavelength shell thickness 
variations significantly reduce this discrepancy. These 
calculations are described in the section "Recent 

0.10 

0.08 

0.02 

0 
0 1 2 3 

t (ns) 

FIGURE 5. Measured 24-keV hohlraum power as a fraction of total 
x-ray power. Error bars represent uncertainty in Dante calibration 
and unfold only. (20-03-0995-2101pbOl) 
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FIGURE 6. Measured and calculated primary (DD) neutron yields vs 
doping for smooth capsules. Solid lines are linear fits to data and 
simulations. (20-03-0995-2103pbOl) 
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Modeling Advances." Nevertheless, the increase in 
yield as preheat shielding is increased for best surface 
finish capsules is encouraging for NIF, because it 
demonstrates a hydrodynamically similar implosion 
for which the beneficial effects of a more isentropic 
compression outweigh the detrimental effects of 
increased susceptibility to RT growth. 

reduction in imploded core image size as the ablator 
doping is increased from zero to 1.3 to 2.7 at.% Ge. The 
core images, captured with 7-pm and 80-ps resolution 
by gated pinhole cameras, are dominated by Ar 
bound-free emission from the doped fuel. Figure 7(d) 
shows the azimuthally averaged 50% contour diame- 
ters extracted from such images. The average measured 
x-ray radii decrease monotonically with increasing Ge 
doping, with a slope consistent with post-processed 
2-D integrated hohlraum and capsule simulations of 
image size, but with an overall 30% size reduction. 

Figure 7 displays 4-keV x-ray snapshots showing a 

(a) Undoped (b) 1.3% Ge (c) 2.7% Ge 

, 

(d) FWHM vs Ge atomic fraction 
60 

0 

- Fit to data ;. 0 Data f 

J 
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FIGURE 7. X-ray images at 4 keV of imploded cores from smooth 
capsules at peak emission time for (a) no doping, (b) 1.3 at.% Ge, and 
(c) 2.7 at.% Ge. (d) Measured (solid circles) and calculated (open cir- 
cles) azimuthally averaged diameters of 50% x-ray emission contours 
vs Ge doping. Solid lines are linear fits to data and simulations. 
(20-03-0995-21 02pb01) 
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Fuel areal densities and (by invoking particle conser- 
vation) fuel convergences were also inferred from the 
fraction of secondary DT reactions and the resultant 
secondary-neutron energy spectrum27 measured by a 
large neutron scintillator array (LaNSA). This diagnostic 
technique, used extensively in the HEPl 
works on the principle that the triton produced in the 
primary DD reaction undergoes secondary DT reac- 
tions with a probability that depends on the areal den- 
sity of deuterons seen by the escaping triton. At all Ge 
dopings, the inferred fuel convergences are within 10% 
of the values obtained from simulations. To reconcile 
the x-ray size discrepancy with the agreement in con- 
vergence, we note that emissivities for kilovolt x-ray 
photons are sensitive to sub-kilovolt variations in 
plasma temperature, while the secondary reaction 
between MeV tritons and deuterons is not. Hence the 
30% overprediction in x-ray core image size shown in 
Fig. 7(d) may be evidence that the simulations, while 
correctly predicting the final fuel radius, overpredict 
the plasma temperature in the outer regions of the 
compressed fuel. Such increased cooling is seen in 3-D 
calculations which include long wavelength variations 
in capsule wall thickness. 

Spatially integrated, time-resolved spectra of Ar and 
Ti line and continuum emission were also recorded 
during the fusion phase.30 The emission lines of inter- 
est are those of He-like Ti ( l s 2 p - l ~ ~ )  and of optically 
thin He-like Ar (ls3p-1s2) and H-like Ar (3p-1s). The 
measured Ar and Ti line durations for 1.9 at.% Br-doped 
capsules were 150 and 80 ps FWHM, respectively, half 
the corresponding durations for undoped capsules and 
in good agreement with simulations. Predicted H-like 
emission from the Ti dopant in the inner portion of the 
shell was not observed, again suggesting that the vol- 
ume comprising the outer regions of the fuel and the 
inside of the shell is cooler than expected. 

The agreement between measured and predicted 
trends in capsule performance as preheat shielding is 
increased indicates that the goal of mimicking more 
isentropic NIF-like implosion conditions has been 
attained. Specifically, smaller cores, shorter burn phases, 
and higher neutron production rates are observed as 
preheat shielding is increased. 

Performance vs Surface Roughness 
Figure 8 shows primary neutron yield for undoped 

and doped capsules vs initial surface roughness. Between 
best surface finish (<0.03 pm rms) and 1 pm rms rough- 
ness, the yields of undoped capsules drop by a factor of 
only 1.5, whde those of 1.3 at.% Ge-doped capsules drop 
by a factor of 6. This finding is qualitatively consistent 
with the transition from low- (GF -10) to high-growth- 
factor (GF = 110) behavior expected with doping. 
Moreover, we observe a statistically significant factor-of-2 
yield degradation between doped capsules with best 

surface finish and doped capsules with O.lym rms 
roughness; from Fig. 1, the latter correspond closely to 
the 20% mix fraction growth that determines the NIF 
igrution threshold. 

yields vs surface finish with various simulation results. 
The lowest curve, which represents the atomic mix 
model with no saturation, severely overestimates the 
yield degradation for large initial surface roughnesses. 
The other curves represent the same model corrected 
for the different saturation behavior predicted for 3-D 
or 2-D multimode growth.34 The atomic mix models 
are in fairly good agreement with data at the rough 
end. As discussed in the section on 3-D modeling 
advances, the factor of 3 4  yield discrepancy, which 
remains at the smooth capsule end can be largely 
accounted for by long wavelength capsule wall thick- 
ness variations. The larger yield degradation calculated 
for the 3-D saturation model is a consequence of the 
later onset of saturation4 and of the higher terminal 
velocity of low-density 3-D fuel bubbles rising into the 
shell. The atomic mix model with the 2-D saturation 
prescription, although not strictly comparable with the 
3-D nature of perturbation growth in the experiment, 
is included to show good agreement with 2-D finely 
zoned multimode simulations (shown as triangles). 

tion growth past saturation and do not need to combine 
modes into a 1-D mix description, were made possible 
by using only a few photon groups.33 This method is 

Figure 9 compares the averaged doped capsule 

These multimode simulations, which follow perturba- 
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FIGURE 8. Measured primary neutron yields for 1.3 at.% Ge-doped 
(solid circles) and undoped (open circles) capsules vs initial rms sur- 
face roughness. (20-03-0995-2104pb01) 
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only applicable when diffusive radiation transport is 
used, speeding up computer simulations. The 3-D 
nature of the perturbations is accounted for by adjusting 

1 o9 

At. mix (no saturation) 
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FIGURE 9. Measured and calculated primary neutron yields for 
1.3 at.% Ge-doped capsules vs initial surface roughness. Solid circles 
are averaged data points from Fig. 8. Solid curves are predictions 
from the atomic mix model with no saturation, with a 2-D saturation, 
and with a 3-D saturation prescription. The square and the triangles 
are predictions from 2-D multimode simulations with and without 
flux nonuniformities. The vertical line at the upper left represents the 
range of yields calculated by the 3-D HYDRA code for a smooth cap- 
sule by varying the relative orientation between low-order capsule 
and radiation flux nonuniformities. (20-03-0995-2105pbOl) 
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FIGURE 10. Relative capsule convergence (inferred from secondary 
neutron yields and spectra) vs initial surface roughness for undoped 
and 1.3 at.% Ge-doped capsules. The curve is a prediction for 1.3 at.% 
Ge doping, using the atomic mix model with 3-D saturation. 
Convergences are normalized to calculated convergence for smooth, 
doped capsules. (20-03-0995-2106pb01) 

the 2-D surface power spectra so that each mode 
makes the same relative contribution to the total rms 
roughness as in three dimensions. As 2-D simulations 
are carried out on a 90" quadrant, power in odd modes 
is "aliased into the adjacent even modes. At peak neu- 
tron emission time, the 2-D simulations show classic 
"bubble and spike" saturated RT growth for the domi- 
nant modes at the pusher-fuel interface for initial surface 
roughnesses greater than 0.1 p. The effects of low-mode 
drive nonuniformities, which distort the pusher-fuel 
interface, were included in some 2-D multimode 
calculations. For example, the predicted extra yield 
degradation due to flux nonuniformities for a smooth, 
doped capsule is -30%, as shown by the square in 
Fig. 9. More appropriate 3-D multimode simulations 
treating such flux asymmetries in their exact 3-D orien- 
tations are described under Recent Modeling Advances, 
below. In particular, the effects of synergism between 
growth of low-order surface perturbations and flux 
asymmetry-seeded perturbations are quantified there. 

Figure 10 shows relative capsule convergences 
inferred from secondary-neutron yields and spectra 
from doped and undoped capsules vs initial surface 
roughness. The data points are averaged over capsules 
of similar roughness, and standard errors are shown. 
As expected, only the convergence of the high-growth, 
doped capsule drops significantly as capsule surface 
roughness is increased to 1 pm rms. The solid line is in 
fair agreement with the data. It represents post-processed 
predictions of the inferred convergence for 1.3 at.% Ge 
doping based on following the triton trajectory through 
both the pure fuel and the 1-D atomically mixed layer. 

Figures 9 and 10 show that the primary and secondary 
gas yields are best suited to inferring large mix fractions. 
This is because the gas yield for nonigniting capsules is 
dominated by the hottest (central) region, which is far- 
thest from the pusher-fuel interface and least affected 
by conduction cooling. By contrast, shell conditions 
can be most sensitive to small amounts of mix as pene- 
trating spikes of shell material enter a region of steeply 
rising t e m ~ e r a t u r e . ~ r ~ ~  For the lower-convergence 
HEP3 targets, moderate shell-gas mix was inferred 
from ratios of shell to gas dopant x-ray line emissivi- 
ties.6 Analogous r n e a s ~ r e m e n t s ~ ~ t ~ ~  attempted for 
HEP4 are sensitive to the significant x-ray reabsorption 
by the more converged and compressed shells. For 
example, for the Ar 3-1 lines, the shell optical depth at 
peak neutron production time is -5.13 

Deuterated-Shell Implosions 
One technique for circumventing the problem of 

high shell x-ray opacity in inferring shell mix is to 
measure the neutron yields from capsules with deuter- 
ated shells.35 Figure 11 shows a cross section of the 
capsule design. The only differences with respect to 
the usual capsule (Fig. 2) are a 75-atm H fill (to provide 
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an inert fill with the same convergence as the 50-atm 
fill shown in Fig. 2) and a 4-pm-thick deuterated 
polystyrene inner shell. Peak growth factors are a fac- 
tor of 2 higher, principally because the shell yield 
(which depends on thermal conduction) is delayed 
with respect to the fuel yield, allowing more time for 
perturbation growth. Small amounts of mix should 
now act to increase the yield by introducing D into the 
hotter central gas region. For example, the fusion rate 
at the -1-keV temperature of interest and for an ion 
density n scales as n2T7, and hence as T5 for a profile 
with constant pressure nT. For larger mix fractions, 
compression is reduced (see Fig. lo), reducing temper- 
atures throughout the capsule. Therefore, after an initial 
rise in yield with increasing mix fraction, a drop in 
shell yield might be expected. 

Figure 12 shows the observed dependence of shell 
primary yield on surface roughness. The implosion 
conditions were identical to those in the deuterated- 
fuel implosions except for a 7% lower drive designed 
to reduce ultra-hard x-ray contamination of the neu- 
tron diagnostics measuring the low yields. The yield 
remains nearly constant with increasing surface rough- 
ness up to 0.5 pm and finally falls for rougher surfaces. 
The standard atomic mix model with 3-D saturation, 
shown as the middle curve in Fig. 12, predicts only a 
slight increase in yield with surface roughness, in fair 
agreement with the data. The explanation for this 
behavior is that the shell yields are sensitive to an 
additional ingredient in the model that does not affect 
gas yields: an enhanced heat diffusivity term scaling as 
aL(dL /d t )  over the 1-D mix layer of width L, where a 
is a heat diffusivity rn~1tiplier.l~ This extra heat flow is 
used to mimic the heat dilution that occurs as the sur- 
face area of a more realistic RT-modulated interface 
grows. The middle curve in Fig. 12 uses a = 1, but the 
result changes little for a between 0.5 and 2. If a is set 
to 0, the top curve results, in significant disagreement 
with the data. The reduction in yield with enhanced 
heat diffusivity is a consequence of reducing tempera- 
ture gradients in the mix region, thereby dropping 
peak temperatures in the innermost shell region, which 
dominates the yield. For NIF 1-D capsule designs, such 
a heat flux term is essential in the 1-D atomic mix 
model to correctly account for heat transfer from the 
inner hot DT gas to the outer cold DT pusher. The 
absence of H-like Ti shell emission in earlier experi- 
ments is also more consistent with a reduction in shell 
temperature gradients. By contrast, gas yields are factors 
of 5 less sensitive than shell yields to the heat diffusiv- 
ity term; in the atomic mix predictions of gas yields 
shown in Fig. 9, we used a = 1. 

Figure 12 also shows predictions of 2-D multimode 
(1 = 2,4,6,. . . ,481 and single-mode (1 = 24) calculations, 
which are in good agreement with the data and with the 
atomic mix model, including enhanced heat diffusion. 

The simpler single-mode simulations assume that all 
the roughness is concentrated in a dominant mode. 
The predicted yields fall rapidly at about 0.4 pm rms 
roughness, for which the increased heat losses to the 
deuterated layer are insufficient to raise or even maintain 
the D temperature because of the reduced compressional 

265 pn 

0 / 
FIGURE 11. Cross section of a typical deuterated-shell capsule 
design. (20-03-0995-2107pbO2) 

= 0) 

At. mix (a  = 1) 

i 

I I I 1 1 1 1  I I I 1 l l l l  I 
0.1 1 
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FIGURE 12. Measured and calculated primary yields for 1.3 at.% 
Ge-doped deuterated-shell capsules vs initial surface roughness. 
Solid circles are the data with experimental uncertainties. The top 
and middle curves are predictions from the atomic mix model with- 
out (a  = 0) and with (a  = 1) enhanced heat diffusion. The lower 
curve and squares are predictions from 2-D single-mode (1 = 24) and 
multimode ( I  = 2,4,6, ... ,48) simulations. (20-03-0995-2107pbOl) 
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heating of the gas. For example, the peak compressional 
heating power in the implosion of a capsule with 1 pm 
rms roughness is only 72% of the unperturbed value. 
The simulations indicate shell breakup for capsules 
above 0.4 pm rms roughness. 

Recent Modeling Advances 
In current HEP4 work, we have advanced to 3-D 

modeling using the new HYDRA code.33 Simulations 
in progress include modeling of both multimode and 
single-mode perturbation growth; additional distortion 
from radiation flux asymmetries can be included. The 
code uses multigroup radiation diffusion. 

Figure 13 shows a snapshot of the ablation front and 
pusher-fuel interface for a typical single-mode growth 
simulation (I = 18) of a 0.25-pm rms perturbation. The 
interfaces shown represent an isodensity surface at 
17.2 g/cm3, 40 ps before peak neutron production time. 
The white contour lines show the 90" x 36" repeating 
sector used in the simulation. The 92 pits on the out- 
side surface (modeled as hyperGaussians) have fed 
through to form bubbles of fuel rising into the shell 
and parabolic ridges of shell material penetrating the 
fuel. A Kelvin-Helmholz instability at the fuel-pusher 
interface causes significant roll-up in the bubble tips. 
The calculated yield was 82% of the yield for a per- 
fectly smooth capsule surface. 

Recently, the measured lowest-order capsule 
imperfections have been added to the input of a 3-D 

FIGURE 13. Three-dimensional simulation of isodensity (17.2 g/cm3) 
surface contour of imploded capsule, 40 ps before peak neutron 
emission time. Outside surface (70 pm diam) shows ablation front 
growth. Initial perturbation was a 0.25-pm rms single-mode pattern 
(1 = 18) created by 92 pits on 1.3 at.% Ge-doped capsules. White con- 
tour lines define the 90" x 36" repeating sector used in the simulation. 
(08-00-0695-1495pb01) 

multimode simulation, which included radiation flux 
asymmetries. In particular, the importance of a worst- 
case 5-pm variation in capsule shell thickness from 
pole to equator has been studied. By aligning the cap- 
sule so that the thinnest part of the shell faces the 
hohlraum midplane, where a combination of P, and 
m = 5 radiation flux asymmetries already act coher- 
ently, 3-D HYDRA simulations predict a 60% drop in 
yield, from 1.44 x lo9 to 6 x lo8 (see Fig. 9). The yield 
drops sharply because the thinner sections of the shell 
converge faster and allow spikes of shell material from 
RT growth of m = 5 seeded perturbations to meet at 
peak neutron emission time. Hence, the scatter in the 
smooth capsule yields may be due to the arbitrary cap- 
sule-to-hohlraum orientation inherent during target 
assembly and the variable amplitude of lowest-order 
fluctuations in capsule shell thickness. 

Conclusion 
Low-entropy Nova implosions using x-ray preheat 

shielded, doped plastic capsules with reproducible, 
well-characterized pre-roughened surface finishes have 
demonstrated large hydrodynamic instability growth 
similar to that expected in ignition-scale targets. The 
expected transition to lower entropy and higher insta- 
bility growth, and hence to ignition-scalable behavior, 
was experimentally demonstrated by comparing the 
performance of doped and undoped capsules inferred 
from x-ray and neutron measurements. To avoid diffi- 
culties with high shell x-ray opacities, pusher-fuel mix 
was inferred from neutron yields rather than from the 
dopant x-ray line ratios described in HEP3. The large 
scatter in the yields of the smoothest capsules may be 
related to the arbitrary orientation of low-order cap- 
sule-shell-thickness nonuniformities with respect to 
radiation-seeded asymmetries, which could lead to 
large differences in imploded capsule shape. Average 
neutron yields for the smoothest capsules remain 
lower than expected for both undoped and doped cap- 
sules, although 3-D calculations which include the low 
order capsule, wall thickness variations are expected to 
significantly reduce this discrepancy. Neutron yields 
from roughened capsules suggest that there is similar 
or less growth than predicted by models including 
growth saturation, thereby validating current capsule 
surface finish requirements for ignition designs. Yields 
from complementary deuterated-shell experiments 
agreed with the models and clearly show that enhanced 
heat diffusion must be included in the traditional 
atomic mix model. 
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Introduction 
Indirect-drive inertial confinement fusion (ICF) uses 

high-Z cavities, or hohlraums, to confine x rays for 
compressing and igniting deuterium-tritium fuel con- 
tained in spherical capsules.'f2 For laser-driven ICF, the 
intense laser beams enter the hohlraum through small 
laser entrance holes (LEHs), heating the high-Z . 
hohlraum walls. The laser-produced radiation heats 
the unirradiated high-Z walls producing a nearly 
isotropic radiation environment for spherically com- 
pressing the ICF capsule.2 The radiation flux on the 
capsule is not completely isotropic, however, because 
the laser-irradiated area is generally brighter than the 
surrounding x-ray heated walls and the LEHs do not 
radiate. Furthermore, the angular distribution of flux 
on the capsule is time dependent because the unillumi- 
nated walls become hotter and more emissive as a 
function of time, and plasma dynamics cause the laser- 
irradiated area to move. Symmetric implosions are 
obtained by dynamically balancing the effects of the 
LEHs, wall heating, and laser-spot m ~ t i o n . ~  

The laser absorption and thus radiation symmetry 
depend on the dynamics of the hohlraum plasma. For 
long pulses, such as those required for ignition targets 
on the proposed National Ignition Facility (NIF), a 
large volume of the hohlraum can fill to plasma elec- 
tron densities of ne = 1021 cmP3 or greater, which can 
cause significant movement of the absorption region. 
In NIF hohlraum designs, a low-Z plasma replaces the 
low-density, high-Z blowoff to better control the laser- 
spot motion. 

Inverse bremsstrahlung is lower in the low-Z plasma 
compared with a high-Z plasma at the same density, 
allowing the laser to deposit its energy in higher-density, 
high-Z plasma nearer the initial wall p~s i t i on .~ .~  
Calculations indicate that the low-Z plasma reduces 

the movement of the laser deposition region, making 
symmetry more easily obtainable. For initial NIF target 
designs, the low-Z underdense plasma was produced 
by initially coating the high-Z wall with low-Z material. 
The laser and radiation ablate the thin low-Z coating 
from the wall, filling the hohlraum with low-Z plasma. 
For more recent designs, the hohlraum is initially filled 
with low-2 gas which, when ionized, produces the 
underdense low-Z plasma. Gas-filled hohlraums avoid 
problems with plasma stagnation and jetting, which 
computationally degrade capsule symmetry in the 
lined-hohlraum designs. 

NIF designs using low-Z plasma to control spot 
motion had not previously been tested. Many of the 
Hohlraum and Laser Physics (HLP) tasks for the Nova 
Technical Contract (NTC) were developed to experi- 
mentally test the physics for low-Z lined hohlraums. 
Specifically, HLPl and HLP2 are tasks to test the ener- 
getics of lined hohlraums and to understand the scaling 
to NIF holdraums within the energy and power con- 
straints of Nova. HLPl experiments investigate drive 
using shaped pulses where the underdense plasma 
evolution better approximates the NIF plasma but at 
lower powers than attainable on the NIF. The goal of 
HLPI is to demonstrate acceptable laser coupling in 
hohlraums with a shaped drive pulse producing radia- 
tion temperatures TR in the range of -100 to -210 eV. 
HLP2 experiments investigate drive in lined hohlraums 
at high powers to understand radiation drive scaling 
to NIF peak drive regimes. HLP2 goals are to demon- 
strate acceptable coupling in hohlraums with TR of 
2270 eV For both tasks, acceptable coupling is defined 
as absorption fraction fabs > 90%; stimulated Brillouin 
scattering (SBS) fraction fsss < 5-10%; hot electron frac- 
tion fhot < 5% at a hot electron temperature, That 2 50 keV, 
and stimulated Raman scattering (SRS) fractionfsRs < 5%. 

~ 
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Results from both HLPl and HLP2 experiments suc- 
cessfully attain the drive goals defined in the NTC, 
although the liner does reduce the peak drive com- 
pared with experiments using unlined hohlraums. 
Calculations partly predict this reduction in drive as 
being due to enhanced hydrodynamic losses to the 
underdense plasma. Although the diagnostics were 
not optimal, measurements of SBS using subaperture 
sampling and SRS using x-ray bremsstrahlung from 
fast-electron production suggest that enhanced plasma 
instability production in the lined hohlraums also con- 
tributes to the observed reduced drive. The drive 
experiments performed for HLPl and HLP2 use 
unsmoothed laser beams. Recent experiments demon- 
strate that stimulated scattering levels are reduced to 
about the 1 % level using beam-smoothing techniques. 
These experiments are described in "Laser-Plasma 
Interactions in NIF-Scale Plasmas (HLP5 and HLPG)" 
on p. 305 of this Quartedy. For the same laser intensity 
and pulse length, x-ray conversion efficiency inferred 
in hohlraums is significantly higher than that obtained 
from isolated flat foils. The HLP task is focused on 
experiments to understand this difference. 

Experiments 
Experiments on Nova use hohlraums whose shape 

is a right circular cylinder, shown schematically in 
Fig. 1 (a). Nova scale-1 hohlraums are Au and are 
1.6 mm diam x 2.55-2.75 mm long. Typically, the 
hohlraum wall thickness is 25 pm, and in some experi- 
ments is thinned to -2 pm to image kilo-electron-volt 
x rays through the wall. Different hohlraum lengths 
are sometimes used for symmetry or for satisfying 
other experimental constraints. Different hohlraum 
sizes are scaled from the scale-1 size by the ratio of 
their dimensions to those of a scale-1 size. For exam- 
ple, a 0.75-scale hohlraum is 1.2 mm diam x 2 mm 
long. The LEH is varied, depending on the experiment, 
from 50 to 100% of the hohlraum diameter. For the 
energetics scaling, the results are scaled to 50% LEH for 
the square pulses and 75% for the shaped pulses, unless 
otherwise noted. For all of the energetics studies, the 
hohlraums are empty, not containing a fuel capsule. 

The lined hohlraums are coated with either Ni or 
CH in the form of parylene. The parylene coating is 
done using vacuum deposition and by allowing the 
parylene to enter through the LEHs and randomly col- 
lide with the wall until it sticks. Since parylene has a low 
probabihty of sticking when colliding with a solid surface, 
it statistically has many collisions with the wall before 
it sticks. This method can produce uniform surfaces 
even on the inside hohlraum wall. Typically, the coating 
thickness is 0.75 pm with a density p = 1.10 g/cm3 unless 
otherwise stated. When fully ionized, this layer would 
fill the initial volume to a density of -1021 electrons/cm3. 
The coating thickness is characterized by measuring 

the Au x-ray fluorescence from a scanning electron 
microscope (SEM). The SEM signal is calibrated using 
a series of flat Au targets overcoated with various 
thicknesses of parylene. The coating thicknesses on the 
flat targets are characterized using optical interferometry 
and a stylus profilometer. In this way, coating thick- 
ness for the hohlraums can be measured to an accuracy 
of t20%. Uniformity along the inside hohlraum wall is 
checked using the SEM by cutting open test hohlraums. 
Also, coating thicknesses on a target used for an exper- 
iment could be checked by measuring the thickness on 
the outside wall. 

Ni-coated hohlraums are made using electrodeless 
Ni plating. The coating is 88% Ni by weight with the 
remaining 12% by weight being P. Its average density 
is 8.2 g/cm3, with the nominal coating thickness of 
0.15 pm. Thicknesses on hohlraums are also characterized 

(a) Scale 1: 

Liners: 
2.7 tnm long x 1.6 mm diam 

CH 0.3-1.0 pm 

0 

- 
contrast 

1 2 3 4 
t (ns) 

FIGURE 1. Schematic of hohlraum drive experiments. (a) The 
hohlraum and irradiation geometry. (b) Representative pulse shapes 
of the incident laser pulses at 0.35 wavelength. PS22 is a 3:l con- 
trast shaped pulse for HLPl and HLP2, using a 1-ns square pulse 
with a maximum power of 30 TW. (20-05-0995-2111pbOl) 
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using the SEM, measuring the relative x-ray fluorescence 
signal of Ni compared with Au. Again, the system is 
calibrated using coated Au flats. Errors in thickness are 
estimated to be +20%. 

Hohlraums are irradiated using the 10 Nova laser 
beams, 5 per side. Figure 1 (b) shows the laser pulses. 
The pulse shape for HLP1, designated PS22, is a 2.2-ns- 
long pulse with a 3:l contrast between the peak intensity 
and the foot intensity. This is the same pulse shape 
used for the bulk of the pulse-shaped symmetry exper- 
iments described in the next article, ”Nova Symmetry: 
Experiments, Modeling, and Interpretation (HLP3 and 
HLP4),” on p. 293. Pulse shapes for HLP2 are 1-ns-long 
approximately square pulses with total powers up to 
30 TW (maximum power available on Nova). The beams 
are pointed through the center of the LEH and defocused 
to reduce the intensity of the laser on the wall, shown 
schematically in Fig. l(a). For a scale-1 target, the defo- 
cusing is -1 mm, in the diverging direction from best 
focus, at the LEH. This allows -100 pm clearance of the 
beam for a 50% LEH, assuming geometrical optics for an 
f /4  beam. The beam irradiates the wall of the hohlraum 
at an angle of 40” with respect to the normal of the wall 
and has a first bounce intensity of -8 x W/cm2 for 
2 TW of laser power PL per beam. 

Diagnostics 
X-ray drive is measured using two complementary 

 technique^.^ One technique measures the shock wave 
generated by the absorbed x-ray flux in an A1 witness 
plate. The A1 witness plate is a piece of A1 whose thick- 
ness continuously varies from one end to the other, or 
has discrete steps of known thickness, placed over a 
hole in the hohlraum wall. The shock front is mea- 
sured by observing the optical emission produced by 
the emerging shock at the rear of the A1 plate. The 
optical emission is measured using an ultraviolet (W) 
Cassegrain telescope coupled to an optical streak cam- 
era. X-ray drive is derived by comparing the measured 
shock velocity with hydrodynamic calculations or 
semi-empirical models as described in the article 
”Planar and Cylindrical Rayleigh-Taylor Experiments 
on Nova (HEP2),” p. 232. The estimated error for mea- 
suring drive is +5 eV, which includes the accuracy of 
the measurement and the uncertainty in the comparison 
with the calculations. The other technique measures the 
x-ray flux irradiated from the hohlraum wall using an 
array of x-ray diodes (XRD).6 A number of broadband 
channels are defined in the range from 0.1 to 1.8 keV 
using thin absorption filters and, for some channels, 
grazing incident x-ray mirrors. The XRD array mea- 
sures the hohlraum drive by measuring the flux from 
an opposite wall in the hohlraum through a hole in the 
hohlraum wall. The hole is lined with Be to prevent 
high-Z plasma from occluding the line of sight into the 
hohlraum. Time-resolved spectra are unfolded from 

the signals using calibrated channel response. The time 
resolution is on the order of 150 ps limited by the 
bandwidth of the detectors and oscilloscopes and the 
correlation of the timing among the detectors. The 
spectrally integrated flux is measured to an accuracy of 
-20% including calibration accuracies and unfolding 
uncertainties resulting in a +5% uncertainty when con- 
verted to an equivalent radiation drive temperature. 

The two measurement techniques are complemen- 
tary since the shock velocity measures the flux incident 
on the wall while the XRD array measures the reradi- 
ated flux. The two are related by the wall\albedoF or 
effective reflectivity. The shock velocity is best suited 
for measuring peak drive and can provide only coarse 
time-dependent measurements. The XRD array pro- 
vides much better time-dependent reradiated flux 
measurements, but the data must be corrected for 
albedo, which is time dependent, to obtain incident 
x-ray flux. For both techniques, the measurement is 
usually made in the midplane of the hohlraum 
between the two sets of beam cones where it is not 
directly irradiated by the laser. The flux on the ICF 
capsule, or other areas of the hohlraum, must be 
derived using detailed radiation hydrodynamic calcu- 
lations or semi-empirical view factor estimates. 

Laser coupling is also studied by measuring the 
scattered light and x-ray bremsstrahlung produced by 
superthermal electrons. SBS light into the lens is mea- 
sured using a subaperture sampling on one of Nova’s 
ten beamlines, beamline six (BL6).7 The light from 
approximately 5% of the beam area is extracted from 
the reflected beam using an uncoated piece of fused 
silica. It is then optically relayed to a diagnostic table 
equipped with an optical calorimeter, a fast-photodi- 
ode coupled to a Tektronix 7912 transient digitizer, and 
a time-resolved optical spectrometer. The calorimeter 
and photodiode are absolutely calibrated by placing a 
partially reflecting retroreflector in front of the 
calorimeter mounted opposite BL6. The retroreflector 
reflects 7.6% of the incident energy, and the data is 
reduced assuming the incident light and backscattered 
light uniformly fill the lens aperture. More recent 
experiments with improved diagnostics developed for 
HLP5 [as discussed in ”Laser-Plasma Interactions in 
NIF-Scale Plasmas (HLP5 and HLP6)” on p. 3051 have 
shown that there can be significant variations in the 
near-field distribution of the backscattered light in the 
lens aperture as well as some light being scattered out- 
side of the lens.8 The scattered light data presented 
here have large uncertainties due to the subaperture 
sampling, but the relative trends in the data among 
different target types should be qualitatively valid. 

Fast-electron production from SRS is studied by 
measuring the x-ray bremsstrahlung from the target in 
the 20-200-keV spectral range.9 The x rays are pro- 
duced when the fast electrons deposit their energy in 
the high-Z case. For most of the measurements, 
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hohlraums with thin walls (-2-3 pm) are used to mini- 
mize x-ray absorption in the hohlraum walls. This 
measurement does not include fast electrons that 
escape the target or that lose their energy in the plasma 
before reaching the wall. In addition, time-resolved 
SRS light spectra are measured 28" from an incident 
beamline. Also, a photodiode array measures the 
angular distribution of the SRS light. SRS light was not 
measured inside of the lens cone. Recent experiments 
have shown that a significant amount of SRS light can 
be scattered into the lens cone.8 

Results 
Lined hohlraums reduce the amount of high-Z 

material filling the interior of the hohlraum. The effect 
of liners on plasma filling can be seen qualitatively in 
Fig. 2, which shows time-resolved images of kilovolt 
x rays viewing along the axis of Nova hohlraums.1° 
Figure 2(a) is an image of an unlined hohlraum, and 
Fig. 2(b) shows a hohlraum lined with 0.75 pm of CH. 
Both images are taken at around 1.5 ns after the begin- 
ning of PS22, which is near the peak of the laser intensity. 
Both images show five bright spots placed nearly equally 
inside of the hohlraum. These spots are Au blowoff 
from the laser beams irradiating the hohlraum walls. 
The hohlraum wall itself is masked by the LEH, which 
defines the viewing area. For the unlined hohlraum, 
the figure also shows five spokes and a central bright 
spot. These are produced by stagnation of the high-Z 
plasma from the wall blowoff, indicating that by this 
time the high-Z plasma has filled the laser irradiation 
part of the hohlraum. For the lined hohlraum, the 
bright spokes and central region are replaced by an 
absence of emission. This region is filled by low-Z CH 
plasma, which is a much poorer radiator than high-Z 
plasma. These images indicate that qualitatively, at 
least, low-Z plasma does reduce the filling of the 
hohlraum by high-Z plasma. 

Drive at high power has been investigated using 1-ns 
square pulses for HLP2. Figure 3 shows peak TR mea- 
sured using shock breakout for both CH- and Ni-lined 
hohlraums. Data are included for both scale-1 and 
scale-0.75 hohlraums. Most of the data are taken with 
2.55-mm-long hohlraums. Some of the data are from 
longer hohlraums and have been corrected (<5 eV) to 
account for this. The data is plotted as a function of 
PL/wall area where the wall area is the total area of the 
hohlraum not corrected for LEH or diagnostic holes. 
Drive from unlined hohlraums, reported previously, is 
also plotted for comparison.ll Drive from lined 
hohlraums is below the measured drive for unlined 
hohlraums. Table 1 summarizes the average reduction 
in drive for lined hohlraums compared with unlined 
hohlraums. The uncertainties listed in Table 1 are the 

standard deviations of the data set. For scale-1 targets, 
the reduction is 16-18 eV, representing -25-30% 
decrease in available x-ray drive for both CH- and 
Ni-lined hohlraums. 

Figure 4 shows drive from lined hohlraums heated 
with shaped pulses. Figure 4(a) shows the time-resolved 
drive derived from the XRD array for both CH- and Ni- 
lined hohlraums compared with drive measured from 

(a) Unlined hohlraum 

(b) Lined hohlraum 

FIGURE 2. X-ray images of the hohlraum heated with PS22 viewing 
along the axis of the cylinder. The time-resolved images are taken at 
approximately 1.5 ns, which is about the peak of the laser pulse. The 
image in (a) is from an unlined hohlraum and (b) is from a hohlraum 
lined with 0.75 pm CH. (20-05-0995-2112pb01) 
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FIGURE 3. Peak radiation temperature TR measured in scale-1 and 
scale-0.75 hohlraums heated with I-ns square pulses of 0.35-pm light. 
Measurements are made using the shock breakout technique in A1 
witness plates. Open circles are from unlined Au hohlraums and 
closed circles and closed squares are from CH- and Ni-lined hohlraums, 
respectively. The HLP2 goal of 270 eV is shown as a dashed line. 
(20-05-1093-3696pbOl) 

TABLE 1. Reduction in drive of lined hohlraums compared with 
unlined hohlraums. 

ATR (eV) ATR (eV) 
Hohlraums experiment LASNEX 

Scale 0.75 
1 ns, 1500A Ni, 25 TW 2 6 + 9  - 

1 ns, 7500A CH, 25 TW 1 7 k 9  - 
Scale 1.0 

1 ns, 1500A Ni, 12 TW 1 6 k 3  14 
1 ns, 1500A Ni, 25 TW 1 8 5 6  14 
PS22,1500A Ni 1 8 + 5  14 
PS22,40OOA CH 6 5 3  9 
PS22,7500A CH 11 k 9 12 
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unlined hohlraums. The main differences in the drive 
between the lined and unlined hohlraums are that the 
beginning of the drive is delayed in the initial foot of 
the pulse and that the peak drive is less for lined 
hohlraums. Figure 4(b) plots the peak drive as measured 
from the shock breakout, which also confirms the 
reduction in peak drive for lined hohlraums. The 
difference in peak drives for Figs. 4(a) and (b) is the 
correction for wall albedo. The delay in the beginning 
of the drive can be understood qualitatively as the 
reduction in x-ray flux initially as the laser burns 
through the liner before heating the Au walls. As sum- 
marized in Table 1, the reduction in peak drive for 
lined hohlraums is -20-30% of the x-ray flux for unlined 
hohlraums. Drive data from unlined hohlraums have 
been empirically fit with a simple power balance 
model.'l This simple model balances the heating sources 
with the heat losses. The heating source is the x-ray 
energy produced by the incident laser drive heating 
the hohlraum walls. The heat losses are the energy 
absorbed by the hohlraum walls and energy radiated 
through the laser entrance and diagnostic  hole^.^^.^^ 
The hohlraum wall loss is modeled using a Marshak 
scaling14 for wall loss. The power balance equation is 

The source term on the left is the incident P, multiplied 
by the effective efficiency for converting laser light to 
drive energy, qHoHL. The loss terms are on the right. 
o is the Stefan-Boltzman constant, A is the hohlraum 
area f is the fraction of the hohlraum area that is holes, 
and a IS the wall albedo. All of the parameters in the 
equation can be determined independently by the 
experimental geometry and the measurement except 
for qHoHL and a. a is both time and temperature 
dependent. It can be calculated from LASNEX or simple 

'H 
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FIGURE 4. Radiation 
drive measured from 
scale-1 hohlraums 
heated with 0.35-pm 
light using PS22. (a) 
Compares time- 
resolved Dante mea- 
surements of the drive 
from unlined and CH- 
and Ni-lined hohlraums. 
(b) Shows peak drive 
measured using the 
shock breakout tech- 
nique in AI witness 
plates from the differ- 
ent targets. 

35 (20-05-1093-3696pb01) 
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models of radiation wave scaling and depends on the 
opacity and equation of state for the material. 

Figure 5 shows the data fit with Eq. (1) from the 
scale-1 hohlraums heated with square pulses. The fits 
use power-law scaling of a derived from self-similar 
solutions to Marshak's wave heating of materials with 
power-law dependencies for opacity and equation of 
state.l2~I3 qHoHL is treated as a fitting parameter. Results 
of the fits are shown Fig. 5. For unlined hohlraums, 
?HoHL = -0.75 while ?HoHL = 0.53 to 0.64 for the lined 
hohlraum data. This simple model suggests that the 
effective coupling is reduced by 15-30%. The data set 
is much sparser for the scale-0.75 data, but it is consis- 
tent with similar reduction in effective coupling. The 
pulse-shaped data cannot be fit easily with an analytic 
model because of the dependence of a on time and 
temperature, but the decrease in drive is approximately 
similar to the 1-ns square results, and therefore the 
reduction in coupling is expected to be similar. 

The reduced coupling for lined hohlraums can be due 
to several effects. Some reduction is expected, as discussed 
in the next section, because of the energy expended to 
heating the liner and to differences in coupling to 
hydrodynamic motion. Other potential differences are 
decreased absorption due to higher levels of reflected 
light, SBS, and SRS. 

The absorption is studied by measuring both the 
scattered SBS and SRS light and fast electrons pro- 
duced by SRS. Table 2 shows the fraction of SBS light 
scattered into the lens for the various targets for both 
CH- and Ni-lined hohlraums. The data are taken using 
the subaperture sampling, as discussed earlier. The 
quoted errors are the standard deviations of the data 
scatter and are not intended to represent the total error 
in the experiment. The CH- and Ni-lined hohlraum 
experiments were done at different periods on the laser, 
and the unlined data acquired during the two periods 
are listed separately for meaningful comparison. The 
two sets of unlined data show that the measurements 
are reproducible. 

Within the data scatter, no increase in SBS from CH- 
lined hohlraums is observed compared with SBS from 
unlined hohlraums. For Ni-lined hohlraums, higher 
SBS levels are observed for both scale-0.75 hohlraums 
heated with 1-ns square pulses and scale-1 hohlraums 
heated with PS22. The scale-0.75 hohlraum data during 
the Ni-lined experiments consist of only two data 
points for the Ni-lined hohlraums and one data point 
for the unlined hohlraums. This increase is therefore 
based on a sparse data set, but it is apparently real. For 
the CH-lined scale-0.75 data set, there are three data 
points for the unlined hohlraums and five data points 
for the CH-lined hohlraums. There are many shots for 
the PS22 data, and the increase in scattering for the Ni- 
lined hohlraums is apparently real. Some of the large 
scatter in the data may be due to changes in experi- 
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mental conditions such as changes in the focusing. 
Some of the data were taken during symmetry studies 
where the crossing point of the beams changed with 
respect to the LEH. Some correlations in the data could 
be observed with the change in foc~s ing .~  When scat- 
tering data from unlined and Ni-lined hohlraums are 
compared with similar targeting geometries, scattering 
levels from Ni-lined hohlraums are consistently higher, 
although quantitative levels differ. 

A significant limitation to these measurements is 
due to the subaperture sampling and the assumption 
that it represents the average over the entire beam 
cone. A full-aperture backscattering station (FABS) as 
well as a near backscatter imaging (NBI) system have 
been implemented on Nova since these experiments 
were done.8 These diagnostics can make near-field 
measurements of the SBS up to angles of 14" from 
direct backscatter around beamline 7 (BL7). They have 
shown that SBS from hohlraums is well collimated but 
can be shifted with respect to direct backscatter for 
some targets.15 Although no experiments have been 
done with lined targets since the FABS and NBI have 
been fielded, results from the FABS and NBI can be 
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FIGURE 5. Drive scaling for scale-1 hohlraums heated with 1-ns 
pulses. The data is the same as presented in Fig. 1. The curved lines 
are fits to the power balance model with different coupling efficien- 
cies. Results of 2-D LASNEX modeling for unlined hohlraums are 
also shown. (2.0-05-1093-3697pbOl) 

TABLE 2. SBS reflectivity from lined hohlraums. 

CH data Ni data 
Unlined CH-lined Unlined Ni-lined 

1 ns scale 1 1.5 f 1% 2.8 ? 0.6% 1.6 +- 1% 1.7 2 1.2% 
1 ns scale 0.75 4.6 f 1.3% 4.5 * 1.6% 3.5*% 8.7 rt 0.3% 
PS22 scale 1 5.8 + 2.9% 4.5 f 2.9% 7.3 f 4.7% 15.1 & 5.3% 

*Value represents only one experiment. 
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compared with the subaperture results for unlined 
hohlraums. In all cases, the SBS into the lens measured 
by FABS alone is about half of the results listed in 
Table 2 for unlined hohlraums. Generally, SBS levels 
measured with NBI are comparable to those measured 
by FABS so that the total SBS from unlined hohlraums 
is comparable to the levels listed in Table 2. This may 
be purely coincidental, and there is no guarantee that it 
applies to the lined hohlraum results. 

Time-resolved SBS spectra are measured using a 
grating spectrometer coupled to an optical streak cam- 
era. Figure 6 shows an example of the data, displaying 
isointensity contours of the two-dimensional (2-D) 
image. The spectral and time resolution are of 3 A and 
30-ps, respectively. Spectra from Ni-lined hohlraums 
for both 1-ns square and PS22 pulses are red-shifted by 
7-8 A relative to the incident light wavelength. 
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FIGURE 6. Spectrum vs time contour plot of SBS light from a Ni- 
lined hohlraum. The spectral shift is measured from the incident 
0 . 3 5 - p ~  wavelength light. (20-05-1095-2364pbO1) 

Typically, the spectra from unlined hohlraums show 
little or no shift. This is qualitatively similar to disk tar- 
gets where the SBS spectrum is shifted more to the 
blue for high-Z targets compared with low-Z targets. 
SBS spectra from hohlraums are more red shifted than 
SBS spectra from disks at similar irradiances. This is 
presumably due to less Doppler shift, because the 
plasma flow in the backscatter direction is reduced by 
the hohlraum, confining the plasma. 

As shown in Fig. 7, the spectral data can be inte- 
grated over wavelength to obtain the time history of 
SBS. The time history has been normalized to the 
calorimeter data for this shot to obtain time-resolved 
reflectivity. Figure 7 also shows the incident laser 
pulse. For PS22, the intense part of the SBS signal 
begins around 1.3 ns, when the incident laser pulse 
power begins to increase and lasts during the entire 
high-intensity part of the pulse. A small signal is seen 
at the beginning of the pulse, but it is a factor of 100 
lower. Time history of SBS from 1-ns pulses heating 
scale-1 hohlraums are qualitatively similar. A signal is 
seen during the first 300 ps and then it goes away. A 
second feature turns on at around 700 ps, lasting the 
rest of the pulse. The intensity of the initial feature is 
higher because the incident beam intensity is higher 
for 1-ns pulses compared with PS22. 

Fast-electron production is studied by measuring 
the x-ray bremsstrahlung from electrons depositing 
their energy in the hohlraum walls. Figure 8 shows 
spectra from experiments using both PS22 and 1-ns 
pulses. For PS22, the superthermal electron production 
is quite low. Using the expression derived from thick 
target bremsstrahlung for converting x rays to electron 
flux,16 the superthermal electron levels for PS22 are 
less than 0.1% for all of the targets. For comparison, the 
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FIGURE 7. Time history of the backscattered light into the BL6 lens. 
The time history is derived from integrating in wavelength the time- 
resolved spectrum shown in Fig. 6 and normalizing the time history 
to the total backscattered light. (20-05-1095-2366pbOl) 
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black line in Fig. 8 is the x-ray spectrum calculated 
assuming 1 % of the incident laser energy is converted 
to a 50 keV superthermal electron tail. The calculated 
spectrum does not include self absorption in the target. 
The data for both lined and unlined hohlraums are an 
order of magnitude lower. The hot-electron temperatures 
for the Ni-lined and unlined hohlraums are -50 keV 
while the CH-lined hohlraums have slightly lower hot- 
electron temperatures (-40 keV). A limited amount of 
data was taken measuring the SRS light levels using 
diodes positioned around the chamber. The integrated 
SRS is -0.2-0.4%, which is slightly higher than levels 
that would be inferred from fast-electron levels. 

The superthermal electron production is higher for 
both CH-lined and unlined hohlraums heated with 1-ns 
pulses at high powers. Figure 8(b) shows experiments 
using 30-TW pulses. For comparison, the black line 
denotes a fast-electron fraction of 5% with a 50-keV 
hot-electron temperature. For the scale-1 hohlraums, 
fast-electron fractions are 0.4 and 1.8% for unlined and 
CH-lined hohlraums, respectively. For scale-0.75 
hohlraums, the fast-electron fractions are 3% and 3.8%, 
for unlined and CH-lined hohlraums, respectively. The 
fast-electron production levels in unlined hohlraums 
qualitatively agree with levels measured in disk 
experiments for similar laser irradiances on the 
hohlraum wall.I7 Irradiances on the hohlraum wall are 
-1.3 x 1015 W/cm2 and -2.3 x lOI5 W/cmZ for scale-1 
and scale-0.75 hohlraums, respectively. Fast-electron 
production in disk experiments are -1-2% with irradi- 
ances above 1015 W/cm2. The higher levels inferred in 
hohlraums may be due to less loss of fast-electron energy 
to hydrodynamic expansion and the hohlraum walls 
absorbing a greater fraction of the electrons. The under- 
dense profiles in hohlraums may also be altered with 

increasing scalelengths at, or below, quarter critical den- 
sity due to plasma confinement, which also could 
enhance SRS production. Levels for CH-lined hohlraums 
are slightly above unlined hohlraums but are still only a 
small part of the overall energy budget. The increase in 
fast-electron levels may be due to less collisional damping 
in the low-Z underdense plasma for the CH-lined 
hohlraums. Simulations, as discussed below, suggest 
that SRS is produced in the underdense plasma near the 
transition region between the Au and CH. The observa- 
tions are consistent with these results. SRS light 
measurements were not made in these experiments. 

Recent experiments using the FABS and NBI indi- 
cate that SRS light is highly collimated in the backward 
direction and that total levels can be much higher than 
inferred from the scattered light diodes or from hard 
x-ray bremsstrahlung measurements.8 SRS levels of 
13% have been observed for one shot in a scale-0.75 
unlined hohlraum heated with -25 kJ in a 1-ns square 
pulse, which is significantly higher than the 3% 
inferred from x-ray bremsstrahlung. For PS22, SRS lev- 
els from FABS and NBI are -2-3% compared with 
-0.1 % levels inferred from x-ray bremsstrahlung. 
Conversely, SRS levels are -1% for a scale-1 unlined 
hohlraum heated with a 1-ns square pulse, which is 
comparable to levels inferred from x-ray bremsstrahlung. 
No FABS and NBI data have been taken for lined 
hohlraums, so the SRS levels scattered into the lens are 
not known. 

Despite the uncertainties in scattered light measure- 
ments, lined hohlraums do not show significantly 
larger scattering losses for most targets compared with 
unlined hohlraums. For scale-1 targets heated with 1-ns 
pulses, SBS from CH-lined hohlraums is -2-3% com- 
parable to unlined hohlraums, and fhot from CH-lined 

FIGURE 8. The x-ray 
bremsstrahlung spectra 
from hohlraums heated 
with (a) PS22 and (b) 
I-ns square pulses. The 
data and fit from unlined 
(lined) hohlraums are 
the open (closed) sym- 
bols and dark gray 
(light gray) lines, 
respectively. The black 
lines are calculated 
spectra for fhoi of 1 % 
(5%) for PS22 (1-ns 
square) laser pulse 
with a That of 50 keV. 
(20-05-1 093-3874pb01) 
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hohlraums is -2%, a factor of two higher than unlined 
hohlraums. Even correcting for more recent scattering 
data, the targets still have fabs > 90%. For scale-0.75 
hohlraums with 1 -ns pulses, recent measurements 
from unlined hohlraums show higher levels of fsRs 
than set by the HLP goals consistent with the lower 
qHoHF.. Beam smoothing techniques have not been 
applied to lined hohlraums. The lined hohlraums 
show slightly increased levels of fhot but not enough to 
explain the decreased drive. For shaped pulses, fsss is 
-15% for Ni-lined hohlraums compared with 5-7% for 
unlined or CH-lined hohlraums. A 10% reduction in 
coupling for PS22 would result in about a 5-eV-lower 
TR consistent with the difference in drive between CH- 
and Ni-lined hohlraums. Although scattering losses can 
explain some of the differences in observed coupling, 
much of the reduction in drive for lined hohlraums is 
probably due to the difference in energy partition, as 
discussed in the ”LASNEX Modeling” section of this 
article. All these results are for unsmoothed laser 
beams. Beam smoothing has been effective in reducing 
stimulated scattering levels in recent gas-filled 
hohlraum  experiment^.^^^^ 

Semi-Empirical Modeling 
The power balance model described in Eq. (1) pro- 

vides a reasonable fit to the data for unlined hohlraums. 
Although the data set is not as extensive for lined 
hohlraums, the model also can explain the data, but 
with a reduced coupling efficiency. The model depends 
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FIGURE 9. Conversion efficiency of converting laser energy into x rays 
from 0 .14  keV vs laser intensity It The solid circles are data from 
single-beam irradiation of Au disks with I-ns pulses of 0.35-prn 
light. The open circles are data from Au spheres uniformly irradi- 
ated. The bracket denotes the range of intensities on the wall of a 
scale1 Nova hohlraum whose data is shown in Fig. 5. The shaded 
bar shows the division between the regions where the underdense 
plasma expansion is quasi-I-D vs 2-D. (20-05-1292-3811pbOl) 

on two parameters: a and qHoHL. The other parame- 
ters depend on hohlraum geometry and are usually 
assumed to be defined by the target geometry although, 
in principle, they could vary during the experiment 
due to plasma motion. Parts of NTC tasks are to study 
the wall albedo and laser coupling efificiency. The wall 
albedo experiments use burn-through patches measuring 
the time for the radiation wave to heat a known thickness 
of Au. These experiments show that present opacity 
and radiation wave models correctly predict burn- 
through times for x-ray drive above 200 eV. Details of 
these experiments have been reported e1~ewhere.l~ 

Two sets of experiments have investigated the effec- 
tive efficiency for converting laser light to drive energy. 
In one set of experiments defined in HLP7, the conver- 
sion efficiency of laser light to x rays using planar disk 
targets qDIsK is studied. The other experiment investi- 
gates the difference in x-ray production between disk 
targets and hohlraums. 

Scaling of x-ray conversion efficiency, qDIS,, has been 
studied as a function of laser intensity IL, using 1-ns 
square laser pulses of 0.35-pm light. Figure 9 shows the 
results. The laser energy for most of the shots is -1.5 kJ 
using a single beam of Nova. Intensity is varied by 
changing the spot size on the target. The x-ray intensity 
includes the spectrum from 0.1 to -4 keV. The intensity 
from 0.1 to 1.5 keV is measured using the XRD array 
and the intensity in the 2 4  keV range is measured 
using absolutely calibrated x-ray spectrographs. For 
disk experiments shown in Fig. 9, qDIsK varies from 0.6 
to 0.4 for intensities in the range of -4 x W/cm2 
to 1.3 x lOI5 W/cm2. This is the intensity range of the 
initial wall irradiances for scale-1 hohlraums in Fig. 5 
where qHoHL is - 0.75. For scale-0.75 hohlraums, the 
initial wall irradiance is - 2.3 x lOI5 W/cm2 and qHoHL 
is -0.65 while qDIsK is -0.25 at that intensity. Some of 
the lower conversion efficiency for a disk may be due 
to 2-D effects, especially at the higher intensity where 
the spot size is smaller than the expanding plasma. 
This transition is noted by the shaded line in Fig. 9 that 
denotes the estimated transition region between 1-D 
and 2-D corona expansion. For comparison, conversion 
efficiency from Au spheres, which are more uniformly 
irradiated, indicate a higher conversion efficiency (as 
shown in Fig. 9). Higher efficiencies are also obtained 
using longer pulses. Instantaneous conversion efficien- 
cies increase from 50% after 1 ns to -70% at 3 ns for an 
intensity of -4 x 1014 w/cm2.I9 

As discussed below, the hydrodynamic losses are 
reduced in a hohlraum as the hohlraum walls confine 
the underdense plasma expansion and more energy 
couples into x-ray heating. To test this modeling, 
experiments compared the brightness of the laser irra- 
diated spot inside of the hohlraum with the brightness 
of the spot on a laser-irradiated disk. The results show 
that the peak brightness for both the hohlraum and the 
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disk is similar, but the extent of the bright spot in the 
hohlraum is greater and consistent with the enhanced 
conversion efficiency in the hohlraum. The increase in 
size of the hot spot in a hohlraum, as a function of time, 
is shown in Fig. 10 for a 1-ns square pulse experiment. 
The increase in width of the emission spot is plotted for 
three shots as a function of time for emission at 450 eV 
in Fig. 10(a) and 1200 eV in Fig. lO(b), defined by broad- 
band filters and grazing incident x-ray mirrors.20 The 
initial width is consistent with the size of the laser beam 
on the hohlraum wall. The increase in spot size is con- 
sistent with LASNEX predictions of the spot width, 
which are also shown in Fig. 10 (see the shaded circles). 

Limited theoretical and experimental work has been 
done on extending the power balance model to lined 
hohlraums. The effect of the liner should be minimal 
on the dynamics of x-ray heating on the wall. The liner 
thicknesses used are typically optically thin to the radi- 
ation. Assuming cold opacitiesF1 the 7500-A CH and 
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FIGURE 10. The full width at half maximum (FWHM) of the hot 
spot in a hohlraum produced by the laser spot vs time. The data is 
taken from three shots for x rays at (a) 450 eV and (b) 1200 eV. 
(20-05-1 292-3806pb01) 

1500-A Ni liners are -1.5 and 1 Planck mean-free paths 
thick, respectively, to a 200-eV blackbody radiator. 
These decrease significantly to much less than one 
optical depth when the plasma is heated to 100 eVF2 
The low-Z plasma therefore should not significantly 
modify the radiation heating dynamics of the wall 
(verified by LASNEX calculations). 

To test the effects of the thin overcoat on laser 
hohlraum coupling, x-ray production from Ni-coated 
Au disks has been measured in a limited number of 
disk experiments. No experiments have been done on 
CH-coated disks. Figure 11 compares the conversion 
efficiency from the overcoated disks with that of pure 
Au disks as a function of time. Two experiments are 
done at -4 x lOI4 W/cm2 with 2-ns square pulses and 
one experiment is done at -1 x 1OI5 W/cm2 with a 1-ns 
pulse. The data show a slight delay in x-ray production 
(-200 ps) for a Ni overcoat compared with a Au disk. 
The time required to burn through the Ni overcoat is 
estimated to be -100-300 ps depending on the model 
and laser intensity.23 After the initial burn-through of 
the Ni, x-ray production is nearly equal to that of Au 
for 4 x W/cm2 but is only 50% of the pure Au con- 
version efficiency for 1 x lOI5 W/cm2. The effect of the 
overcoat on x-ray production at high intensity is not 
presently understood. At high intensity the laser spot is 
smaller than corona expansion scales and is in the 2-D 
regime. Possible effects of lateral transport and con- 
duction could be affecting the conversion efficiency. 

a, .I- 
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FIGURE 11. The ratio of x-ray conversion efficiency from a 1500-A 
Ni coated Au disk to.an uncoated Au disk vs time. Data are from a 
0.35-pm laser irradiation of 4 x 1014 W/cm2 in a 2-ns square pulse 
and 1 x loT5 W/cm? in a 1-ns square pulse. (20-05-1095-2365pb01) 
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LASNEX Modeling 
Using LASNEX, extensive work has been done 

modeling the h ~ h l r a u m s . ~ ~  Calculations are fully 
”integrated” and 2-D. The laser deposition is modeled 
by using a 2-D representation of the 3-D Nova laser 
irradiation geometry in a statistical ray generation 
method. To extract radiation drive from the simulation, 
a small ”virtual” sphere is placed at the center of the 
hohlraum simulation, and incident flux on the sphere 
is calculated. The simulations reproduce the x-ray drive 
measured in unlined hohlraums quite well. Figure 5, 
shown earlier, compares the peak drive calculated for 
1-ns laser pulses with shock velocity measurements. 
The simulations assume 100% absorption consistent 
with experiments for scale-1 unlined hohlraums where 
absorption is greater than 95%. Simulations also repro- 
duce drive in shaped-pulse experiments. LASNEX 
calculates a peak drive of 215 eV for PS22 when time- 
dependent SRS and SBS scattering and diagnostic hole 
losses are included. 

Simulations have also been done for several of the 
lined hohlraum experiments. Generally, the peak drive 
is calculated to be lower for lined hohlraums compared 
with unlined hohlraums. Table 1 lists the decrease in 
calculated peak drive and compares it with experimen- 
tal decrements. The lower peak drive agrees with the 
measurements within the statistical uncertainty of the 
data. The one data set that has the largest difference is 
the PS22 Ni-lined data. The calculations assume no 
change in absorption between lined and unlined tar- 
gets. When the Ni-lined data is reduced by -10% for 
the increased fsBs of -lo%, the calculations and data 
show even better correlation. 

Lined hohlraums are calculated to be cooler because 
more energy couples into plasma blowoff compared 
with unlined hohlraums. Figure 12 shows calculations 

partitioning in an unlined Au hohlraum 
and Of the a 2150- enerT Ni-lined hohlraum. The energy in wall 
blowoff, defined as the energy contained in the under- 
dense plasma filling the hohlraum, increases by -1.5 kJ 
for the lined hohlraum. This produces a lower TR because 
it leaves less energy to heat the walls and, self-consis- 
tently, to reradiate out the holes. The cause of the 
increased blowoff energy is due to the higher specific 
heat for the low-Z blowoff compared with the high-Z 
blowoff. The specific heat scales 

[?]+Ei,, , 

where Z is the average ion charge and A is the atomic 
number. For Au irradiated by the laser, Z is -55 while 
CH and Ni are nearly fully ionized. The specific heat 
for Ni and CH are factors of 2 to 2.5 times as high as 
Au from similar plasma conditions. 

Summary 
The drive goals for HLPl and HLP2 are met with 

over 200 eV obtained for PS22 and 270 eV obtained for 
a scale-0.75 hohlraum with 30 TW in a 1-ns pulse. The 
drive is lower for lined hohlraums compared with 
unlined hohlraums and is generally explained by 
higher coupling to plasma blowoff in the hohlraums. 
Although the diagnostics were not optimal for the 
experiments, the HLPl coupling goals for fabs, fsBs, fhot/ 
and fsRs appear to have been met for the PS22 CH- 
lined experiments, although for Ni-lined hohlraums 
fsBs = 15%. To verify this, more experiments need to be 
done with the improved Nova diagnostics. The higher 
levels in Ni-lined hohlraums, compared with CH-lined 
hohlraums, are consistent with SBS in CH-lined 
hohlraums being Landau damped by the H and C 

8 

g 
w 4  

0 

0 1 2 
t (ns) 

(b) 2150-A Ni 1 
8 

h a 
w 4  

0 

FIGURE 12. Partition 
of energy E as a func- 
tion of time from a 
LASNEX simulation 
for (a) a pure Au 
hohlraum and (b) a 
hohlraum lined with 
2150-A Ni. Both 
hohlraums are heated 
with 0.35-pm light 
using PS22. 
(50-04-1093-3913pbO1) 
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mixed species plasma.25 By producing a Ni and H 
mixed liner, Landau damping could also be effective 
for reducing SBS in the Ni-lined plasmas. For HLP2, 
the scale-1 hohlraums appear to meet the coupling 
goals, but fsns for scale-0.75 hohlraums appear to be 
higher than 5%. The most recent measurements for 
unlined scale-0.75 hohlraums is -13%. SRS from lined 
hohlraums have not been measured, but x-ray 
bremsstrahlung measurements suggest that fsRs for 
lined hohlraums may be only slightly higher. The lower 
qHoHL for scale-0.75 unlined hohlraums is consistent 
with the measured fsRs and with hohlraum modeling, 
which includes the scattering models. Future experi- 
ments can explore reducing SRS by the use of beam 
conditioning, as demonstrated in gas-filled h0h1raums.l~ 
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Introduction 
Understanding and controlling capsule implosion 

symmetry is a key requirement for inertial confinement 
fusion (ICF). Symmetry was specifically called out in 
the Nova Technical Contract (NTC) as the HLP4 task. 
Later, elements of HLP3 were expanded to include 
symmetry work. For nearly a decade and a half it has 
been recognized that the fundamental asymmetry in a 
laser-heated hohlraum is a long-wavelength pole-waist 
radiation flux variation1 that varies like the P, Legendre 
polynomial? It has also been recognized that we can 
control this asymmetry and achieve nearly symmetric 
implosions by appropriately pointing the laser beams.3 

Review of Symmetry in 
Hohlraums 

To understand symmetry in hohlraums, consider a 
cylindrically shaped, Nova-like hohlraum with beams 
aimed as shown in Fig. l(a). An observer at the capsule 
location would see a collimated source flux vs angle 
approximately as shown in the flux vs polar angle plot. 
The laser-produced hot spot causes a peak in this source 
at -60' polar angle. The cold, nonemitting laser entrance 
hole (LEH) provides zero flux at low polar angle. If we 
resolve this source flux vs angle into its Legendre poly- 
nomial coefficients, we find a Po and P4 component of 
order unity and a substantial, negative P2 component. 
However, because each point on the capsule's ablation 
surface integrates radiation flux over its 2.n sky, the 
absorbed flux vs angle will be different from the source. 
For a small capsule, Green2 showed that this integra- 
tion causes the P, component to be attenuated by -4, 
the P, component by 24, and higher modes by even 
more. Consequently, the major asymmetry in the 
absorbed flux is the P, asymmetry. For the capsule in 
the hohlraum of Fig. l(a), that asymmetry has a 

negative P, component which, ultimately, produces a 
prolate implosion. 

We can control the P, asymmetry by changing the 
pointing/aiming of the laser beams.3 Figure l(b) illus- 
trates a situation where the beams are aimed to form 
hot spots much farther apart. Then, the collimated 
source flux has a substantial, positive P, component as 
well as Po and P4 components of order unity. The 2.n 
integration at the ablation surface causes the capsule 
absorbed flux to be dominated by a Po and positive P, 
component only, which ultimately produces an oblate 
implosion. Somewhere in between the situations 
shown in Figs. l(a) and l(b) is a beam pointing where 
the P2 component of the source asymmetry vanishes 
[(Fig. l(c)l. There, the ablation flux is dominated by the 
Po component and small, higher-order modes to pro- 
duce an implosion that is substantially spherical. 

Green's work on the attenuation of the P,, P,, and 
higher components was done for a small capsule 
inside a spherical hohlraum. Finite-size capsules and 
cylindrical hohlraums cause quantitative changesP6 
but no significant qualitative changes. 

Summary of Symmetry 
Experiments 

Between 1987 and 1993, we performed a number of 
scaling experiments to examine our ability to under- 
stand the time-integrated P, asymmetry and to control 
it with beam pointing. In the most mature method of 
assessing the asymmetry, a pure-plastic capsule7 filled 
with D2 and a trace of Ar gas is placed in the center of 
a Nova hohlraum and is imploded by x-ray drive. 
Following the implosion is a bright flash of x rays pro- 
duced by the hot, compressed fuel. At that time, we 
take pictures of the images formed by x rays viewed 
90' off the polar axis through a hole in the side of the 

* Los Alamos National Laboratory, Los Alamos, New Mexico 
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hohlraum. The resulting images show emission that is 
round, oblate, or prolate, depending on the beam 
pointing. (We discuss beam pointing later; also see Fig. 4 
for an illustration.) Figure 2 shows some of our earliest 
images, from pure Au hohlraums irradiated by 1-ns 
flat-top pulses. 

These first experiments demonstrated our ability to 
produce round, relatively symmetric implosions and 
confirmed that the long-wavelength mode dominated 
the hohlraum asymmetry. They also showed that we 
could control implosion asymmetry with beam point- 
ing8 These experiments were done in early versions of 
our scale 1.0 hohlraums (1600-pm-i.d., -2700-pm-long, 
800-pm LEH diam) and used what has become our 
standard symmetry capsule-nominal dimensions of 

.440-pm-i. d., 55-pm-t hick CH ablator / pusher, filled 
with 50 atm D, and 0.1% (at.%,) Ar. 

We have produced x-ray images of implosions using 
a number of gated and time-integrated diagnostics that 
have evolved over the Numerical simulations 
of our standard symmetry capsule show good sensitiv- 
ity to asymmetry. For pulse-shaped, convergence-10 
implosions, we estimate that a 7%, fixed-in-time, pole- 
to-waist flux asymmetry will produce a 2:l distortion 
of the x-ray image. We can measure distortions much 
closer to 1:l; therefore, we believe that the accuracy of 
our diagnostic technique is about 1 %. That is, we can 
resolve equivalent, fixed-in-time asymmetries of -1 % 
pole-to-waist flux variation. A large body of evidence13 
indicates that these capsules, which operate at a pusher 
convergence of 7 to 10 depending on the pulse shape, 
do perform approximately as our model. There is good 
agreement between simulated and experimental cap- 
sule neutron yields, time-of-neutron production, and 

Collimated Flux capsule 
Hohlraum source ablation 

flux surface 

Collimated source 
flux vs angle 

FIGURE 1. The collimated source flux vs angle viewed by a capsule in a laser-heated hohlraum has a substantial P,, P4, etc., component in 
addition to the Po component. Since each point on the ablation surface integrates over its 2x sky, the P4, etc., components of drive asymmetry 
are heavily damped, leaving only the long-wavelength P2 component as an asymmetry. This asymmetry can be controlled by beam pointing 
(see variations in a, b, and c for comparison). (20-03-0995-2123pbOl) 
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image sizes. Spectroscopy confirms theoretical predic- 
tions that the x rays are principally produced by the Ar 
and that we are, in fact, imaging the fuel volume. 
Analysis of spectroscopy data and neutron data confirms 
calculated convergences. Reference 14 provides a 
comprehensive review of current drive asymmetry 
measurement techniques. Reference 15 provides a 
review of symmetry analysis. 

The earliest experiments confirmed that the long- 
wavelength mode dominated and that it could be varied 
from shot to shot by changing the beam pointing in 
our out, as demonstrated in Fig. 2.16 These results were 
largely qualitative. In 1990, we began producing sys- 
tematic, quantitative symmetry studies.14 The basic 

region to move almost to the LEH, producing an unac- 
ceptably large radiation flux asymmetry on the capsule. 
Liners are one way to mitigate this effect by replacing 
the high-Z blowoff with low- or mid-Z blowoff. 

With 1-ns flat-tops, we shot both pure Au and Ni- 
lined (1500-A) Au hohlraums fixed in length at 2700 pm. 
We have also shot pure Au hohlraums where we varied 
the length of the hohlraum with the pointing so that 
the beams always cross in the plane of the LEH. We 
have done five scalings with PS22: fixed-length Au, Ni- 
lined Au, variable-length pure Au, Ni-lined Au, and 
CH-lined (0.75-pm) Au hohlraums. Our PS23 series 
used pure Au hohlraums that were open cylinders. As 
mentioned in the Introduction and in "Ignition Target 

procedure of these experiments has been the same- 
for a given pulse shape and hohlraum type, we produce 
a symmetry scaling by varying the beam pointing 
while observing the resulting shapes of the capsules in 
self emission. Moving the beam pointing in tends to 
make a more prolate implosion; moving it out makes a 
more oblate implosion. 

Between 1990 and 1993, we produced nine different 

30 

symmetry scaling databases with the Nova laser using 20 
the three pulse shapes illustrated in Fig. 3. We have 
done three scalings with 1-ns flat-top pulses, five scal- 
ings with our 26-kJ, 2.2-ns, 3:l contrast ratio pulse 
shape, called PS22, and one scaling with an 8:l contrast 

used these pulse shapes to irradiate both pure Au 
hohlraums and lined hohlraums as specified in the 
NTC. Lined hohlraums are Au hohlraums lined on the 
inside with a thin layer of either low-Z material (e.g., 
CH) or mid-Z material (e.a., Ni). We investigated lined 

5 
d 
b v 

ratio, 3.2-ns, 27-kJ pulse shape, called PS23. We have 10 

n v - U 
hohlraums because we believe something like a liner 0 1 2 3 4 
to be necessary at larger, ignition ~ca1es.l~ For ignition 
hohlraums, we Calculate that pure Au designs Will fill 
with high-Z plasma. This causes the laser absorption 

t (ns) 
FIGURE 3. Symmetry scaling experiments using three different 
pulse shapes. (20-03-0995-2124pb01) 
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FIGURE 2. Capsule 
self-emission x-ray 
images from 1-ns 
experiments at three 
different beam point- 
ing angles: (a) inward 
pointing, (b) symmetric, 
and (c) outward point- 
ing. T h s  illustration 
demonstrates that the 
fundamental hohlraum 
asymmetry is the 
long-wavelength P,  
asymmetry and can be 
controlled with beam 
pointing. 
(20-03-0995-2125pbOl) 
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Design for the National Ignition Facility" on p. 215, the 
NIF baseline target now uses an initial gas fill to displace 
the Au blowoff. Nova experiments with gas-filled 
hohlraums have also demonstrated control of symme- 
try. However, these experiments are still in progress 
and therefore will be reported at a later time. 

Modeling the Experiments 
We use our 2-D LASNEX computer codelg to per- 

form detailed modeling of these experiments. Figure 4 
is a cut-away, at t = 0, from a simulation of a hohlraum 
containing a pure-plastic capsule that is irradiated by a 
"realistic" 2-D representation of a three-dimensional 
(3-D) Nova laser bearn.l9 The wall materials, laser power 
vs time, etc., of a given simulation are our best estimate 
of what was used in the experiments we are trying to 
model. To model a given symmetry scaling, we per- 
formed a number of simulations with different beam 
pointings. At stagnation, our simulated capsules, like 
real capsules, produce a burst of x rays that can be 
imaged. A post-processor simulates the actual x-ray 
diagnostics, producing synthetic images that vary with 
pointing from oblate or prolate (like the experiment). 
The ratio of the image's full-width at half maximum 
(FWHM), perpendicular to the polar axis to the FWHM 
along the polar axis is the "distortion," the quantity we 
vary with pointing and compare with experiment, 

Our calculations start off fully Lagrangian (matter is 
fixed in the zones of a moving mesh). Later in time, 
after a considerable amount of blowoff has filled the 
hohlraum, we perform a major rezone and change our 
numerical scheme. The main part of the hohlraum 
becomes Eulerian (matter flows through a fixed mesh), 
allowing the calculation to run in spite of the large 
sheer flows. Most of the capsule, however, remains 
Lagrangian-the accepted procedure for modeling 
nearly spherical implosions. We interface the Eulerian 
and Lagrangian regions with a stretching region that 
maintains equal-ratio zoning-a hybrid mesh that has 
matter flowing through it while moving slowly. Using 
three numerical schemes in the same calculation allows 
us to simulate both the main hohlraum and the capsule 
with the most appropriate numerical technique. 

To provide an example of how we model a given 
scaling, consider a series of shots with Au hohlraums 
(1600-pm-diam with 1200-pm-diam LEHs lined with 
1500-A Ni). In this series, to keep LEH effects approxi- 
mately the same for all pointings we varied the 
hohlraum length with pointing so that the beams 
always crossed in the plane of the LEH. We used the 
nominal capsules, defined earlier, and irradiated these 
targets with PS22. The self-emission x-ray images from 
the imploded capsule were the key observations made 
on this (and all other) scaling series. Our x-ray diag- 
nostics were time-resolved (-100-ps frame time) and 

time-integrated cameras filtered to measure emission 
>3 keV from the Ar fuel dopant. 

experimental scaling and compares it with our model. 
The solid circles are distortions from our experiments 
as a function of beam pointing. The horizontal error 
bar shows an estimated +50-pm systematic uncertainty 
in the absolute pointing of the beams (the relative shot- 
to-shot pointing jitter is believed to be considerably 
smaller than this). The open circles are modeling dis- 
tortions. Both experiment and modeling agree that we 
can control Nova symmetry by varying the beam 
pointing. Also, they both produce about the same 

Figure 5 displays the results of the PS22 series 

Midplane f 54.7O 

H 

I- Pointing (pm) -1 
FIGURE 4. Cutaway at t = 0 from a 2-D simulation of a hohlraum 
containing a pure-plastic capsule with a realistic representation of 
Nova's beams. The calculation is cylindrically symmetric around the 
horizontal axis and left-right symmetric across the midplane. The 
beams enter through LEHs at the ends of the hohlraum. Pointing is 
the distance between the midplane and where the beams cross 
(Le., the reflection off the horizontal, rotational axis of symmetry). 
The " X  and "+" show the center of emissivity early in time at 1.4 ns, 
respectively. (20-03-0995-2126pbOl) 
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FIGURE 5. Capsule image distortion vs pointing from a series using 
Ni-lined hohlraums irradiated by PSZZ. (Inset: Relative laser power 
vs time for PS22.). Experimental uncertainty is 250 pm. 
(2.0-03-0995-2127pbOl) 
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pointing of best symmetry (-1200 5 50 pm in experiment 
and -1150 pm in modeling). 

The pointing of best symmetry changes as we vary 
the pulse shape. For example, another scaling series 
used fixed length (2700-~m), Ni-lined Au hohlraums 
irradiated with 1-ns flat-top pulses. In this series, both 
modeling and experiment also verified that we can 
control Nova symmetry by varying the beam pointing. 
However, for this pulse shape, the pointing of best 
symmetry is about 100 pm outward from the best 
pointing found in the PS22 series. For this 1-ns experi- 
ment, the pointing of best symmetry is -1320 f 50 pm 
in experiment and -1250 pm in modeling. 

Scaling of the Pointing of Best 
Symmetry 

Figure 6 summarizes our ability to estimate the 
pointing of best symmetry over our nine symmetry 
scaling databases. It plots the pointing of best symmetry 
inferred from experiment against that of our integrated 
LASNEX simulations. Overall, we find the agreement 
to be very satisfactory. The vertical error bars in this 
plot indicate only the uncertainty in the pointing of best 
symmetry extracted from each experimental dataset, 
using the nominal pointing. The error bars do not include 
the systematic uncertainty in Nova’s absolute pointing 
(-50 pm), which would allow all the points to be moved 
as a group, either up (toward poorer agreement) or 

1-ns flat-top 
J 

PS23 

- .E 0 Pure Au 
0 Ni 

CH 
A Length scan 
A Simple model 

900 
900 1100 1300 1500 

Beam pointing from modeling (pm) 

FIGURE 6. Pointing of best symmetry in our experiment vs pointing 
of best symmetry from our modeling. The longer the pulse shape, 
the farther in the beams need to be moved to get good symmetry. 
The solid triangles plot the pointing to compare with Eq. (2). 
(20-03-0995-2128pbOl) 

down (better agreement). Regardless of systematic dif- 
ferences, the most significant and apparent feature of 
the plot is this: the longer the pulse shape, the farther in we 
must point the beams to get good symmetry. 

The reason for this is found in the basic principles of 
symmetry scaling in Nova-type hohlraums. First, there 
are hot, laser-produced emission rings that migrate 
toward a smaller polar angle (when viewed from the 
capsule position) because of bulk plasma evolution. 
We refer to this migration as “spot motion.’’ Second, 
there is also an ”optimal” polar angle for the rings 
where time-integrated pole-flux equals equator flux 
(-48O for these hohlraums). Third, to get good symme- 
try we must point the beams so the emission rings pass 
through 48‘ when we deliver -50% of a shape’s useful 
energy. Since spot velocity is weakly dependent on 
laser intensity, we move the beams farther inward with 
longer pulses. 

In our simulations, there are three components to 
spot motion. First, dense plasma evolution from the 
cylindrical walls causes the laser deposition region to 
move inward and, because of the beam geometry, 
toward the LEH. Second, there is a refractive compo- 
nent off plasma that accumulates on axis. Third, there 
can be a low-intensity volume emission when Au 
blowoff fills the hohlraum, pulling the average center 
of emissivity farther down from the walls. In our simu- 
lations, which use a nonLTE, average-atom atomic 
physics modelPo the Au blowoff is optically thin to 
thermal radiation. Consequently, volume absorption 
does not play a significant role in determining the cap- 
sule flux. 

To see how spot motion can cause the scaling shown 
in Fig. 6, first recall that the fundamental asymmetry in 
a left-right symmetric, Nova-like hohlraum is a long- 
wavelength, pole-to-waist flux variation that varies 
like the P, Legendre polynomial.2 Whether the asym- 
metry is pole high or equator high depends on the 
polar angle to the center of the laser-produced, x-ray 
emission ring. In an idealized hohlraum without LEHs 
and with otherwise uniform walls, the drive asymme- 
try will clearly be pole high when the emission ring is 
at a very small polar angle and equator high when the 
emission ring is near the midplane of the hohlraum. 
Somewhere in between, the pole and equator fluxes 
will be equal. In a spherical hohlraum, the P, compo- 
nent of capsule flux vanishes when the P, component 
of the source flux is zero.2 This occurs when the ”cen- 
ter of emissivity” of the emission ring is at the polar 
angle where P, is zero, 54.7’. For larger angles, the flux 
onto the capsule will be equator high, and for smaller 
angles, pole high. 

not qualitatively. To compensate for the lack of wall 
radiation from the LEH, the angle to the center of 
emissivity in a spherical hohlraum must be smaller 

An LEH modifies this description quantitatively, but 
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than 54.7' for the net P2 component to vanish. Exactly 
how much smaller than 54.7" is a function of both the 
emission-ring to background-wall intensity ratio and 
the LEH size. For example, the angle where the P2 
component of the source vanishes is about 44" in an 
idealized spherical hohlraum with wall and LEH areas 
the same as ours and a wall albedo (which determines 
the emission-ring to background-wall intensity ratio) 
of -0.7. This albedo is typical of a rising, nanosecond- 
scale pulse shape. In our more detailed LASNEX 
simulations, we find the po1e:waist fluxes are balanced 
when the center of emissivity is at -48'. These simula- 
tions include higher I-mode components, volume 
emission, and mode-coupling due to having a sphere 
inside a cylinder. 

With this background, we can simply interpret fea- 
tures found in our LASNEX modeling. Figure 7 plots 
ratios of capsule ablation pressure at the pole to that at 
the equator vs time in pure Au hohlraums near the 
pointing of best symmetry for each pulse shape. Early 
in time, the ablation pressure is equator high. Later in 
time, the pressure is pole high. Analysis of our simula- 
tions indicates that this time-dependent asymmetry is 
produced mainly by spot motion. As shown in Fig. 4, 
the angle to the center of the beam at t = 0 for PS22 is 
>54.7O. Quantitative analysis shows the center of emis- 
sivity to be located at the "X' in Fig. 4 at -57'. The 
simple symmetry arguments lead us to expect the 
drive to be equator high, as Fig. 7 shows in the early 
PS22 curve. By 1.4 ns, spot motion has caused the cen- 
ter of emissivity to move to the "+" in Fig. 4 to -44'. 

2.0 

I-, 
* 4 1.0 w 

PS23 

- 

0 
0 1 2 3 

t (ns) 

FIGURE 7. Ratio of capsule ablation pressure at the pole to the abla- 
tion pressure at the equator vs time for our three pulse shapes. 
(20-03-0995-2129pb01) 
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There, the ablation pressure ratio has become about 
10% pole high. 

Spot motion, the migration of the radiation produc- 
tion region to smaller polar angles, causes a simulated 
Nova-type hohlraum to have the characteristic equator- 
high to pole-high asymmetry swing shown in Fig. 7. 
For all three pulse shapes, we find that near the pointing 
of best symmetry the center of emissivity sweeps through 
the "optimal angle" (where pole pressure = equator 
pressure, -48' for these hohlraums) when -50% of a 
shape's useful energy has been delivered. This 50% 
value makes sense. If the pressures were equal when a 
very different fraction of energy was delivered, the 
implosion would be dominated by either pole-high or 
equator-high flux and would be obviously distorted. 
Therefore, since spot velocity depends weakly on laser 
power P,, longer pulses need more inward pointing for 
best symmetry because t50%r the time to deliver -50% 
of the energy, is longer, leading to more spot motion. 

be very weakly dependent on P Figure 8 is a plot of 
the angle to the center of emissivity vs time for our 
three pulse shapes (refer to Fig. 3). Over the period 
when the first 50% of the laser energy is delivered, the 
angular velocity de /&  of the center of emissivity in 
our simulations increases only as the logarithm of P, 
(measured in TW) closely following 

LASNEX simulations show spot-angular velocity to 

L: 

de 6" 3.9" 
dt ns ns + - (%I PL) -=- 

We can couple this expression for spot motion with 
the need to have the center of emissivity at -48O when 
-50% of the laser energy has been delivered to produce 
a simple expression for the pointing of best symmetry 

- \ 
I-ns flat-top **3 i 

w PS22 

0 1 2 3 4 
t (ns) 

FIGURE 8. Angle to the center of emissivity vs time in our LASNEX 
simulations of the three pulse shapes. The angular velocity during 
the period when the first half of a pulse shape's energy is delivered 
varies slowly with laser intensity. (20-03-0995-2130pbOl) 
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r 1 

best pointing = 671 pm + 

This expression is for our standard 800-pm radius 
hohlraums and Nova's 50' half-cone angle. The results 
of this very simple model are plotted as the filled trian- 
gles in Fig. 6 and also agree well with our database. 

Spot Motion 
Since 1986, we have performed separate experiments 

to observe laser-produced x-ray emission spots and their 
migration?' We cut an 800 pm x 1200 pm rectangular 
observation port into the side of a hohlraum through 
which we take time-resolved x-ray images of the opposite 
wall with a three-channel x-ray framing camera that 
takes snapshots at four different times.22 Our field of 
view includes the initial spot of a beam as well as some 
of the surrounding region. Figure 9 shows the images 
from the 450-eV channel for a pure Au PS22 experiment. 

500 

0 

-500 
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0 

-500 

f = 0.35 ns 
LEH - 

500 1000 i Hohlraum midplane 

1500 

= 1.35 ns LEH - 

+7/dOO 0 

500 

0 

-500 
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0 

-500 

Qualitatively, these images verify that there are spots and 
that they do migrate toward the LEH. Quantitatively, 
we analyze these images to find the center of emission, 
within the port's field of view, at various times. For 
comparison, we quantitatively analyze LASNEX simu- 
lations of the experiment with a postprocessor that mim- 
ics the imaging diagnostic and the analysis. Figure 10 
shows such a comparison, plotting the position of the 
center of emission for the 450-eV channel from pure 
Au PS22 simulations and experiments. The good com- 
parison with LASNEX shows that we can calculate the 
component of spot motion observed-the component 
along the hohlraum wall. The data from four different 
shots show that the motion is reproducible. Reproducible 
spot motion has also been indirectly corroborated by 
Precision Nova shots that produced nearly identical 
capsule shapes and performances for five PS22 shots at 
one pointing and four shots at another (see Fig. 11). 

Time-Dependent Asymmetry 
An essential feature of theory and simulation is that 

the asymmetry in a Nova-like hohlraum will vary over 

f = 0.85 ns LEH * 
- 

\ 

0 500 

intensity contour 

f = 1.85 ns LEH 1 - 

I - I 
U 3uu IUUU 13uu 

FIGURE 9.450-eV 
images of spots inside 
a pure Au hohlraum 
during a E 2 2  experi- 
ment. The black "7" is 
a spatial fiducial. These 
images show a well 
defined soft x-ray spot 
that moves toward 
the LEH. 
(20434995-2131pbOl) 

Spatial fiducial 
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time. This causes the variation in the pole-to-equator 
ablation pressure ratio shown in Fig. 7. Time-dependent 
asymmetry results both from changing hot spot to 
background-wall ratio and from spot motion. 

Experiments provide persuasive evidence that the 
time-dependent asymmetry in Nova hohlraums is 
about as we expect. The hot spot to background-wall 
ratio is largely determined by the albedo of the Au 
wall. Separate measurements of Au wall losses23 indi- 
cate that LASNEX accurately estimates Au albedo at 
standard Nova temperatures (-220 eV). The spot-motion 
experiments described earlier are qualitatively and 
quantitatively close to what we expect. Finally, the 
changes in the pointing of best symmetry (Fig. 6) with 
pulse shape indicate that the variation in flux at the 
capsule is qualitatively what we expect-the asymme- 
try goes from waist high early in time to pole high 
later in time. 

To understand this final point, consider PS22 at its 
experimental pointing of best symmetry, 1200 pm. 
According to Fig. 7, the first 1 ns of PS22 should pro- 
vide a waist-high radiation flux that drives a prolate 
implosion. However, our 1-ns implosions at 1200 pm 
are prolate, showing that at -20 TW the first 1 ns of 
drive at this pointing is predominantly waist high. 
Because the first nanosecond of PS22 is actually at much 
lower power, -6 TW, we expect it to also be predomi- 
nantly waist high since there is (slightly) less spot motion 
at lower power, and spot motion is needed to get into 
the pole-high regime. Moreover, we argue that the 
entire first nanosecond should be waist high. If the 

of the PS22 energy would be generating pole-high flux 
that 1200 pm would not be PS22's pointing of best sym- 
metry. Continuing the argument, since the early part of 
PS22 is waist high, some latter part of PS22 must be 
pole-high to compensate for this early-time asymmetry. 
Consequently, the scaling of the pointing of best sym- 
metry with pulse length (shown in Fig. 6) is evidence 
that the time-dependent asymmetry goes from waist- 
high early in time to pole-high later in time, therefore 
corroborating the qualitative behavior of Fig. 7. 

Other experiments are ongoing to more directly mea- 
sure the time-dependent asymmetry in Nova hohlraums. 
One approach, proposed by Wilson?4 uses the full 
pulse with a series of capsules designed to implode at 
different times during the pulse. This is accomplished 

PS22 unlined Au hohlraum 

- 0 Calculation 
I 

1200 1300 
Hohlraum half length (ym) 

FIGURE 11. Precision Nova implosions have shown excellent repro- 
PS22 flux did change to pole high before ins ,  so much . ducibility of symmetry. (08-00-12934416pbOl) 
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FIGURE 10. Distance from the hohlraum midplane to the center of (b) shaded portion of the drive represents the effective sampling 
emission at hv = 450 eV, vs time in a pure Au hohlraum irradiated by interval for the implosion for the two cases; (c) implosion image data 
PS22. We observe spots that migrate about as expected from simula- taken orthogonal to the hohlraum axis; (d) comparison of the measured 
tions. (2.0-03-0995-2132pbOl) capsule eccentricity with the calculated value. (02-OS-1094-3596pbO3) 
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by keeping the capsule's i.d. approximately fixed and 
thinning the ablator to significantly less than its standard 
55-pm thickness. The thinnest capsules view only the 
early-time asymmetry, and a record of the evolution of 
asymmetry can be obtained. Figure 12 shows results of 
this technique for PS22 and Au hohlra~ms?~ Another 
technique replaces the capsule with a uniform sphere 
of material. The x-ray flux in the hohlraum will drive a 
shock into this material, which can be imaged by x-ray 
backlighting (see Fig. 23). Distortion of the shock front 
is approximately related to the drive pressure nonuni- 

For PS22, Fig. 13 shows the calculated ratio of 
Ppole/Pequator, which can then be compared with the 
measurement. The average pressure 
from the shock velocity. Fi ure 14 shows the results 

ond Legendre coefficient of the position of the shock 
trajectory, and A, is the average distance moved by the 
shock. The numerical calculation and the data are in 
agreement for this experiment. Calc~la t ions~~ show 
that, with the current resolution of about 2 pm in the 
shock position, time variations in NIF target fluxes can 

can be obtained 

from a Nova experiment.2 i! In this figure, A, is the sec- 

form$ by be obtained to about 2%. 
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FIGURE 13. X-ray 
radiography can be 
used to infer time- 
dependent asymmetry 
from imaged shock 
distortion. 
(50-04-lO93-3882Apb03) 

2 

301 



NOVA SYMMETRY: EXPERIMENTS, MODELING, AND INTERPRETATION (HLp3 A N D  HLP4) 

The Role of the LEH 
Figure 15 summarizes the main effect an LEH can 

have on simulated beam propagation. It shows rays 
and electron density contours 2 ns into PS22. For nomi- 
nal pointing shown in Fig. 15(a), when Nova’s beams 
initially cross in the plane of the LEH, all rays are far 
from the blowoff that expands from the lip. Consequently, 
they are unaffected by LEH blowoff. However, Fig. 15@) 
shows what can happen if we move the beams farther 
inward, close to the LEH. The part of the beam closest 
to the LEH intersects blowoff dense enough to refract 
those rays downward. Since these rays otherwise 
strike closest to the midplane of the hohlraum, the 
effect of the refraction is to shift the center of deposition 
toward the LEH. This shifts the asymmetry back in the 
pole-high direction. Note, however, that even when 
there is considerable interaction between the rays and 
the lip blowoff, the density distributions shown in Fig. 15 
are very similar. This implies that there is no significant 
amount of additional blowoff produced by the interac- 
tion. These LEH results basically reproduce earlier 
findings of Lasinski,28 who modelled an isolated LEH 
as a thin bracelet of material subjected to both a radia- 
tion source and a laser source. Her modeling agrees 
quite well with available data on radiation-driven 
LEH  hydrodynamic^.^^,^^ 

Modeling and experiment show that bringing the 
beam too close to the LEH can cause different symme- 
try behavior, as shown in Fig. 15(b). Consider a case 
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FIGURE 14. The foam witness ball technique can measure pressure 
asymmetries with nearly 10% accuracy on Nova. A, is the second 
Legendre coefficient of the shock trajectory. A, is the average shock 
position. (50-04-1093-3891ApbOP) 

where the LEH should have no effect-the distortion 
vs pointing scaling shown earlier in Fig. 5. This is the 
Ni-lined, PS22 scaling where the hohlraum length 
changed with pointing. In the experiments of Fig. 5, 
we expect the laser-LEH interaction to always be the 
nominal situation shown in Fig. 15(a). The straight-line 
scaling of Fig. 5 indicates there is no obviously “differ- 
ent” symmetry regime at inner pointing. 

(a) Nominal pointing (b) Beam farther inward 

FIGURE 15. Simulated laser rays and density contours 2 ns into 
PS22 in a Ni-lined hohlraum. (a) With nominal pointing the laser is 
sufficiently far from the cylindrically expanding blowoff from the 
LEH lip that there is no significant interaction. (b) If the beam is 
moved too far inward, it can intercept relatively dense plasma and 
be partially refracted. (20-03-0995-2133pb01)) 
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FIGURE 16. Symmetry scaling experiments (solid circles) in fixed 
length hohlraums show a ”different” behavior at inner pointing than 
experiments where we vary the length with the pointing (see Fig. 5). 
This trend is reproduced in our simulations where we see it is due to 
refraction such as shown in Fig. ll(b). (20-03-0995-2134pb01)) 
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Figure 16 plots simulations and experiments where 
the symmetry at inner pointing is different, showing a 
Ni-lined, PS22 scaling performed with fixed-length 
(2700-pm) hohlraums. At inner pointing, the beams 
approach the LEH and can be refracted. Comparison 
with Fig. 5 shows a different behavior at inner pointing. 

Similar to the experiment, the LASNEX modeling 
shows a different symmetry regime can be found at 
inner pointing with fixed-length hohlraums. This is 
due to refraction by LEH blowoff. The size of the effect 
depends on the details of the beams. We studied this 
effect with simulations of three different realizations of 
Nova’s beams, all of them using the 3-D geometric optics 
raytrace algorithm devised by Friedman.19 The nominal 
beam representation has, at best focus, a 60-pm-diam, 
1-sigma circle of confusion. This produces the rays 
shown in Figs. 4 and 15 and is a best-guess lower 
bound on the wings of Nova’s beams. This beam rep- 
resentation produces the open squares of Fig. 16. 

ulated beams with 120-pm-diam circles of confusion 
(upper bound to Nova) and 0-pm-diam circles of con- 
fusion (better than diffraction limited). The 0-pm circle 
of confusion beams (open circles of Fig. 16) cause no 
break in the distortion vs pointing scaling until the 
beam is so far in that it strikes the LEH. The 120-pm 
circle of confusion (open triangles of Fig. 16) represen- 
tation shows somewhat more of an inner pointing 
refractive effect than the nominal beam representation. 

The scalings of Fig. 16, together with those of Fig. 5, 
are evidence that the LEH can have an effect on sym- 
metry. They also indicate that LASNEX can estimate 
when, and roughly how much, an LEH will have a 
major effect on hohlraum symmetry. 

In addition to the 60-pm circle of confusion, we sim- 

Summary 
Our 2-D LASNEX simulations of Nova’s nine sym- 

metry scaling databases reproduce the fundamental 
features seen in the experiments. In particular, we pre- 
dict how we must change Nova’s beam pointing to 
achieve best symmetry with various pulse shapes. 
Analysis indicates that the need to change pointing 
with different pulse shapes is a result of spot motion. 
Complementing direct-symmetry measurements, we 
have also observed and modelled hot spots in hohlraums. 
We find hot-spot motion to be real, reproducible, and 
very close to what we expect from LASNEX. These 
measurements also indicate that time-dependent 
asymmetry in the Nova hohlraums behave close to our 
modeling. Experiments and modeling also indicate 
that we estimate when, and roughly how much effect, 
an LEH will have on hohlraum symmetry. 
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Introduction 
The understanding of laser-plasma interactions in 

ignition-scale inertial confinement fusion (ICF) 
hohlraum targets is important for the success of the pro- 
posed National Ignition Facility (NIF). The success of an 
indirect-drive ICF ignition experiment depends on the 
ability to predict and control the history and spatial dis- 
tribution of the x-radiation produced by the laser beams 
that are absorbed by the inside of the hohlraum wall. 
Only by controlling the symmetry of this x-ray drive is it 
possible to obtain the implosion symmetry in the fusion 
pellet necessary for igniti0n.l The larger hohlraums and 
longer time scales required for ignition-scale targets 
result in the presence of several millimeters of plasma 
(electron density ne = O.lnc = 1021 ~ m - ~ ) ,  through which 
the 30 (351-nm) laser beams must propagate before they 
are absorbed at the hohlraum wall. Hydrodynamic 
simulations show this plasma to be very uniform [den- 
sity-gradient scalelength L, = n,(dn,/dx)-l= 2 mml and 
to exhibit low velocity gradients [velocity-gradient scale- 
length L, = c,(dv/dx)-l > 6 mml? 

The propagation of the beams to the hohlraum wall 
can be affected by various scattering and laser self- 
focusing (filamentation) processes within the low-density 
plasma inside the hohlraum. For example, while 
traversing such a plasma, the incoming light wave can 
resonantly decay into a backscattered light wave and 
either an ion sound wave or an electron plasma wave. 
The backscattered light wave can beat with the inci- 
dent light wave at a frequency that pumps the plasma 
wave; this process can increase the amplitude of the 
plasma wave, increasing its scattering efficiency. Hence 

* Centre DEtudes de Limeil-Valenton, France 
** Los Alamos National Laboratory, Los Alamos, New Mexico 

an unstable feedback loop is formed that can cause the 
amplitudes of the plasma and scattered light waves to 
grow exponentially on time scales of 0.1 to 10 ps. For 
scattering from ion sound waves, these parametric 
scattering instabilities are called stimulated Brillouin 
scattering (SBS); for scattering from electron plasma 
waves, they are called stimulated Raman scattering 
(SRS).3 Both of these instabilities can lead to undesir- 
able effects, including significant amounts of light 
reflecting from the plasma or shining directly onto the 
capsule, spoiling the illumination symmetry. 

Another instability that can affect laser beam propa- 
gation is beam filamentation: which occurs when 
individual speckles ("hot spots") within the beam self- 
focus as a result of refractive index changes caused by 
changes in the local plasma density produced by the 
laser field through transverse ponderomotive pressure. 
This effect can result in a local increase in intensity and 
eventual beam breakup. Filamentation is of particular 
concern for NIF hohlraums, because the intensity 
threshold for filamentation is affected by the length 
and transverse scale of the hot spot. For a beam 
smoothed with a random phase plate (RPP), these 
scales are determined by the beam f/number. The f/S 
focusing geometry planned for the NIF will have 
speckles 180 pm long for 351-nm light, contrasting 
with 50-pm speckles for the f/4.3 optics used at the 
LLNL Nova laser. Calculations indicate that at the 
expected 2 x 1015 W cmP2 irradiance planned for the 
NIF, a significant fraction of an f / S  beam would be 
above the intensity threshold for filamentation, in the 
absence of any beam smoothing beyond use of a RPP? 

In most laser-produced plasmas, SBS and SRS are 
limited by plasma inhomogeneity3; in the plasmas 
expected in the NIF hohlraums, however, wave damping, 
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pump depletion, or some other nonlinear saturation 
mechanism would be the only limitations on instability 
growth. Some of our interaction experiments in homo- 
geneous low-density plasmas have shown as much as 
35% of the incident laser energy backscattered as SBS; 
in other experiments, SRS reflected fractions as high as 
25% have been observed. Although these are extreme 
cases that represent scattering from plasmas that have 
less damping of instabilities than we expect in the NIF 
plasma, they illustrate the potential of parametric insta- 
bilities to cause problems. This amount of backscattering 
would obviously reduce coupling to the hohlraum 
wall, reducing the x-ray drive and increasing the inci- 
dent laser energy required to drive a target to ignition. 
(SRS could cause additional problems, because the 
process not only transfers energy into backscattered 
light and electron plasma waves but also produces 
suprathermal electrons with tens of keV energy. These 
"hot" electrons can preheat the DT fuel in the capsule, 
reducing the efficiency of the subsequent implosion.) 
Significant energy scattering due to instabilities such as 
SBS and SRS would also make it more difficult to meet 
the NIF power-balance specification of 43% variation 
in power between beams, which is needed to meet the 

FIGURE 1. (a) NIF base- 
line hohlraum, showing 
inner and outer beam 

symmetry requirements for a high-convergence implo- 
sion5 SRS and SBS exacerbated by beam filamentation 
are therefore a concern for indirect-drive ICF, especially 
in the larger and more uniform plasmas expected in an 
ignition-scale hohlr aum. 

The basic design for the NIF hohlraum [Fig. l(a)] is 
an Au cylinder about 9 mm long containing a low-Z 
gas (a mixture of He and H2). The low-Z gas slows the 
expansion of the Au hohlraum wall and provides a 
medium (other than low-density Au ablated from the 
wall) through which the beams can propagate without 
significant loss of energy from inverse bremsstrahlung 
absorption. The current NIF design has two cones of 
beams (called the inner and outer cones) on each side 
of the hohlraum. Figure l(b) shows the history of the 
NIF laser pulse; Fig. l(c) shows the density and beam 
intensity along the beam path for the time of peak cal- 
culated SRS and SBS gain (also the time of peak power, 
13.5 ns). Figure l(d) shows the calculated temperature 
profiles at the same time. The profiles in Figs. l(c) and 
(d) represent the beam intensity, electron density, and 
electron temperature encountered along the inner and 
outer cone beam paths. 

(a) NIF baseline hohlraum 

cones; (b) power history 
for one NIF beam; 
(c) electron density (as a 
fraction of cntical den- 
sity n, = 9 x 1021 cm-3) 
and laser beam inten- 
sity vs position in NIF 
hohlraum at time of 
peak laser power. 
Laser beam incident 
from left. Dashed and 
solid curves represent 
parameters for outer 
and inner beam cones, 
respectively. Lighter 
portions of each curve 
indicate where the laser 
is interacting with Au 
plasma; other regions m? 

correspond to low-Z (a 9 
He/H mix) fill gas 
plasma. (d) Electron i2 
temperature for inner - 
and outer beams. 
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The output from the 2-D hydrodynamics simulations 
of the NIF target can be post-processed with the Laser 
Interactions Post-processor (LIP)6 to obtain the total 
gain exponent for SBS and SRS as a function of time 
and scattered-light wavelength. The calculated peak 
gain exponents along the path of a 2 x 1 015 W cmP2 
NIF beam are 25 for SRS and 30 for SBS. Figure 2 
shows the post-processed linear gain exponents for 
SBS and SRS, as functions of scattered-light wave- 
length and of time throughout the NIF pulse, for the 
inner and outer beam cones. The plots show gray-scale 
contours of equal calculated gain exponent; darker 
regions correspond to higher gain exponent. 

the inner and outer beams, respectively. Some of the 
Figures 2(a) and (b) show the history of the SBS for 

spectral features of the SBS gain calculations and differ- 
ences between the inner-beam and outer-beam cases 
can be understood in terms of the plasma conditions 
under which the scattering wouId occur. For instance, 
Fig. l(c) indicates that the inner beams traverse a longer 
length of low-density fill plasma than the outer beams. 
The SBS gain peaks at a wavelength of Ah = 14 A for 
the inner-beam case; for the outer beam, which has less 
path length in the low-Z plasma, the main spectral fea- 
ture is a narrow gain spike at Ah = 7 A. 

To understand these observations, consider that the 
wave-number-matching condition for SBS requires that 

(1) ko = k, + kia, 
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FIGURE 2. Post-pro- 
cessed (LIP) gain expo- 
nents along laser beam 
paths using plasma 
parameters from 2-D 
LASNEX hydrodynam- 
ics calculations of NIF. 
(a) SBS for inner cone; 
(b) SBS for outer cone; 
(c) SRS for inner cone; 
(d) SRS for outer cone. 
(20-07-1095-2435pb01) 
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where k, and k, are the incident and scattered light 
wave vectors in the plasma. The wave number of the 
ion-acoustic wave k, has a magnitude equal to 2k0 for 
direct backscattering (since k, = -ko ), where ko is 
related to the vacuum wave number k,,, of the light by 

this is a minor correction for densities near 0 . 1 ~ ~ ~ .  
Although most of the incident photon energy goes 

into the backscattered photon, the ion-acoustic wave 
takes away some energy according to 

the frequency shift Ao in the scattered light wave is 
therefore approximately 

resulting in a wavelength shift 

AX = 2hVac(1 -ne /vz,)”~c, /c, (5) 

where c, is the sound speed. For a plasma flowing towards 
the observer with Mach number A4 = v/c,, we have 

AX = 2&,, (1 - ne / nC ) (6 )  1/2 (1 - M)c,  / C. 

The strongest dependence here is on the sound speed 
and Mach number of the plasma in which the scattering 
is occurring. The sound speeds in Au and He/H are 
very different, because the sound speed scales as 
[(ZeffT, + 3Ti)/A]1/2 and Au is a heavy atom (Z < A/2) 
that is not completely ionized (i.e., Z,, < Z) while the 
low-Z plasma is fully ionized and has Z 2 A/2. Typical 
sound speeds are 3 to 4 x lo7 cm sd for Au and 6 to 
7 x lo7 cm s-l for He/H for the temperatures expected 
in the NIF plasma. The shifts in wavelength for SBS 
backscattering from Au and He/H are then 7 and 14 A, 
respectively, for stationary plasmas. Note that flows in 
the plasma will also shift the scattered light wavelength 
according to the 11 - MI term. 

The feature at 7 A appearing at 15 ns for the outer- 
beam SBS calculation [Fig. 2(b)] corresponds to SBS 
gain in the Au, with ageak gain exponent of 30. The 
broad gain peak at 14 A in the inner-beam case [Fig. 2(a)l 
represents gain in the low-Z plasma with a peak gain 
exponent of 20. Although there is a small amount of gain 
at 6 A in the inner-beam case, the observation can be 
made that the main SBS threat is from the wall material 
in the outer-beam case and from the low-Z fill gas in 
the inner-beam case. Hence we can break down the SBS 
problem into a high-Z problem, which is best addressed 
in experiments with Au walls (e.g., hohlraums), and a 

large, low-Z plasma SBS problem, which can be 
addressed in gas-filled hohlraums or with open-geom- 
etry gas targets. 

The SRS gain exponents calculated by LIP are 
shown in Fig. 2(c) and (d) for the inner and outer 
beams, respectively. Figure l(c) indicates that when the 
beams reach the Au they are absorbed in a short dis- 
tance (-300 to 500 pm) in a region with steep density 
gradients. Since SRS gain is higher in large, homoge- 
neous regions with shallow density gradients, most of 
the calculated SRS gain is in the low-density, low-Z 
plasma. Beams in the inner cone have higher expected 
SRS gain [with a maximum of 26, shown in Fig. 2(c)l, 
because the beams have longer paths in the low-Z 
plasma, and the total exponentiation is a product of the 
spatial gain rate with the length over which that expo- 
nentiation can occur. The outer beams traverse less 
low-Z fill plasma and so have a lower calculated gain 
exponent for SRS [with a maximum of 11, shown 
in Fig. 2(d)l. 

SRS as a function of the wavelength of the scattered 
photon. The wavelength of the scattered optical light 
carries information about the density and temperature 
of the plasma from which it scattered, because the elec- 
tron plasma wave from which it scatters must satisfy 

The SRS plots show the calculated gain exponent for 

0; = + v,kp, 2 2  (7) 

where o and k are the frequency and wave number 
of the electron pLsma wave, o) is the plasma frequency 
(which introduces density dependence), and vUT is the 
electron thermal velocity (which introduces temperature 
dependence). The incident and scattered wave numbers 
are related by energy and momentum conservation: 

P 
Pe 

wo = 0, +ap, (8) 

ko =k ,+kp ,  (9) 

where ko (ao) and k, (a,) are the incident and scattered 
light wave vectors (frequencies). The wavelength of 
the scattered light that satisfies these conditions is 
strongly dependent on density and less strongly 
dependent on electron temperature. The large gain 
exponent at 590 nm for the inner beam corresponds to 
SRS growing at ne = 0 . 1 ~ ~ ~  and a T, = 3 to 4 keV. The 
long-scalelength targets described below were designed 
to explore this gain region. The lower-gain parts of the 
plot correspond to different densities within the NIF 
plasma; longer wavelengths correspond to higher den- 
sities. The small region of gain near 690 nm for the 
inner beam represents light scattering from plasma at 
ne = 0 . 2 ~ ~  and T,  = 4 keV. This region of plasma is low-Z 
material that has ablated from the capsule and produces 
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a slightly higher-density region of low-Z plasma where 
it collides with the Au wall. This region is difficult to 
reproduce experimentally and is less significant to the 
NIF problem because the laser energy in the part of the 
beam that reaches this plasma is very low because the 
laser light is being rapidly absorbed by this higher- 
density plasma. 

As can be seen in Fig. 2, calculated gain exponents 
occasionally reach or exceed 20. Amplification of thermal 
fluctuations by 20 e-foldings is sufficient to produce 
both significant backscattering and plasma waves of 
sufficient amplitude that nonlinear saturation mecha- 
nisms begin to be important. The LIP calculations 
include no nonlinear effects, so the LIP results should 
be interpreted as telling us that there might be a signif- 
icant scattering due to SBS and SRS in the NIF plasma 
for the period during which gain exponents exceed 20, 
but that we cannot predict the saturation level of that 
scattering. Hence we were motivated to try to repro- 
duce plasma conditions with such gain exponents on 
Nova (where LIP can be used to compare the gains to 
the NIF case) in order to include saturation and other 
plasma effects that are omitted by the simple linear 
gain analysis. 

The NIF beams will interact with the plasma at inten- 
sities up to 2 x 1015 w cm-2, with a variation of intensity 
along the beam path as shown in Fig. l(c). In the trans- 
verse direction, the laser intensity is assumed to be 
averaged over the beam profile, and the LIP calculations 
use this spatially averaged intensity. However, each beam 
is composed of small (-6 pm diam) speckles with a 
distribution of intensities above and below the average. 
The speckles can self-focus as they interact with the 
plasma, increasing the intensity within individual "hot 
spots," although beam smoothing such as smoothing 
by spectral dispersion (SSD), which moves the speckle 
pattern around rapidly, can reduce filamentation. This 
nonlinearity in the laser-plasma interaction is also 
omitted from the LIP calculations, so a further require- 
ment of understanding laser-plasma interactions in the 
NIF by means of Nova-scale experiments was to use a 
laser beam with the intensity, smoothing, and flnum- 
ber appropriate to a NIF beam. These experiments 
would address the legitimate concern that some frac- 
tion of each NIF beam will drive saturated levels of 
SBS and SRS and be reflected from the NIF hohlraum 
with the loss of energy and other consequences described 
above. The goals of these experiments were expressed 
in the HLP5/6 part of the 1993 NAS Nova Technical 
Contract as follows: 

HLP5: Demonstrate acceptable levels of scattering in 
large-scale plasmas that match the plasma conditions, 
beam geometry, and beam smoothing of ignition 
hohlraums as closely as possible. The plasmas 

should have density and velocity scalelengths = 2 111111, 
electron temperature >1.5 keV, and nJn,  < 0.15. 

Acceptable levels of scattering were defined as follows: 
- Stimulated Brillouin scattering fraction fsss 

(back, side) < 5 to 10%. 
- Stimulated Raman scattering fraction fsns 

(back, side) < 5 to 10% and fsRs (forward) < 5%. 
HLPG: Evaluate the impact of laser beam filamenta- 
tion on SBS and SRS and develop control techniques 
to the extent necessary to ensure acceptable levels 
of scattering. 

TargetPlasma Development 
To experimentally evaluate the severity of SRS and 

SBS scattering and filamentation on the propagation of 
an f / 8  beam traversing a long-scalelength plasma, we 
reproduced the laser beam conditioning (f/number 
and smoothing) to be used on the NIF. At the same 
time, it was necessary to reproduce the plasma condi- 
tions expected within the NIF using plasmas produced 
by the Nova laser. Late 1993 and early 1994 saw a sig- 
nificant effort to produce plasmas that met the criteria 
expressed in the first part of the HLP5 statement of 
work. It was necessary to both reproduce the density 
(-O.ln,> and temperature (at least 3 keV) of the NIF tar- 
get but also to do so over a volume large enough that 
the total gain exponent of the NIF target for SBS and 
SRS could be approached. 

foams and thin exploding foils. The most promising 
targets were large gas-filled hohlraums (of which two 
types were developed) and "gasbags." The plasmas 
were created by irradiating a thin-walled gas balloon 
or a sealed hohlraum7 containing of order 1 atm of a 
low-Z gas (e.g., C5H12, C,D12, or CO,). All three of 
these targets relied on heating a large volume of a 
heavy gas that, when ionized, produced the appropri- 
ate plasma conditions and was large enough to last for 
a reasonable time and to provide the right amount of 
SRS and SBS amplification. 

tigate laser-plasma interactions in NIF-scale plasmas. 
Figure 3(a) shows the GASBIG hohlraum, which is 
larger than the typical Nova hohlraum. Normal (scale- 
1) Nova hohlraums are the same length (-2.5 mm) but 
have a smaller diameter (1.6 mm), with the laser beams 
pointed so that they hit the wall before they reach the 
midplane of the hohlraum. The GASBIG hohlraums 
maximized the length over which the beams interacted 
with the plasma by pointing them at the opposite end 
of the hohlraum so that they crossed in the hohlraum 
mid plane. The hohlraum was filled with C5Hl, gas 
retained with a thin (6500 A) polyimide window. 

Various targets were explored, including low-density 

Figure 3 shows the three targets developed to inves- 
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Figure 3(b) shows the toroidal hohlraum developed by 
LANL. This target produced a large length of plasma 
with which to interact by moving the wall of the stan- 
dard Nova hohlraum radially outward to produce a 
more doughnut-shaped hohlraum. Figure 3(c) shows 
the open-geometry gasbag target, which was essen- 
tially two thin windows on either side of a thin washer. 
The target is inflated to make an almost spherical volume 
of gas. Figures 3(d) and (e) show density and tempera- 
ture plots for the GASBIG and gasbag plasmas after 
they have been heated by the Nova laser beams, at the 
time at which the interaction with the NIF-like probe 
beam was studied (1 ns for the GASBIG, 750 ps for the 
gasbag). Both Figs. 3(d) and (e) show a relatively flat 
region of plasma near O.lnc at a temperature of 3 keV; 
this is the portion of the plasma that is approximating 
the region of high gain for SBS and SRS in the NIF 
inner beam. 

The concept of producing a large, hot plasma by 
irradiating a gas-filled target has been discussed by 
Denavit and Phillion.8 A cold gas volume of a few mil- 
limeters dimension can be heated by pulsed laser beams 
(typical duration 1 ns, intensity of order 1014 W cmV2). 
When the laser beams strike the cold gas, a plasma is 
formed by multiphoton ionization. The initial low 

FIGURE 3. Targets 
developed to study 
laser-plasma interac- 
tions in long-scalelength 
plasmas similar to those 
of NIF. (a) GASBIG 
hohlraum; (b) toroidal 
hohlraum; (c) open- 
geometry gasbag target; 
(d) density and temper- 
ature for GASBIG 
hohlraum targets at a 
time (1 ns) at which 
interaction with NIF- 
like probe beam was 
studied. Lighter part of 
each curve indicates Au 
plasma. (e) Density and 
temperature for gasbag 
target at a time (750 ps) 
at which interaction 
with NIF-like probe 
beam was studied. 
(20-07-1095-2436pbO1) 

temperature of the plasma leads to energy deposition 
through inverse bremsstrahlung at the edge of the 
plasma. As that plasma is heated and becomes more 
transmissive, the laser beams propagate further into 
the gas. Our targets contained a high-molecular-weight 
gas (typically C5H1,) that on ionization produced a 
plasma (electron) density ne = crnp3. The velocity 
of propagation of the laser light into such a gas was 
measured for various laser conditions and is typically 
a few millimeters per nanosecond for 3 0  light. For a 
2.75-mm-diam gasbag plasma, the laser beams propa- 
gate to the center of the plasma by about 400 ps. 
Thereafter the laser beams steadily heat the plasma 
that they traverse; thermal conduction heats parts of 
the gas not directly irradiated by the laser beams. For 
the gasbag targets, the edge of the plasma is free to 
expand into the surrounding vacuum, so an isothermal 
rarefaction wave propagates towards the middle of the 
plasma at the ion sound speed (-0.5 mm/ns). The den- 
sity plateau in the center of the plasma is therefore 
eroded by the converging rarefaction wave at a rate of 
about 3 mm/ns. After the plasma is formed and heated, 
we have a few hundred picoseconds to perform 
laser-plasma interaction experiments on our 2-mm 
size plasma before the rarefaction wave shrinks the 

(a) GASBIG hohlraum (b) Toroidal hohlraum (c) Open-geometry gasbag 
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density plateau and so reduces the length available for 
amplification of SBS and SRS. 

For each of the three targets, there was a period dur- 
ing which the plasma was ionized and heated using 
nine of the Nova beams. For the gasbags these "heater" 
beams were on for 1 ns; the interaction beam was 
turned on at t = 500 ps and also lasted for 1 ns. There is 
therefore a 500-ps period during which the heaters and 
interaction beams overlap in time. During this period 
the plasma temperature is still rising. When the heater 
beams turn off there is a 500-ps period during which the 
plasma is cooling but the interaction beam remains on. 

The balloon targets were constructed by placing a 
thin membrane of polyimide (C,,H,0,N2) on each 
side of a thin (400 pm) washer. The membranes were 
then inflated to an almost hemispherical shape through 
hypodermic fill tubes that penetrated the washer. 
Figure 3(c) shows the target and the laser-beam focus- 
ing geometry used to heat the plasma. Nine heater 
beams with a total energy of 18 to 22 kJ in a 1-ns pulse 
were used to create the plasma. 

Unlike the more traditional targets for high-density 
laser-plasma interactions (solid or exploding-foil targets) 

(a) Gasbag at 750 ps 

h 

E 
E v 

h 

1 

0 
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the gas balloon targets convert most of the incident 
heater laser energy into thermal energy of the electrons 
and less into kinetic energy of bulk plasma motion. 
The energy budget for a typical gas balloon simulation 
is 22 kJ incident, 12.5 kJ absorbed, 8.8 kJ in electron 
thermal energy (Te = 3.2 keV) and only 2.6 kJ (21% of 
absorbed energy) in kinetic energy. These numbers 
should be compared with those for typical exploding- 
foil plasmas, for which similar calculations (to produce 
a 0.1~1, plasma) show 22 kJ incident, 8 kJ absorbed, 
3.1 kJ in electron thermal energy (Te = 2.4 keV) and 
4.5 kJ in kinetic energy (56% of absorbed energy). The 
heating of a stationary low-density target is therefore a 
much more efficient way of producing a high-tempera- 
ture plasma, and it has the added benefit that density 
and velocity gradients are much less severe and there- 
fore more suitable for interaction experiments that 
mimic laser-plasma interactions within indirect-drive 
ICF hohlraums. Exploding-foil targets are excellent for 
producing the kind of flowing plasmas found in the 
corona around direct-drive ICF pellets. 

plasma. The image is one of a series of gated images, 
Figure 4(a) shows a gated x-ray pinhole image of the 

-1 

(b) LASNEX calculation at 750 ps 
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FIGURE 4. (a) Gated x-ray pinhole image of gasbag at 750 ps; large stripe across image is the shadow of a shield that is well away from the 
plane of the plasma. Support washer (shown in Fig 3c) is only 400 pm wide. (b) Simulated x-ray image from a LASNEX calculation at 750 ps. 
In both images, the gray scale indicates x-ray intensity integrated along the pinhole camera line of sight. Note the bright edge in this simu- 
lated image that is not seen in the data (a). The bright vertical stripe in the middle of the simulated image corresponds to a density peak that 
is propagating radially inwards in the plane of the washer. (20-07-1095-2437pbO2) 
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with 100 ps time resolution, and was recorded 750 ps 
after the start of the heater pulses. The large vertical 
stripe across the image is not the support washer 
(shown in Fig. 3c) which is only 400 pm wide, but is 
the shadow of a shield that is well away from the plane 
of the plasma. The x-ray emission looks uniform 
within the limits of the microchannel plate noise; the 
camera was filtered to view x rays at photon energies 
above 1.5 keV, where the target was optically thin. The 
image represents the integration of x-ray emissivity 
along a chord through the plasma and could average 
changes in the emissivity caused by density fluctua- 
tions. Abel inversion of images such as this can show 
us if the plasma has a cold (less emissive) center, as is 
the case before the heater beams propagate to the 
center of the target. Some kind of 3-D tomographic 
imaging would be preferable, and we might eventually 
develop such a capability. Another alternative for bet- 
ter quantifying the uniformity of our plasmas is to do 
space-resolved thermal Thomson scattering using a 4 0  
(264 nm) probe beam. Again, this capability may be 
developed for future experiments. 

The membrane that represents the initial bag wall 
perturbs the situation somewhat. The membrane is 
-2000 to 3000 A thick after the bag has been inflated 
and the material has stretched. The lasers heat the 
membrane, causing it to expand and rarefy, much like 
an exploding 
into the bag, which propagates into the center of the 
target at about the sound speed. The peak density in 
this shock is calculated to be 2 x loz1 cmP3 for a C,H,, 
gas fill [Fig. 3(e)]; the density scales with the fill density 
of the gas. Figure 4(b) shows a simulated image taken 
from a post-processed LASNEX calculation. A bright- 
ening due to this density peak is visible at the edge of 
the plasma. Although such a feature is seen at early 
times in our experiments, we do not see such a feature 
after the plasma has achieved its full size (at -500 ps). 
The area in front of the shock wave is the region that 
has a flat density profile with no significant velocity 
gradients. The structure visible near the middle of the 
profile in Fig. 3(e) is produced by the symmetry of the 
calculation and has not been observed in experiments 
(with framing cameras viewing down the washer axis). 
The bright vertical stripe in the middle of the simulated 
image corresponds to a density peak that is propagat- 
ing radially inwards in the plane of the washer. This 
peak has been seen in axial images, but it is never in 
the path of the interaction beam, which enters the 
plasma shown in Fig. 4(b) from 50" below the horizon- 
tal, crossing the image almost diagonally. 

spectroscopy using K-shell line spectra from mid-Z 
elements (such as 2000 A of cosputtered Ti and Cr or 
2500 A of KC1) placed in different locations inside the 
gas-filled targets. Analysis of the line intensity ratios 
uses a time-dependent collisional-radiative model of 
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That process launches a weak shock 

Electron temperatures were rneasuredl0,l' by x-ray 

the plasrna.l2 Isoelectronic ratios of the He-like emission 
were used because they are less affected by time- 
dependent ionization effects. Density variations are 
not expected to introduce large effects in the analysis 
and are included in the error estimates of the results. 

was measured with TiCr dopants and with Ar/C1 gas 
dopants. These spectroscopic measurements, using 
three different line ratios, consistently indicate that 
peak temperatures of 2.8 to 3.2 keV are achieved in the 
gasbags. Recent measurements of Ar and C1 satellite 
and resonance lines over several shots have enabled us 
to obtain a history of the temperature rise; these mea- 
surements show a peak temperature of 2.8 f 0.5 keV, 
slightly below the LASNEX predictions. The measured 
temperature lags behind the temperature rise indicated 
by the simulation. Gasbags attain their peak electron 
temperature at 1 ns, when the heater beams turn off, 
but they are homogeneous after 400 ps when they are 
heated with 30 heater beams. 

The quoted electron temperature was measured in 
the gasbag plasmas with 30 heater beams. Early exper- 
iments using 2 0  (527 nm) heater beams (which would 
give higher temperatures because of increased collisional 
absorption) showed poor coupling of the laser energy 
into the initially cold plasma, which then stayed cold. 
Since ne = 1021 is 0.251~~ for 20 light, it was suspected 
that 2mpe decay and/or SRS at the quarter-critical den- 
sity was converting much of the incident energy to fast 
 electron^,^^^'^ which then deposited their energy in the 
target superstructure without heating the plasma effec- 
tively. Hence most of the experiments described here 
used 30 heater beams and a 30 interaction beam. 

The electron temperature of the large gas-filled 
hohlraums ("GASBIGS") was determined using dopants 
deposited on 150-pm-wide, 800-A-thick CH substrates. 
The gas volume of the hohlraums is not uniformly 
heated by the laser beams as in the gasbags, so the 
measurements were performed in and out of the beam 
path. Peak electron temperatures in the beam path of 
3.6 keV were measured by the isoelectronic line intensity 
ratios of the He-like emission. Figure 5 shows the 
temperature history calculated by LASNEX and the 
corresponding measured temperatures. Measurements 
earlier than 1 ns are not included because accounting for 
the transient effects of the ablation and equilibration of 
the foil with the surrounding plasma introduces large 
uncertainties in the measurements. The temperature in 
the GASBIG is also observed to lag at early times. This 
discrepancy may be related to the heat capacity of the 
gas, because volumes not heated by the laser light must 
be heated by lateral heat flow; alternatively, it may imply 
that beam propagation is not as fast as the LASNEX cal- 
culation predicts. The out-of-beam measurements (not 
shown) show a temporal lag, but still achieve peak tem- 
peratures of 3 key Similar measurements using Ti/Cr 
spectroscopy made to characterize the toroidal hohlraum 

The electron temperature in the C5H1?-filled gasbag 
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plasmas15 yielded temperatures of 3 f 0.5 keV for the time 
at which the interaction beam would probe the plasma. 

For all three of the targets shown in Fig. 3, we found 
temperatures of about 3 keV for plasmas of order 2 mm 
in size at 0 . 1 ~ ~ ~ .  Since this approximates the region of 
the NIF plasma producing the highest calculated gain 
for SBS and SRS on the inner beam, we then turned to 
using these targets to perform interaction experiments. 
Note that the problem of producing a target with a gain 
similar to that seen on the outer beam in the Au [Fig. 2(b)] 
is not solved with these targets. None of them has suf- 
ficient radiation temperature to drive off a significant 

'1 
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FIGURE 5. GASBIG hohlraum electron temperature hstory calculated 
by LASNEX, and corresponding measured temperatures. Top and 
bottom curves represent +lo% temperature variation. 
(20-07-1 095-2438pbOll 

Calorimeter i Scatter plate 

FIGURE 6. Nova target chamber, showing placement of scattered- 
light diagnostics Beam shown is the interachon beam (beamline 7), 
on which the NIF beam smoothing and j/number were replicated 
The other nine beams (used to heat the plasma) are not shown 
(20-07-1095-2439pb01) 

plateau of low-density Au plasma to mimic that region 
for the NIF outer beam. In fact, the scale-1 Nova 
hohlraums, when gas-filled, actually produce SBS gain 
exponents in the Au similar to that in the NIF outer beam. 
This occurs because inverse bremsstrahlung absorption 
in the Au, and not the hohlraum size, determines the 
scalelength in the Au. For gas-filled Nova scale-1 and 
NIF hohlraums, this absorption length is a few hundred 
micrometers. This issue is discussed towards the end 
of this article. 

Diagnostic Development 
The development of diagnostics for the long-scale- 

length plasma experiments was motivated by the desire 
to better account for the scattered light and at the same 
time to quantify the light transmitted by the plasma. 
Figure 6 shows the placement of the various diagnostics 
in the Nova target chamber. The beam shown is the 
interaction beam (beamline 7), on which the NIF beam 
smoothing and f/number were replicated. The other 
nine beams (used to heat the plasma) are not shown. 

Before 1993, measurements of SBS were made by 
taking a subaperture sample using a Fresnel reflector 
(uncoated beam splitter) within one of the ten Nova 
beams, and it was assumed that the backscatter was 
uniform within the beam aperture. The gain for both 
SBS and SRS peaks in the direct backscatter direction, so 
the scattered light should be collinear with the incident 
beam. In setting up for the long-scalelength plasma 
experiments, it was decided to move this diagnostic 
capability to the beam that we would use to mimic the 
NIF smoothing and focusing geometry, while making 
the system integrate backscatter over the full beam 
aperture. Figure 7 shows the new system, called the 
FABS (full-aperture backscatter diagnostic). The FABS 
views the scattered light that propagates back down 
the beamline and is transmitted by the lo (1054 nm) 
turning mirror closest to the chamber [which of course 
has high reflectivity (-95%) for the incident lo light 
but transmits -30% of backscattered 3o  light]. A large 
hole was cut in the back of the mirror mounting box, 
allowing access to the scattered light transmitted by the 
mirror. Since light scattered from the target passes back 
through the Nova focusing lens, it is recollimated and 
is 70 cm in diameter when it emerges from the back of 
the mirror box. A second f/4.3 Nova lens was then used 
to focus the beam into the various diagnostic packages 
to allow analysis of the scattered light. A time-resolved 
SBS spectrometer, normalized with a time-integrating 
calorimeter, allowed the power history for SBS to be 
recorded; the time-resolved SBS spectrometer provided 
additional information on the spectral features of the SBS. 
A CCD camera also recorded a time-integrated image 
of the SBS backscatter angularly resolved within the 
diagnostic acceptance angle (i.e., SBS imaged in the 
plane of the Nova lens). 
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Viewing light scattered from the target through the 
Nova focus lens and refocusing it with a similar Nova 
lens introduces a large amount of chromatic aberration. 
The Nova lenses were intentionally designed with large 
chromatic aberration to separate the foci of lo, 20, and 
3w light (wavelengths 1054,527, and 351 nm, respec- 
tively) in the target plane. This property causes problems 
when trying to focus the scattered light spectrum, which 
extends from 350 to 700 nm, into the diagnostic pack- 
ages. A later version of the FABS will use a collecting 
mirror in place of the second lens and will correct the 
chromatic aberration through a series of small-aperture 
optics. This system16 was not ready for the experiments 
described here; when it is implemented, it will have 
the capabilities of the current FABS but also will have 
the ability to image the target plane using the scattered 
light. The primary mission of the FABS in its original 
inception was to measure the SBS scattered light from 
the target. Because the SBS spectrum is quite narrow 
(-1 to 2 nm), the issue of chromatic aberration was not 
as severe as it is for broader-band SRS measurements. 

SRS diagnosis was initially made through monitoring 
diodes placed 27" from the incident laser beam together 
with a streaked optical spectrometer. This setup was 
complemented by measurements of the fast-electron 
yield using the FFLEX filter-fluorescer, viewing x rays 
produced by electrons slowing down in the target 
material. As discussed below, the suspicion that SRS 
yields from targets were higher than implied by FFLEX 
led to the development of improved monitoring of the 
light scattered by SRS. The FABS diagnostic was modi- 
fied (as indicated in Fig. 7) by having a diffuser placed 
soon after the focusing lens that scattered the light, 
which was then recorded by a filtered diode. This 
reduced the problem with chromatic aberration dis- 
cussed above by making the measurement as close to 
the second focusing lens as possible, before the dispar- 
ities in focal length could significantly change the 
beam size as a function of wavelength. 

A further complication was introduced by severe 
modulations in the transmission of the turning mirror 
(inset in Fig. 7). The modulation is due to the multilayer 
coating on the mirror, which is optimized to reflect 
narrow-band 10 laser light efficiently, not to transmit a 
broad-band signal. This modulation makes quantitative 
measurements of SRS difficult. The difficulty was 
addressed by using a streaked optical spectrometer to 
spectrally resolve the SRS signal seen by the diode. The 
spectrum could then be corrected using the calibrated 
mirror transmission function, and the diode signal 
(which represents an integral of the spectrum) could be 
corrected accordingly. This spectrometer also allowed 
us to record the spectrally resolved SRS reflectivity for 
comparison with our expectations [e.g., Figs. 2(c) and 
(d)l and also to study changes in the spectrum as a 
function of beam smoothing and laser flnumber. All of 

the SRS spectra shown below were corrected to remove 
the modulation of the mirror transmission. 

The FABS diagnostic was calibrated by using an 
uncoated spherical mirror placed on the far side of the 
chamber from the instrumented beamline (beamline 7). 
Beam 7 was then focused through a large hole (-6 mm 
diam) in a plate positioned at chamber center. The 
plate absorbed the unwanted harmonics of the laser 
beam (e.g., 10 and 20 in the case of a 30 calibration 
shot), because the chromatic aberration in the Nova 
lens meant that only one color was focused at the hole. 
The light then diverged before it was reflected by the 
uncoated mirror and sent back down the beamline, 
where is was recorded as a known amount (-6%) of 
backscattered light. 

The SBS detectors were calibrated using the 30 
calibration shots that are run routinely to maintain 
confidence in the precision Nova incident-beam diag- 
nostics. To calibrate the SRS detectors, 20 light was 
used, since its wavelength is in the middle of the spec- 
tral range of SRS light from most of our experiments. 
The sensitivity of the other components in the diagnostic 
relative to their sensitivity at 20 were calibrated off-line. 
This process resulted in a typical uncertainty of 10% in 
the SBS and 20% in the FABS SRS measurements. 
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FIGURE 7. Full-aperture backscattering station (FABS) diagnostic, 
and (inset) transmission of final 1w turning mirror through which 
FABS views scattered light. SBS light is reflected from a beam-splitter 
before it is injected into the SBS diagnostic package. A diffuser 
behind the beam-splitter reflects broader-band light into the SRS 
diagnostics. (20-07-1095-2440pb01) 
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To complement the FABS, the diagnostic set included 
time-integrated diodes (Fig. 6 )  spaced at -10" intervals 
around the chamber to look at sidescattered light. As 
discussed below, there were indications in the first 
experiments with these diagnostics that the scattered 
SBS was coming back outside the collection angle of 
the FABS (defined by the incident beam f/number). 
Initial estimates were therefore made of the energy 
outside the lens using similar time-integrated diodes. 
An estimate of the spreading of the backscattered SBS 
was also obtained by restricting the aperture of the 
incident beam and using the FABS to image the light 
that scattered outside the angle of the incident sub- 
aperture beam. These estimates led us to conclude that 
up to three times as much scattered SBS energy may 
have been outside the lens as inside it for gasbag tar- 
gets. At the time, the precision of this measurement 
was sufficient, because the amount of SBS in the lens 
was negligible. However, in the second phase of the 
experiments we planned to push the amount of SBS 
upward, so we expected that the energy outside the 
lens would play a large part in determining the energy 
budget of the interaction beam. Therefore a new diag- 
nostic for near backscattered light was developed for 
the second series of experiments. 

continuous coverage of SBS and SRS backscattering 
outside the lens to 20" from the lens axis. This was 
achieved by placing a large annular plate of bead-blasted 
aluminum around the outside of the lens assembly 
within the target chamber (Fig. 6). The near-backscattered 
light from the target scatters from the plate as if from a 
diffuse screen and is then imaged by two TV cameras 
on the far side of the target chamber. Filters on the TV 
cameras allowed us to separately measure SBS (near 
351 nm) and SRS (400 to 700 nm). Off-line calibration 
of the plate reflectivity and the known filter and TV 
camera throughput allowed us to spatially integrate an 
image frame at shot time to determine the total amount 
of scattered light. The images could also be combined 
with the images recorded by the FABS SBS and SRS 
cameras to provide an image of the angular distribu- 
tion of scattering inside and outside the interaction 
beam solid angle. The diagnostic was supplemented 
by time-integrated diodes and fiber optics viewing the 
target through holes in the plate. The fiber optics allowed 
samples of the scattered light to be transported to an 
optical streak camera, where differences in time history 
as a function of scattering angle could be quantified. 

The calibration of the plate reflectivity plus camera 
sensitivity could be checked in sifu by comparing the 
scattered intensity with that recorded on the diodes. We 
could also compare the sensitivity of the FABS and the 
NBI by using a Au foil target at the chamber center to 
reflect energy from one of the other beam lines towards 
beam 7. This technique uses the "glint" reflected from 

The near-backscattering imager (NBI) extended the 

the Au foil to fill both diagnostics with light. Comparison 
of the glint imaged in both diagnostics then revealed 
any inconsistencies as sharp jumps in image intensity 
where the coverage of the two diagnostics abutted one 
another. Contamination of the plate by target debris is 
a potential source of inconsistency. Initially a large effort 
was made to compare NBI and FABS to keep confidence 
in the calibration of NBI. As the use of the NBI diag- 
nostic has become more routine, we have instituted a 
schedule of installation, removal, and recalibration of 
sections of the plate, and we use the diodes inset in the 
plate to maintain confidence in the evolution of the cal- 
ibration. Problems with the time-integrating diodes 
(described below) have been eliminated by using more 
linear diodes with better dynamic range. The uncer- 
tainty in the NBI SRS and SBS numbers is about 30% 
for the data discussed below. 

Sidescattered SBS light in these experiments was 
studied with a diode array. The diodes were time-inte- 
grating, so they could not distinguish the contributions 
due to sidescattering from the heater beams. The solu- 
tion to this problem was to put fiber optics inside the 
chamber beside each diode to relay the SBS light from 
there to an optical streak camera, which then provided 
a time-resolved history of the sidescattering that could 
be normalized with the time-integrated diode signal. 
The contributions due to sidescattering from the heater 
beams could then be seen occurring early in time; those 
due to the interaction beam would come later, This 
system of combined diodes and fiber optics was called 
the oblique scattering array (0SA).l6 The system was not 
operational during the first f/8 campaign (April 1994) 
and was only partially operational during the second 
f/S campaign (February 1995). In all applications 
involving diode measurements, it was necessary to 
absolutely calibrate the detectors, filters, and blast 
shields off-line and then monitor how their calibration 
changed in the target chamber due to debris buildup 
by frequent recalibration and replacement of debris 
shields and filters. During the first f/S campaign, when 
the diodes were being used to quantify SBS near 
backscatter outside the lens cone, the diodes became 
nonlinear in their sensitivity to 3m light at distressingly 
low fluences. This effect required characterization of 
the diode sensitivity over a wide range of incident flu- 
ences and also reduced the effective dynamic range of 
the diodes.17 Individual diode readings fluctuated 
from shot to shot, and diodes next to one another often 
gave conflicting measurements. This may have been 
due to diode nonlinearity or damage or to small-scale 
structure in the scattered light intensity, which is diffi- 
cult to resolve with single-point diode measurements. 
This latter consideration was one motivation for making 
the imaging NBI system for near backscatter. We may 
build a similar imaging system for sidescatter that will 
avoid the poor statistics of the single-point diode 
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measurements. New diodes were identified that had 
better dynamic range and that were linear up to higher 
fluences. These diodes were installed in the NBI plate 
as described above and were retrofitted into the 
OSA array. 

The last diagnostic shown in Fig. 6 is the Transmitted 
Beam Diagnostic (TBD), whose purpose is to measure 
the amount of light transmitted by our open-geometry 
plasmas and to study the effect of processes such as 
diffraction from filaments on the divergence of the 
transmitted beam. This diagnostic was first set up dur- 
ing the 1994 f/8 campaign. The device was a frosted 
glass plate mounted on the opposite side of the cham- 
ber from Beam 7 (see Fig. 6). In its original form, the 
plate intercepted, transmitted, and forward-scattered 
light over an angle equivalent to f/7.2. However, it was 
quickly realized that the beam expanded beyond the 
f/8 original beam divergence as a consequence of 
refraction, diffraction in filaments, or forward SBS. For 
the second f/8 campaign, the TBD was enlarged to detect 
light over a f/3.6 cone. The plate was viewed by an 
optical framing camera that recorded the beam angular 
spread at four distinct times, together with a streak 
camera that resolved the divergence in one dimension 
continuously in time. Absolute measurement of the 
transmitted light was made using a fast diode that 
gave the history of the beam integrated in both spatial 
dimensions. The system was calibrated by firing a shot 
with known 30 laser energy through an aperture placed 
at chamber center to remove the l w  and 2 0  light. A 
secondary measurement made with the TBD system 
was quantification of forward Raman scattering by 
injecting some of the transmitted light through a fiber 
optic into a low-resolution streaked optical spectrome- 
ter. Fiber-optic coupling was also used to inject the 
forward-scattered light into a high-resolution spec- 
trometer to investigate the effects of filamentation on 
laser wavelength. 

The main purpose of the TBD was to reveal changes 
in transmission due to the onset of scattering processes. 
Quantifying all the loss mechanisms due to parametric 
processes is very difficult. However, since the main 
objective of our experiments is to show that we can 
propagate a NIF-like beam through a NIF-like plasma 
without adverse effects, it was decided that by looking 
at the beam after it has traversed such a plasma we can 
directly discern if some as-yet unquantified process is 
serving as a loss mechanism. By looking at the charac- 
teristics of the beam after it has passed through one of 
our open-geometry gasbag plasmas, as a function of 
beam smoothing and laser intensity, we can ensure 
that the laser will propagate according to design in the 
NIF hohlraum. 

1994 NIF Experiments 
In April 1994 the NIF beam geometry was reproduced 

on Nova by modifying one beam to have the flnumber 
and smoothing characteristics of a cluster of four NIF 
beamlets. Nine of the Nova beams were used to produce 
the long-scalelength plasma; the tenth was configured 
as an interaction beam that was sent through the pre- 
formed plasma after a 500-ps delay. The SRS and SBS 
scattered from the plasma, together with the effects of 
the plasma on the transmitted beam, were studied as a 
function of the interaction beam intensity, beam smooth- 
ing, and plasma constituents. The interaction beam was 
smoothed by using RPPs,18 and four different colors 
within the f/S beam to mimic the NIF laser architec- 
ture.19 The four-color setup divided the f/8 beam into 
four separate quadrants, each of which had its wave- 
length shifted relative to the others. The wavelength 
separation of the colors was approximately 1.4 A at 30.  
Since each beam quadrant could have its frequency 
conversion crystals individually tuned for its 
wavelength, the four-color scheme approximated 
"bandwidth" on the interaction beam without losing 
3w conversion efficiency. We also studied the use of 
additional laser bandwidth of approximately 1.6 A at 
10 on each color, coupled with SSD?O to further reduce 
reflected SBS. These studies were performed with both 
f/4.3 and f/8 interaction beam focusing. 

The main results of the 1994 f/S campaign were the 
observation of low amounts of SBS, with indications of 
more SBS scattered around the lens (a factor 2 or 3 in 
gasbags), but not enough to be a significant loss mech- 
anism. Figure 8 shows the total SBS backscatter as a 
function of laser beam intensity and beam smoothing 
for the gasbag targets. The data are separated into the 
three smoothing conditions that were studied: four- 
color as described above, "one color," in which the 
four quadrants were set to be the same color, and "one- 
color SSD," which had an additional bandwidth of 
1.6 A at lo put on the one-color setup. The data plot- 
ted is the peak SBS reflectivity in time (reflected 
power/incident power), not corrected to account for 
SBS light reflected outside the lens acceptance angle. 
Our estimates based on the use of diodes to measure 
the energy outside the lens indicate that these numbers 
should be increased by a factor of 2 to 3, making the 
maximum SBS seen in these experiments only -6%. 

Low levels of SBS were observed for irradiances up 
to 6 x 1015 W cmP2 (well above that planned for the NIF). 
There was little difference in the levels observed with 
one-color or four-color irradiation; however, the addition 
of SSD beam smoothing to the one-color case reduced 
the SBS to below 0.5%. The observation of these low 
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scattering levels did raise the interesting possibility that 
the highest intensity planned for the M F  was too con- 
servative, and that a design with higher laser beam 
intensity and hence higher hohlraum radiation tempera- 
ture might be viable. The benefit in higher capsule gain 
and relaxed surface roughness specifications for insta- 
bility growth made experiments at higher intensity 
very attractive. 

the SBS with intensity are perplexing. The apparent 
observation that four-color beam smoothing produces 
more SBS backscatter than one-color smoothing at high 
intensity was contrary to our expectation that four- 
color smoothing should suppress filamentation at least 
as well as one-color smoothing, if not better. The obser- 
vation that SBS is reduced with the addition of a small 
amount of bandwidth and SSD beam smoothing is 
more sensible. 

During this 1994 campaign we made the first trans- 
mitted-beam measurements, but these were limited to 
collecting light over an f/7.2 aperture; the transmitted 
f/S probe beam broadened to overfill the detector, mak- 
ing quantification of the transmitted fraction uncertain. 

scalelength plasmas was limited to large-angle diode 
measurements and measurements of the hard x-ray 

The low level of SBS backscatter and the scaling of 

Quantification of SRS backscattering from the long- 
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FIGURE 8. Measured SBS reflectivity from gasbag targets from 
April 1994 f / 8  campaign. Quantity plotted is peak reflectivity 
(scattered power/incident power) into an f/S collection angle; con- 
tributions due to scattering outside this solid angle are estimated to 
increase these numbers by a factor of 2 to 3. ( Z ~ - O ~ - I O ~ ~ - Z M I F ~ O I )  
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spectrum produced by fast electrons striking the Au 
hohlraum wall. These measurements showed that at 
most 1 % of the incident energy was converted to fast 
electrons, with the limitation that the time-integrated 
technique did not distinguish between electrons pro- 
duced by the heater beams and those produced by the 
probe beam. Experiments with the probe beam energy 
set to zero showed fast-electron yields similar to those 
with high power on the probe. In all of the interaction 
experiments carried out at f/4.3 and f/8 during this 
period, the inferred levels of SRS were low (-4%). This 
was perplexing, because a few experiments with gas- 
bag targets in the Two Beam chamber area of Nova 
produced larger levels of SRS (of the order of 4%). 
However, those experiments were done with plasmas 
that were cooler (1.5 keV) than the plasmas heated by 
nine Nova beams (3.2 keV). This observation is consis- 
tent with the higher temperature, in the plasmas heated 
with nine beams, resulting in strong electron Landau 
damping of the electron plasma waves at O.lnc for 30 
and so reducing SRS. In either case, however, the plasma 
should have had a peak gain exponent of at least 20 for 
SRS [eg., Fig. 10(d), below]. The Two Beam experiments 
did not have a filter-fluorescer measurement for fast 
electrons produced by SRS. The SRS was measured by 
observing the scattered optical light that went back 
into the interaction beam lens. This difference moti- 
vated the installation of a similar optical SRS detection 
system in the Ten Beam chamber for the second f/8 
campaign to better quantify SRS. 

Several issues were left unresolved by the first 
f/S campaign: 

1. The effectiveness of SSD beam smoothing in sup- 
pressing filamentation and how it compared with 
four-color smoothing. 

beam smoothing in suppressing filamentation. 
2. The effectiveness of four-color versus one-color 

3. The low level of SBS. 
4. The low level of SRS inferred from FFLEX. 
5. No real quantification of the characteristics of the 

6. Sidescattering was not quantified. 
transmitted beam. 

Furthermore, the possibility of beams with different 
colors (e.g., four-color) transferring energy when cross- 
ing within the plasma had been raised by experiments 
that showed such an effect in long-wavelength 
(10.6 pm), low-density experiments.** This possibility 
merited investigation in more NIF-relevant plasmas 
using 30 light. 

For the initial f/8 experiments, the peak SBS 
observed from the C5H12 plasmas was less than 6% 
for all irradiation conditions tested. It was therefore 
decided to perform a second series of f/S experiments 
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intensities than those expected in the NIF baseline 
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Ion-Landau Damping Experiments 
To address the issue of low levels of SBS in our NIF- 

like plasmas, we looked at data obtained from plasmas 
that had a reduced level of ion-Landau damping. Some 
experiments carried out at f/4.3 showed that changing 
the material in the target to one with a lower expected 

FIGURE 9. (a) Time- 
integrated SBS reflec- 
tivity from gasbag 
targets containing mix- 
tures of CO, and C3Hs 
(crosses) or C,D1, and 
C,H,, (solid squares). 
The amount of the sec- 
ond material is varied 
and is expressed as 
percentage of ions that 
are protons vs proton 
concentration. (b) PIC 
calculation of SBS 
reflectivity from a CH 
plasma (normalized to 
unity for pure carbon) 
vs proton concentration. 
(c) Time integrated SBS 
backscatter from 
toroidal hohlraums, 
f/8 experiments; (d) 
SBS back-scatter from 
toroidal hohlraums, 
f / 4  experiments. 
(20-07-1095-2442pb01) 

(a) SBS reflectivity measured 

ion Landau damping of sound waves led to a strong 
increase in SBS. Figure 9 shows the results of an experi- 
ment performed at f/4.3 that investigated the effect of 
removing the light ions (protons) from the plasma. 
Since the hydrogen ions in C5Hl2 are lighter than the 
carbon ions, their average velocity is significantly 
higher than that of carbon ions at the same ion temper- 
ature. The presence of these faster protons near the 
phase velocity of the ion-acoustic wave, which is 
pumped by the SBS process, allows them to extract 
energy from the wave and so damp it. 

The data in Fig. 9(a> are from gasbag targets with a 
variety of gas fills. Backscattering levels as high as 35% 
were observed for CO, plasmas, while subtly changing 
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the plasma from C5H1, to C5D12 (i.e., changing protons 
to deuterons) increased the peak SBS from -3% to 
-25%. Both CO, and C,D12 are expected to have lower 
ion Landau damping than C5H,, at the range of ion 
temperatures expected in the experiments.22 The 
higher damping of the C5HI2 plasma arises because of 
the mixing of a light ion (H) that does the damping 
with a heavier ion (C) that determines the sound 
speed. The high thermal speed of the hydrogen rela- 
tive to the ion-acoustic wave speed allows the many 
protons moving at the wave speed to efficiently extract 
energy from the wave, damping the wave and reduc- 
ing the SBS gain. This phenomenon was first reported 
by Clayton23 in low-T,, low-density discharge plasmas 
irradiated with 10.6-pm C02 laser light. The experi- 
ment reported here was the first observation of this 
effect in a high-T,, high-density plasma relevant to ICE 
To demonstrate that the protons within the plasma 
provided the damping, Clayton altered the concentration 
of hydrogen in the plasma and observed the effect on 
the SBS threshold. We performed similar measure- 
ments with our C5D,, and CO, plasmas by adding 
small concentrations of C5Hl.2 or C H to provide more 
protons. The gasbag experiments did not attempt to 
measure an intensity threshold for SBS, but instead 
kept the average intensity in the target fixed and varied 
the proton concentration. 

Figure 9(a) shows the results, which illustrate the 
reduction in total SBS with increasing proton density. 
The SBS that we see has essentially saturated. This 
result has been modeled and essentially reproduced 
with PIC simulations [see Fig. 9(b)]F4 which is interest- 
ing because the ion-Landau damping argument is an 
argument for a reduction in the linear gain for SBS. 
The PIC calculations obviously include this linear 
mechanism plus important nonlinear kinetics effects 
such as particle trapping and nonlinear frequency 
shifts. These latter effects reduce the gain beyond what 
would be calculated with the linear damping only. 
Figure 9(b) shows the calculated SBS reflectivity for a 
CH plasma, as a function of proton concentration, nor- 
malized to unity for pure carbon. The calculation gave 
a reflectivity of about 70% for this case. Note that a 1-D 
PIC simulation always overestimates the SBS reflectiv- 
ity, because 2-D and 3-D effects that can also limit ion 
wave growth are obviously omitted. 

Figures 9(c) and (d) show SBS reflectivity data 
(reflected energy/incident energy of the interaction 
beam) for the toroidal hohlraum experiments. These 
data are from the 1994f/8 series and from subsequent 
experiments carried out at f/4. The figures also show 
the effect of the ion species on SBS reflectivity. The 
reflectivity appears to correlate inversely with the 
Landau damping rates of the SBS ion wave, For these 
hohlraum conditions (Tj/T, = 0.2), the estimated 
Landau damping rates normalized to the ion-acoustic 

3 8  

frequency (vi/wi) for He/H, C,H,,, C5D12, He, and 
CO, are 0.35,0.25,0.15,0.01, and 0.01, respectively. 

enough that the SBS is sensitive to the damping from 
different materials. This effect was not observed in 
exploding-foil experimentsF5 in which the SBS reflec- 
tivities of CH and Ti plasmas were similar, presumably 
because of the large flow gradients (Lv = 300 pm), 
which reduce the effective interaction length because 
of dephasing proportional to the acoustic wave damp- 
ing rate. The total gain is equal to the product of the 
gain rate (-1 /v,> and the interaction length (-vaLD/oa) 
and is then independent of the damping rate. Since our 
results show an SBS reflectivity that is sensitive to 
damping, they may indicate that the interaction length 
is being determined by something other than the 
velocity gradient scalelength L,. We are continuing to 
study the relation between velocity gradients in our 
long-scalelength targets and those expected in NIF 
plasmas. Because our results show an SBS reflectivity 
that is sensitive to damping, they suggest that the 
interaction length is not dominated by inhomogeneities 
such as the global velocity-gradient scalelength L,. 
Fluctuations in the velocity cannot be ruled out, but 
they should be similar in NIF plasmas to those in our 
long-scalelength targets, because the initial gases are 
uniform and nonuniformities are produced by similar 
laser heating processes. 

The phenomenon of enhanced damping by adding 
protons to the plasma will be used in NIF hohlraums by 
filling them with mixtures of H, and He. Calculations 
indicate that this mixture will provide even higher ion- 
Landau damping than in our C,H,, experiments.22 
The LIP calculations for the NIF plasma use the damping 
appropriate for this He/H mixture. The gain exponent 
of 20 for the inner beam SBS taking place in the low-Z 
plasma already takes into account the large ion-Landau 
damping in such a plasma. 

The plasmas we have produced seem homogeneous 

1995 NIF Experiments 
As discussed above, the first round of f/8 

laser-plasma interaction experiments left many issues 
unresolved. After the diagnostic development 
described above, we embarked on a second f / 8  cam- 
paign with the intent of finding the optimum smoothing 
required for the NIF and of determining the beam 
intensity above which laser-plasma instabilities pre- 
vented efficient beam propagation. 

In this section we describe these most recent experi- 
ments and present some of the details of the experimental 
observations that were omitted in previous sections. 
Gasbag, GASBIG hohlraums, and toroidal hohlraum 
targets were all used in these experiments. The, main 
results were that the levels of SRS backscattering were 
higher than inferred previously with the FFLEX 
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technique. The SRS was collimated so that it came back 
straight into the lens. The levels of SBS were even lower 
than those observed previously; in fact, there is the 
distinct possibility that those measurements were con- 
taminated by SRS getting into the SBS calorimeter. The 
levels of backscattering were sensitive to beam smooth- 
ing in the form of SSD and insensitive to differences 
between four-color or one-color beam smoothing. 
Scattering at 2 x 
in NIF designs, but higher intensities produced far 
more SRS. The NBI diagnostic showed that the SBS 
scattered outside the lens multiplied the FABS-only 
number by a factor of 2 to 3 for gasbags, but GASBIG 
hohlraums produced much less symmetric SBS 
backscattering that had as much as a factor of 10 more 
SBS outside f/S than inside it. 

W cmF2 was at a level acceptable 

FIGURE 10. Gasbag 
SBS and SRS spectra. 
(a) Time-resolved SBS 
spectrum; features 
appearing up to 500 ps 
are sidescattering con- 
tributions from the 
nine heater beams 
interacting with a bag 
that is initially cold 
with high density at 
the edge. (b) Time- 
resolved SRS spectrum; 
(c) LIP-calculated gain 
exponent for SBS; 
(d) LIP-calculated gain 
exponent for SRS. 
(20-07-1095-2443pbOl) 
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(a) Gasbag SBS spectrum 

Figures 10(a) and (b) show gasbag SBS and SRS 
spectra recorded in the direct backscatter direction 
with the FABS diagnostic. The data are for a C5H12-filled 
gasbag irradiated with 2.2 x 
color f / S  beam with 1.6 A of SSD beam smoothing. 
Figure 10(a) shows SBS spectra recorded from the gas- 
bag plasma. Early in time (0 to 500 ps) the spectrum 
shows sidescattering from the nine heater beams 
scattering from the cold gasbag. The sidescattering 
contribution is small (-20 J/sr) and fades at later time 
(-500 ps) as the plasma heats up and the density peaks 
at the edge subside. Data taken with only heater beams 
(i.e., no interaction beam) show the same signals up to 
500 ps. At 500 ps, the interaction beam turns on and 
produces a narrow SBS spectrum with a red shift of 
about 10 A. This shift is consistent with that expected 
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for SBS from a stationary C5H,, plasma at 3 keV This 
result can be compared with spectra from exploding-foil 
plasmas, for which the SBS spectrum is usually broad 
and blue-shifted, indicating that it may be coming from 
a plasma that is flowing, giving various amounts of 
Doppler shift to the backscattered light wave. The fact 
that there is no shift other than that expected from con- 
servation of energy is a good indication that the plasma 
is stagnant and that velocity gradients are low. After 
1 ns, the data show a strong reduction in the SBS signal. 

The spectrum in Fig. 10(a) should be compared with 
the LIP gain exponent calculation using plasma 
parameters from a gasbag simulation, shown in Fig. lO(c). 
The calculation shows no gain before 500 ps, because 
the interaction beam is off LIP does not calculate 
sidescattering from the heater beams. After 500 ps, the 
calculation shows a narrow peak in the gain, which is 30 
to 50 until 1 ns and then decreases. At late time, the gain 
exponent is reduced because the plasma is shrinking, 
making less interaction length available for amplifica- 
tion. The gain exponent is also decreasing because the 
ratio of ion to electron temperature is changing. The 
damping of SBS by ion-Landau damping is a strong 
function of this ratio (since the ion temperature deter- 
mines the magnitude and slope of the ion distribution 
function at the ion wave speed, while the electron tem- 
perature determines the speed of the ion wave). At 
1 ns, when the heater beams turn off, the electron tem- 
perature starts to fall and, since the ion temperature 
responds much more slowly, Ti/Te rises rapidly, increas- 
ing the damping of SBS. 

The correspondence between the gasbag SBS data and 
the LIP calculation is encouraging. The narrowness, 
red shift, and time history of the SBS spectrum are con- 
sistent, implying that we can predict the fundamental 
plasma parameters in the experiments. Since the gain 
exponent calculated at early time is 30 to 50, well in 
excess of that calculated in the NIF inner beam (20), the 
measured SBS reflectivity of -0.2% for this experiment 
is promising for the NIF. 

The LIP calculations [Fig. 10(d)I reproduce a number 
of features in the gasbag SRS spectrum shown in 
Fig. 10cb). The time history is interesting: there is a bright 
peak at 570 nm, which is consistent with SRS scattering 
from electron plasma waves in plasma at 9 x 1020 cm-3 
(the average density of the plasma) and a temperature 
of 3.2 keV. The narrowness of the peak is consistent 
with a small range of densities that have sufficiently 
shallow density gradients to permit the growth of SRS. 
This narrow peak is reproduced in the LIP calculation 
shown in Fig. lO(d), but that calculation shows the 
peak at slightly longer wavelength (585 nm). Because 
the peak position depends on both temperature and 
density, it is possible that the disagreement arises 
because the plasma density or temperature is lower in 
the experiment than in the calculation. The peak moves 

towards long wavelengths from 500 ps to 1 ns, consis- 
tent with an increasing temperature, as the heater 
beams continue to deposit energy in the plasma. After 
1 ns, when the heater beams turn off, the peak moves 
back to shorter wavelengths as the plasma cools. The 
peak movement associated with the rise and fall of the 
temperature is visible in the data, but the movement is 
not as great as in the simulation. The narrow SRS spec- 
trum shown in Fig. 10(b) is reminiscent of those seen 
from exploding-foil plasmas, in which only the flat top 
of the density profile results in SRS because of the shal- 
low density gradient there.26 

Another remarkable feature in Fig. 10(b) is the scat- 
tered light that appears between 470 and 550 nm; this 
represents scattering from lower densities (0 to O.ln,), 
which may be present as a result of filamentation. The 
short-wavelength SRS appears and disappears as a 
function of beam smoothing and intensity (as shown in 
Fig. 16, below). Both these parameters affect filamenta- 
tion of hot spots in the beam. The short wavelengths 
also appear in Fig. 10(b) to increase as the plasma 
cools; again, this is consistent with a reduction of fila- 
mentation thresholds as the temperature is reduced. 
These observations are therefore consistent with the 
short-wavelength light coming from filaments where 
the high intensities produced by filamentation are 
needed to overcome the heavy electron-Landau damp- 
ing of the electron plasma wave at such low densities. 

For comparison, Figs. 1l(a) and (b) show SBS and 
SRS spectra from C5H1,-fil1ed GASBIG hohlraum tar- 
gets irradiated with 2.3 x lOI5 W cm-2 with a four-color 
f / 8  beam with 1.6 A of SSD beam smoothing. The small 
amount of scattering seen at early time in Fig. ll(a) is 
light from the heater beams scattering from the thin 
membrane that constitutes the window of the hohlraum. 
The interaction beam is 1 ns long and turns on 1 ns 
after the heater beams; the heater beams have a long, 
shaped pulse that is on for the entire duration of the 
experiment. Once the SBS turns on, it is red-shifted as 
was the gasbag SBS, but it is not red-shifted as much 
and is broader than for the gasbag. Both these observa- 
tions are consistent with a more ramped profile [such 
as that shown in Fig. 3(d)], which has plasma flowing 
towards the observer (back towards the laser entrance 
hole), giving a range of Doppler shifts to the SBS light. 
The SRS spectrum shown in Fig. ll(b) is also consistent 
with scattering from such a ramped profile. The lower 
wavelength SRS (500 to 550 nm) corresponds to densities 
below O.ln, (0.04 to 0 . 1 ~ ~ ~ ) .  These lower densities may be 
on the profile or they may be present in filaments, as 
discussed above for the gasbag data. The time-integrated 
SBS and SRS reflectivities for this shot were 1.3 and 
4.8%, respectively. 

Figure 12 illustrates some of the combined FABS and 
NBI data showing the collimation of the SRS backscat- 
tering and the large blob of SBS from the hohlraum that 
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lies outside the FABS acceptance. The images are made 
by superposing the near-field image of the backscatter 
as seen by the FABS (0 to 3.6") on the image recorded on 
the NBI camera (5.3 to 20") to produce an image that 
covers 0 to 20" from the beam axis (a small annulus is 
missing between 3.6 and 5.3"). The SRS measurement 
is complicated by parallax in the view of the SRS cam- 
era inside the FABS, which results in distortion in the 
central part of the image. The examples shown in 
Fig. 12 are (a) gasbag SBS, (b) gasbag SRS, (c) GASBIG 
hohlraum SBS, and (d) GASBIG hohlraum SRS. The 
SRS images show that the SRS is well collimated. 
While the gasbag SBS image shows that the SBS is cen- 
tered on the lens, that from the GASBIG [Fig. 12(c)] is 
mostly in a blob that is to one side of the lens. This 
energy was missed in our earlier (1994) experiments. 
Figures 12(e) and (0 are more informative, in that they 
show lineouts through the images and express the result 
in joules per steradian per incident joule. The lineouts 
are taken diagonally, such that they pass through the 
blob in Fig. 12(c). This direction is the radial direction 
where the center of symmetry is the long axis of the 
hohlraum. The lineouts show the collimated nature of 
the SBS and SRS for the gasbag target [Fig. 12(e)l. The 
GASBIG lineouts in Fig. 12(f) show that although SRS 
is collimated, the SBS appears about 8" from the beam 
axis. The appearance of the SBS at such an angle may be 
due to deflection of the incoming beam as it filaments in 
the low-density plasma near the laser entrance hole. 
Filamentation in a plasma that is flowing at near the 
sound speed can introduce deflection of the beam.27/28 
If after deflection the beam continues to higher density, 
where direct SBS backscatter is produced, that SBS will 
not necessarily deflect again on the way out of the 

FIGURE 11. GASBIG 
hohlraum SBS and SRS 
spectra. (a) Time- 
resolved SBS spectrum. 
(b) Time-resolved SRS 
spectrum; data from 
FABS direct backscat- 
tering diagnostic. 
(20-07-1095-2444pb01) 
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hohlraum and so will not retrace its path back out of 
the hohlraum. Hence there can be a net deflection of SBS 
that occurs after beam deflection. The direction of the 
deflection is consistent with the direction of deflection 
of the forward-propagating beam in x-ray spot motion 
experiments performed with gas-filled h o h l r a ~ r n s . ~ ~  

Figure 13 summarizes the SBS backscattering data 
for gasbags and GASBIG hohlraums as a function of 
laser intensity and beam smoothing. Figure 13(a) shows 
the new SBS data for gasbags; it is noticeable that the 
backscattering levels are still low and in fact are lower 
than those observed in 1994 (Fig. 8). One explanation 
for this is that the time-integrated SBS signal in the ear- 
lier experiments was contaminated by stray light or by 
contributions from short-wavelength SRS. In these newer 
experiments, we used a diode that (1) was filtered to 
reject everything but SBS light (near 30), (2) had enough 
time resolution to discriminate against stray light 
reflected from objects such as the KDP crystal array, 
within the beam line, and (3) that could be calibrated 
in a similar manner to the SRS diode. The original 
motivation for using the diode in place of the calorime- 
ter was that there was a finite reflection from the KDP 
array that had increased in severity since the first 
experiments and seemed to vary strongly with crystal 
tuning. In the 1994 experiments this stray reflection 
(quantified by observing the calorimeter signal when 
the beamline was fired with no target present) was 
small enough to ignore, but with the new experiment it 
produced random offsets in the signals recorded by the 
calorimeter. The new diode eliminated this problem 
and had the side benefit that it was insensitive to any 
SRS light that would be seen by the SBS calorimeter. 
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(a) Gasbag SBS (b) Gasbag SRS 

(c) GASBIG SBS 
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FIGURE 12. Angular 
distribution of scattered 
light gasbags and 
hohlraums. (a) Gasbag 
SBS; (b) gasbag SRS; 
(c) GASBIG hohlraum 
SBS; (d) GASBIG 
hohlraum SRS; (e), (f) 
lineouts showing angu- 
lar dependence of SRS 
and SBS: (e) gasbag tar- 
get; (f) GASBIG target. 
(20-07-1095-2445pbOl) 
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Figure 13(a) shows the peak SBS reflectivity into f/S, 
for the gasbag targets. There has been no attempt to 
include the contribution due to near-backscattered 
light. Again, that contribution increases these numbers 
by a factor of 2 to 3, but the scattered light levels are so 
low that stray light transmitted by the target striking the 
NBI plate reduces the precision of the NBI measurement, 
which then is only good on high-SBS shots. Therefore 
it is not possible to show the intensity scaling of the 
data. Figure 13(b) shows similar SBS data for GASBIGS 
hohlraums; again the NBI contribution has been omit- 
ted (the detector malfunctioned on some of the shots), 
but here the correction factor for the NBI is 6 to 10. In 
both sets of data it is evident that the addition of SSD 
reduces the SBS backscattering but that there is no 
obvious benefit to using four-color smoothing. 

Figure 14 summarizes the SRS backscatter data for 
gasbags and GASBIG hohlraums as a function of laser 
intensity and beam smoothing. Figure 14(a) shows the 

data for gasbags. The quantity plotted is the time- 
resolved SRS reflectivity at the point of maximum 
plasma temperature (i.e., when the heater beams turn 
off at 1 ns). The reflectivities for four-color and one-color 
beam smoothing approach 10% for the NIF intensity of 
2 x 
additional SSD smoothing are closer to 5%. Figure 14(b) 
shows similar data for the GASBIG hohlraums; the 
SRS levels at 2 x lOI5 W cm-2 are similar to those for 
the gasbag plasmas. The data in both Figs. 14(a) and 
(b) have had the contributions due to the NBI added 
and have been scaled to account for energy that would 
fall into the annulus between 3.6 and 5.3". These SRS 
numbers therefore represent the total reflectivity into a 
cone up to 20' around the beam axis; however (for SRS), 
most of that energy is within the originalf/S solid angle. 

The SRS signals are stronger than previously inferred 
using the FFLEX x-ray technique. An explanation of 
this discrepancy is that the low phase velocity of electron 

W cm-2; the values for experiments that used 
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plasma waves in O.lnc plasma produces low-velocity 
electrons as the electrons damp the wave. Hence we 
expect electron energies of 10 to 20 keV to be produced 
by the SRS that we are detecting. The FFLEX technique 
is flawed in a gas-filled hohlraum because a significant 
fraction of any 10-keV electrons will be stopped in the 
gas (range 400 pm) before they reach the wall. Thus if 
they produce x rays as they are slowed, it will be through 
bremsstrahlung resulting from interactions with the 
lower-Z gas ions rather than with Au. The radiation 
production scales as Z,  so carbon is much less efficient 
than Au. (The FFLEX analysis requires a knowledge of 
the Z of the plasma ion.) Even worse, the x rays that 
are produced cannot then get out of the hohlraum, 
because the opacity of the Au wall is high for x rays 
below 40 keV. Hence the FFLEX diagnostic was useful 
when the fast electrons that were being detected were 
100 keV, such as are produced at 0 . 2 5 ~ ~ ~ ;  FFLEX is not 
useful at the low ne/n, encountered in 30  experiments 
unless the target has a well-defined Z and has a low 
opacity to the x rays that are produced. The up side of 
all this is that 10- to 20-keV electrons are not a preheat 
threat. The FFLEX is sensitive to electrons that are a 
preheat threat, because significant quantities of 100-keV 
electrons could preheat a capsule while 10- to 20-keV 
electrons would not penetrate the capsule ablator. 

Figure 14(c) shows x-ray filter-fluorescer (FFLEX) 
data from a gasbag shot fired with 10 heater beams 
(Le., Beam 7 was also configured as a heater beam, with 
no RPP or bandwidth and with the same f/4.3 focus as 
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the other heater beams) with a total energy of 25 kJ. This 
setup allowed us to measure the optically scattered SRS 
on Beam 7 (150 J, 6%) and then (by assuming that all 
beams were the same) to estimate a total scattered SRS 
level of 1500 J for the target. The FFLEX data in Fig. 14(c) 
were fitted to a suprathermal-electron temperature of 
17 keV, which is consistent with electrons accelerated 
by damping of electron plasma waves due to SRS at 
O.lnc, which is the plasma density expected. The SRS 
optical spectrum (not shown) peaked at 560 nm, also 
consistent with O.ln,. 

The amount of fast electrons inferred from the spec- 
trum, in Fig. 14(c), is 680 J assuming that the x rays are 
produced by electrons colliding with the C and H in 
the C5HI2. Hence the ratio of electron energy to SRS 
optical light is 1:2.2. The expected division of energy 
between the electron plasma wave and the scattered 
light wave at O.lnc is 1:1.7, implying that there should 
be 880 J of fast electrons. Although we detected 680 J, 
our estimate of the energy transferred to the electrons 
does not take into account ways, other than electron 
Landau damping, by which energy can be removed 
from the electron plasma waves. We conclude that the 
FFLEX provides a useful time-integrated diagnostic of 
SRS losses if the converting material is known and the 
target is optically thin to the radiation produced by the 
electrons. Even in hohlraums, however, the FFLEX is a 
useful monitor of the electrons (50 to 100 keV) that are 
capable of preheating the capsule. 

As mentioned above, the final test for beam propaga- 
tion through a NIF plasma is to show that there are no 
adverse effects to the light that has propagated through 
such a plasma. Figure 15 shows a summary of the 
transmitted light from the f/S experiments with gasbag 
plasmas. The quantity plotted is the time-integrated 
transmission of the interaction beam through the gas- 
bag. Since the laser light is being absorbed by inverse 
bremsstrahlung, the transmission at any instant is a 
function of the temperature and density of the plasma. 
Using LASNEX-generated density profiles, the expected 
transmission of the gasbag is 41 % for a peak temperature 
of Te =3.2 keV and 37% for Te = 2.8 key The transmission 
values in Fig. 15 are consistent with these numbers for 
NIF-relevant intensities (up to 2 x lox5 W cm-*) but 
drop below this value as the intensity is increased above 
2 x W cmP2. Possible explanations for the decrease 
in transmission at higher intensity are increased losses 
due to SRS backscattering and spreading of the trans- 
mitted beam outside the detector solid angle. The 
time-integrated SRS for many of the shots above 
4 x 
to fast electron generation (1 /1.7 times the scattered 
optical energy) results in a total time-integra ed "loss" 

25% "loss" will reduce the expected transmibsion to 
31% and 28% for peak temperatures of 3.2 and 2.8 keV. 

W cmP2 approached 15%. Adding in losses due 

to SRS of order 25% for the higher-intensity s hots. This 
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(The energy put into fast electrons is not really a loss, 
because the energy will stay in the plasma as the elec- 
trons are rapidly thermalized). The time-resolved 
aspects of these data are still being studied to correlate 
the SRS and transmitted beam as a function of time. 

One interesting aspect of the data shown in Fig. 15 
is that the highest transmission is seen in experiments 
with four-color beam smoothing. This is consistent with 
four-color smoothing providing better suppression of 
filamentation and therefore less losses due to parametric 
processes or beam breakup due to filamentation. 
However, none of the backscattering data shows any 
reduction in reflectivity with four-color smoothing. 
This inconsistency is under study. 

Raman scattering. Spectral measurements of forward 
SRS (400 nm < h < 900 nm) within 0.2 sr of the probe 
beam center show spectra that do not appear to depend 
on the presence of the probe beam. We observe no 
detectable change in the spectra for similar experiments 
with the probe beam on or off. The measured spectrum 
appears to come almost entirely from the sidescattered 
SRS produced by the heater beams. The level of this 
sidescattering is about 10 J/sr (wavelength-integrated). 
We estimate an upper bound on the forward SRS level 
only from the probe beam to be less than about 5% of 
the heater beam sidescattering, or about <0.5 J/sr 
(wavelength-integrated). 

Figure 16(a) shows time-integrated backscattered 
SRS spectra from targets shot with different intensity 
or beam smoothing. The short-wavelength SRS appears 
and disappears with changes in the beam smoothing 
and laser intensity. The lowest intensity case shows 
very little short-wavelength SRS, while the case with 
four-color smoothing and 2 x 1015 W cm-2 shows sig- 
nificant reflected light at short wavelength. The addition 
of 1.6 A of bandwidth reduces the peak reflectivity but 
also greatly reduces the short-wavelength SRS. Since 
the short-wavelength SRS is probably associated with 
low densities in filaments, the above observations are 
consistent with suppression of filamentation in the lower 
two curves by low intensity or by SSD. Figure 16(b) 
shows the results of an F3D calculation of the filamen- 
tation of an f/S beam in a O.lnc plasma at 3 keV. The 
plot shows the lowest density present within filaments 
as a function of average laser intensity for four-color 
smoothing and four-color with additional SSD smooth- 
ing. On the axis at right the density is converted to an 
SRS wavelength assuming 3 keV. The onset of filamen- 
tation in F3D occurs at 2 x 1015 W cmP2 and correlates 
with the appearance of the short-wavelength SRS in 
the data. Hence we may be able to use the short-wave- 
length SRS as a measure of beam filamentation. 

A similar effect is seen in the late-time behavior of 
the SRS spectra, where the short-wavelength SRS 
appears as the plasma cools and filamentation thresholds 

A secondary goal of the TBD was to quantify forward 
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go down. This increase in filamentation sometimes 
coincides with an increase in the SRS reflectivity, 
because intensities are higher in filaments, but also the 
damping of SRS by electron Landau damping is a 
strong function of temperature near 3 keV (where 
khD = 0.3). Hence the higher intensities from increased 
filamentation can conspire with the reduced damping 
to increase SRS reflectivity as the plasma cools, making 
time resolved data analysis important. 

(a) Backscattered SRS spectra 
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FIGURE 16. (a) Time-integrated backscattered SRS from targets with 
various intensity or beam smoothing. (b) F3D calculation of filamen- 
tation of an f/8 beam in a O.ln, plasma at 3 keV. Plot shows lowest 
density present within filaments vs average laser intensity for four- 
color smoothing with and without additional SSD smoothing. 
(20-07-1095-2449pbOl) 
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Crossed-Beam Experiments 
The presence of multiple laser beams with substantial 

bandwidth in the next generation of ICF experiments 
will allow a new class of laser-plasma instabilities to 
take place in which energy from a high-frequency beam 
is scattered into a low-frequency beam. The mechanisms 
for these interactions are the same as for the stimulated 
backscattering instabilities that have been studied for 
many years in single-color, single-beam experiments. 
These instabilities grow from plasma wave noise that 

(a) Crossed-beam expts: transmission 
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FIGURE 17. Crossed-beam experiments. (a) Typical transmitted 
light signal; (b) amplification vs tuning of pump with respect to 
probe beam. (20-07-1095-245Opb01) - 

scatters the incident beam. The interference of the inci- 
dent and scattered light creates a ponderomotive force 
on the plasma that reinforces the amplitude of the scat- 
tering plasma waves and causes both scattered and 
plasma waves to grow. The new instability arises when 
two laser beams cross with different frequency spectra. 
When the frequencies and crossing angles match, the 
lower-frequency beam can act as a seed for the 
sidescattering from the higher-frequency beam. The 
lower-frequency beam is then amplified by the transfer 
of energy from the higher-frequency beam. This type 
of interaction is important both because it can potentially 
occur near the laser entrance hole of an indirect-drive 
target and affect the drive symmetry and because it 
provides an opportunity to study fundamental 
backscattering processes in experiments in which both 
the incident and scattered frequencies can be controlled. 

Experiments have been carried out at Nova in the 
past year to study the energy of two beams crossing in 
a plasma with parameters similar to those expected in 
NIF hohlraums. The beams cross at a 53” angle and have 
slightly mismatched frequencies, so that the frequency 
difference is close to the frequency of the resonant ion- 
acoustic wave, and Brillouin sidescattering is seeded. 
The power transmitted through the plasma by the low- 
frequency probe beam is measured as a function of 
time by the TBD. The amplification is determined by 
comparing an experiment in which the high-frequency 
pump beam is present with one in which it is absent. 
As shown in Fig. 17(a), the transmitted power rises 
rapidly after the pump beam is turned on to a value 
well above what is measured when the pump is off. It 
has been demonstrated that as much as several hundred 
joules of energy can be transferred during a 1-ns inter- 
action time, resulting in an amplification of the probe 
beam by a factor of as much as 2.5. Further, it has been 
shown that energy transfer occurs only when the 
difference in the beam frequencies is as large as the fre- 
quency of the resonant ion wave, corresponding to 
Ah = 0.5 nm in Fig. 17(b). Further experiments are 
planned to measure the gain vs frequency curve and to 
directly study the spatial gain rate of Brillouin scatter- 
ing in laser plasmas for the first time.30 

Nova Scale-1 Hohlraum 
Experiments 

Most of the diagnostics described above were 
specifically developed for the long-scalelength plasma 
experiments, but their larger field of detection made 
them very useful in other experiments. There is a 
significant, ongoing effort to understand radiation con- 
version in gas-filled hohlraums. These experiments use 
standard “scale-1” Nova hohlraums and a shaped 
drive pulse that has rapid rise to a ”foot” power of -1 
TW/beam, followed by a gradual ramp up to a peak of 
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about 2 TW/beam at -1.5 ns. This is the standard PS22 
pulse used in the symmetry experiments described in 
the article ”Nova Symmetry: Experiments, Modeling, 
and Interpretation (HLP3 and HLP4)” on p. 293 of this 
Quarterly. The total pulse duration is - 2.2 ns; Fig. 20 
shows examples. Measurement of the backscattering 
from such hohlraums showed that energy loss due to 
reflection by SBS and SRS played a significant role in 
determining the hohlraum energetics. 

tering levels observed from the gas-filled hohlraums 
for various gases and the standard, empty Nova 
hohlraum. The scale-1 results are all for unsmoothed 
Nova beams. The quoted reflectivities include contribu- 
tions from the NBI. For the scale-1 gas-filled hohlraums, 
the NBI detects a large fraction of the SBS, which 
appears in a blob similar to that seen with the GASBIG 
hohlraums [Fig. 12(c)]. The total backscattering losses 
for gas-filled hohlraums often exceed 15%. Time-resolved 
measurements show that the peak loss to SBS and SRS 
combined can be as high as 40% in some targets. LIP 

Table 1 summarizes the (time-integrated) backscat- 

TABLE 1. Summary of scattered light levels from NIF-scale and 
Nova scale-1 hohlraums. 

NIF scalea Nova scaleb 
Gasbag Large hohlraum Scale-1 hohlraum 

0.5-1.01015 2x1Ol5 1 ~ 1 0 ~ ~  2x1Ol5 Au CH, C,H, C5H,, 

SBS<I% <I% -0.1% 1.3% 6.5% 9% 11% 4% 
SRS1-2% 4-8% 1.5% 5% 2.5% 5% 12% 14% 

aAll with smoothed “NIF beam. 
bAll with unsmoothed beams. 

FIGURE 18. Scale-1 
hohlraum experiments. 
(a) LIP gain calculation 
for a methane-filled 
scale-1 hohlraum; peak 
gain exponent is -30 
late in the pulse; (b) LIP 
calculation for propane; 
peak gain exponent is 
-20 late in the pulse. 
(20-07-1095-2451 pbOl) 

h 

I v 

(a) CH, (LIP) 
2 

1 

calculations of the expected SBS and SRS gain, using 
plasma conditions from 2-D LASNEX hydrodynamic 
calculations and average beam intensities, show that 
although peak gains for SBS are quite high (-30 for 
both propane- and methane-filled hohlraums), the SRS 
gain exponents are lower (-20). 

The SBS gain exponents calculated for the scale-1 
gas-filled hohlraums are similar to or higher than that 
calculated for the NIF outer beams [Fig. 2(c)I within 
the Au part of the plasma. Hence in some ways the 
scale-1 hohlraums let us study that particular problem. 
The gasbag plasmas mimic the low-Z part of the NIF 
SBS problem, but of course have no plateau of Au to 
grow SBS at shorter wavelength. The LIP calculations 
of the SBS gain exponent are shown in Figs. 18(a) and 
(b) for methane and propane, respectively; both show 
a peak gain late in time that is red-shifted by 2 to 3 A 
from 30 and corresponds to SBS occurring in the Au 
shelf that has been ablated from the Au wall by radia- 
tive and laser ablation. A time-resolved SBS spectrum 
from each hohlraum is shown in Figs. 19(a) and (b). 
The data do not bear much resemblance to the spectral 
features of the LIP calculations. In particular, the SBS 
peak sweeps across the spectrum from 8 A red shifted 
to 3 A blue shifted. This feature could be due to SBS 
growing in the slow-moving Au near the wall at early 
time. As the pulse intensity ramps up, the point at 
which SBS grows moves out towards the laser entrance 
hole, where the faster-moving plasma imposes a blue 
shift on the scattered light. Such a motion would be 
consistent with the beam filamenting further out (at 
lower density) as the intensity ramps up. 

tially averaged in the transverse direction, while the 
The LIP calculations assume a beam intensity spa- 
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experiments not only have the short-wavelength speckle 
structure described earlier but also have longer-wave- 
length intensity modulations due to the aberration of 
the Nova beam when it is used without a random phase 
plate. If we clean up the Nova beam to make it look 
more like the LIP assumptions, i.e., put on a random 
phase plate to get rid of the long-wavelength structure 
and use SSD beam smoothing to reduce the short-wave- 
length structure, we get the results shown in Figs. 19(c) 
and 19(d). These figures show the time-resolved SBS 
spectra from gas-filled hohlraums irradiated with such 
a smoothed beam. As can be seen by comparing Figs. 18 
and 19 for methane and propane, the smoothed-beam 
data approaches the LIP calculation both in terms of 
time history and spectral location. The unsmoothed 
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(a) SBS backscattering CH, 
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data showed reflected SBS that swept from red shifted 
to blue shifted as a function of time. The SRS data from 
these shots (not shown) also showed a significant 
amount of the SRS coming from low density (-0.02nc), 
where the LIP calculations showed very low gain 
exponents. The application of beam smoothing moved 
the density at which SRS peaked closer to O.lnc, more 
consistent with the LIP calculations. 

The SBS and SRS reflectivity from the scale-1 
hohlraums also dropped when beam smoothing was 
applied. Figure 20 summarizes the time history of the 
scattered light from the data shown in Fig. 19. For 
methane, with standard Nova beams [Fig. 20(a)l, the 
SRS and SBS are 6% and 11% respectively; with beam 
smoothing [Fig. 2O(c)l, the time-integrated SRS and SBS 
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FIGURE 19. Observed 
SBS backscattering 
from scale-1 hohlraums. 
(a) methane-filled; 
(b) propane-filIed; 
(c) methane-filled, with 
SSD beam smoothing; 
(d) propane-filled, with 
SSD beam smoothing. 
(20-07-1 095-2452pbO1) 
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are 0.1 % and 1.4%. For propane the numbers are 11 % and 
13% before smoothing [Fig. 20cb)l and 1.7% and 1.5% 
after smoothing Fig. 20(d)l for SRS and SBS, respectively. 

These results are encouraging for two reasons: 
1. They indicate that if beam smoothing were applied 

to all ten arms of Nova, we would be able to couple 
significantly more energy into the gas-filled 
hohlraums. The implication (which we will explore 
in future experiments) is that backscattering losses 
from higher-temperature hohlraums that have 
higher densities and higher laser intensities may 
be reduced by smoothing. 
The fact that the gain in the Au plasma predicted by 
LIP calculations for scale-1 hohlraums is comparable 
with that for the NIF outer-beam SBS implies that 
the smoothed-beam results also apply to the NIF 
SBS. Note that on the NIF, the beam intensity at the 
Au wall will be 1015 W cm-2 [Fig. l(c)], while in our 
smoothed-beam hohlraum experiments we have an 
intensity of 2.5 x lox5 W cmP2. Hence with a smaller 
target we are mimicking the expected gain exponent 
on the NIF outer beam in the Au and find that with 

2. 

Conclusion 
We have demonstrated that, with appropriate plasma 

composition and levels of beam smoothing, stimulated 
scattering in NIF-scale hohlraums can be limited to a 
few percent for the NIF range of intensities, I = 5 x 1014 
to 2 x 1015 W cm-2. At this level, stimulated scattering 
is not expected to have a significant effect on either the 
energetics or the symmetry of NIF hohlraums. Also, in 
the NIF intensity range, the light transmitted through 
the NIF-scale plasmas is consistent with calculations. 

Using specially constructed gas-filled plastic bal- 
loons and large-scale hohlraums, we have been able to 
produce plasmas, using 8-9 of Nova’s beams, whose 
density, electron temperature, velocity gradient, and 
integral interaction path length reproduce the condi- 
tions in the low-Z interior of NIF hohlraums. A single 
Nova beamline was modified to simulate an f/8 cluster 
of four NIF beams in which the wavelength of each 
beam could differ from that of the others by a few 
angstroms. Diagnostics were implemented to measure 
the transmitted laser light and light scattered by SBS 
and SRS. We measured scattering levels for a variety of 

beam smoothing we can produce low SBS reflectivity. smoothing techniques that couldbe implemented on 

(a) Scale-1 backscattering: methane 
3 FIGURE 20. Scale-1 

hohlraum backscatter- 
ing pulse shapes. 
(a) Standard beam con- 
ditiorung, methane- 
filled; 03) standard 
condihoning, propane- s 
filled; (c) SSD, 
methane-filled; 
(d) SSD, propane-filled. $ 
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the NIF, including one- and four-color beams with 
Wl‘s only or with 1.6 A of SSD for temporal smoothing. 

For all beam-smoothing schemes and for all intensi- 
ties of interest to NIF, we find that SBS levels can be 
limited to -1% if the ion-acoustic wave is sufficiently 
damped. This can be achieved by adding hydrogen as 
a minority species in the low-Z gas fill. 

At an intensity of 5 x 1014 W cm-2 (the low end of 
the NIF range), SRS is also limited to a few percent for 
all smoothing schemes. However, at an intensity of 
2 x 1015 W crnP2, near the upper end of the NIF range, 
SRS is about 10% with RPPs only. With 1.6 A of SSD, the 
SRS is limited to about 4 to 5%. With SSD, the frequency 
spread of SRS is reduced, consistent with theoretical 
expectations of reduced plasma filamentation with 
SSD. There appears to be no benefit to having separate 
frequencies for each of the four beams, with or without 
SSD. In fact, experiments to explore coupling between 
beams crossing in the laser entrance hole show that it 
is possible to transfer energy from one beam to another, 
potentially affecting hohlraum symmetry, when the 
frequency difference between beams matches the ion- 
acoustic frequency. 

Although the gasbags and large hohlraums provide 
a plasma that is a good match to the low-Z interior of a 
NIF hohlraum, neither reproduces the conditions of a 
NIF hohlraum near the high-Z wall. The gas balloon 
has no high-Z wall, and (because of their size) little 
laser energy reaches the wall in the large hohlraums. 
However, we find that standard Nova scale-1 hohlraums 
have conditions in the high-Z wall that are very similar 
to those of NIF hohlraums. This is because the high-Z 
conditions are set by inverse bremsstrahlung and x-ray 
emission and not by the hohlraum scale. Since stan- 
dard Nova gas-filled hohlraums have a laser intensity 
comparable to that of the NIF, the inverse bremsstrahlung 
absorption lengths (of a few hundred micrometers) are 
also comparable. Although the high-Z shelf is short, it 
is relatively high density (-0.2nC), has only weak veloc- 
ity gradients, and has weak Landau damping, so that 
the gain for SBS can be quite high. Without smoothed 
beams, SBS levels in Nova gas-filled hohlraums are about 
lo%, mostly from the Au shelf. As in the case of the 
low-Z interior, a low-mass minority plasma can provide 
increased Landau damping to suppress SBS in the high- 
Z plasma near the wall. We are presently studying this 
idea, which has application to the NIF. We also find 
that SBS in the scale-1 hohlraums can be suppressed 
with sufficient beam smoothing, even without adding 
a low-Z minority species. 

More work remains to be done to fully characterize 
the range of operating conditions for NIF ignition 
hohlraums. There would be a substantial benefit if we 
could extend the range of hohlraum temperatures 
above that specified for the nominal ignition targets. 
This would require that hohlraums be operated above 

the nominal intensity and plasma density range. We 
have not yet determined the optimum combination of 
beam smoothing and plasma composition for controlling 
stimulated scattering, but the techniques examined so 
far result in low levels of stimulated scattering, and 
can all be implemented on the NIF. 
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Appendix: Nova Technical Contract 
as presented to the 1990 NAS Review of ICF 

Physics Program 
The primary focus of the Lawrence Livermore 

National Laboratory (LLNL) Program has been, and 
will continue to be, x-ray driven "indirect-drive" inertial 
confinement fusion (ICF). The physics of this approach 
is naturally divided into capsule physics and driver/ 
hohlraum development. As a result, the LLNL target 
physics program has two principal elements: 
1. The Hydrodynamically Equivalent Physics (HEP) pro- 

gram to address the capsule physics associated with 
ignition and gain. Elements of this program include: 

hydrodynamic stability, 
the effects of drive nonuniformity on capsule per- 
formance, and 
the physics associated with ignition (energy gain/ 
loss to the fuel) in the absence of alpha deposition. 

2. Hohlraum Laser-Plasma Physics (HLP) to address 
driver-plasma coupling, generation and transport 
of x-rays, and the development of energy-efficient 
(i.e., coupling of the driver energy to the capsule) 
hohlraums that provide the appropriate x-ray drive 
(spectral, temporal, and spatial) to a high-perfor- 
mance capsule. 
While meeting specific milestones is important, the 

emphasis of the target physics program is to demon- 
strate and refine our ability to model/predict target 
performance, particularly those aspects that scale to, and 
influence, ignition and gain. The LLNL Program is thus 
directed toward instilling confidence in the successful 
outcome of ICF and of specifying the performance and 
characteristics of both the driver and target required to 
achieve these objectives. 

We expect to undertake and complete the HEP and 
HLP elements described here in 2 to 3 years, depend- 
ing upon the funding level available. 
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Capsule Physics (HEP) 
An extensive program addressing the implosion 

physics of ignition and gain is presently underway on 
Nova. The goal of this effort is to further develop and 
demonstrate a quantitative and predictive understand- 
ing of the performance of capsules (properly scaled 
from ignition/gain design ) including the effects of 
hydrodynamic instability nd x-ray drive nonunifor- 

target and a detailed knowledge of the hohlraum envi- 
ronment). The extensive diagnostics used in the HEP 
program also allows confirmation of our ability to model 
ignition physics in imploding capsules, Le., the balance 
between PdV work and electron conduction and radia- 
tive losses in the fuel in the absence of alpha heating. 

The HEP experiments use both planar targets and 
capsules with/without prescribed perturbations (in 
capsule fabrication or x-ray flux uniformity). The tar- 
gets do not include cryogenic fuel configurations. The 
experiments are extensively diagnosed with x-ray and 
neutron diagnostics including x-ray backlighting. The 
experiments also emphasize pulse-shaped drive to 
enable minimum entropy implosion trajectories to be 
examined. The pulse shapes are properly scaled from 
ignition/gain target requirements. 

the pulse shaping and the reduced levels of preheat 
from high-energy photons and superthermal electrons 
lead to noncryogenic implosions with final fuel and 
pusher (CH, or SiO,) densities in the range of 40 g/cm3 
and 100-200 g/cm3, respectively. 

The HEP program is divided into five specific goals 
(HEP1-HEP5) described below. 

mities (with known initial 9 abrication tolerances of the 

Although not principal objectives of the HEP program, 
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HEPl Summary of Tasks 
To demonstrate increased fuellpusher compressions with 

high contrast pulse shaping using noncryogenic targets. 
These experiments have been successfully conducted, 
but due to the high compressions achieved, limited 
diagnostics were employed. For example, the pusher 
and fuel density increase were inferred from a mea- 
surement of the pusher areal density PAR. 

HEPl Goals 
To diagnose fuel densities in the range of 2 0 4 0  glcm3 

inferred from measurements of fuel areal density pR using 
advanced neutron-based diagnostics. This quantity and 
other features of target performance (neutron yield, 
ion temperature, fusion burnwidth) will be modeled 
considering both hydrodynamic stability and x-ray 
flux nonuniformities. 

HEP2 Summary of Tasks 
To measure reduced growth and early nonlinear behavior 

of the Rayleigh-Taylor (RT) instability at the ablation sur- 
face for x-ray driven targets. The goals of HEP2 are to 
experimentally demonstrate and model reductions in 
the growth rate of the RT instability due to finite density 
gradients and mass advection at the ablation surface. 
Planar targets with single fourier component areal 
density variations will be examined over a range of 
peak TR and with pulse shaping. Initial perturbations 
will be small and the acceleration history designed so 
that linear analysis is (ka,<<l) valid for large growth 
factors (3  to 5 e-folds). Successful experiments to date, 
on which the HEP2 project is based, have observed 
-1 e-fold of growth rather than the 2 to 3 e-folds pre- 
dicted if finite density gradients and mass advection are 
not included. Perturbation wavelength and material 
opacity will be varied to establish an extensive database 
for comparison with detailed numerical simulation. 
The tasks in HEP2 will also include planar targets to 
simulate the ablation physics of HEP4 and HEP5 
capsules. These targets use CH ablators doped with 
intermediate atomic number elements to control 
hydrodynamic stability. Experiments will include 
shock wave propagation and other appropriate mea- 
surements to confirm our overall understanding of the 
hydrodynamic behavior of such targets. 

The experiments will also address early nonlinear 
behavior such as harmonics (due to bubble and spike 
growth) and examine mode coupling. In these latter 
experiments, the foils will nominally have two initial 
perturbation wavelengths. 

HEP2 Goals 

surface >30 from which reducfions in the classical RT 
To obserne single-mode growth factors at the ablation 

growth rate of 2 to 3 are inferred. The experiments will 
use planar targets driven by x-ray ablation at several 
peak TR ranging from 150 eV < TR < 220 eV. Experiments 
will be compared with detailed simulations to confirm 
our ability to model RT growth at the ablation surface. 
Targets of various composition (including doped CH 
ablators) will be used to confirm our ability to properly 
account for plasma opacity in modeling the x-ray 
driven hydrodynamics. 

To observe early nonlinear behavior (harmonics) and 
mode coupling. Planar targets with single or multiple 
fourier components will be used. Detailed comparison 
with numerical simulations to demonstrate our ability 
to model this nonlinear behavior will be made. 

HEP3 Summary of Tasks 
To analyze implosion experiments using capsules with 

deliberately perturbed surface finishes to validate mix models 
with a multimode initial noise spectrum. These "bumpy 
ball" experiments are designed to validate our multi- 
mode hydrodynamic mix models. Detailed time-resolved 
x-ray spectroscopy of dopant materials in both the fuel 
and pusher are used to infer mix and to compare with 
our modeling of both mix and its effect on the imploded 
state of the fuel. While the growth factors for these 
experiments are approximately 10 to 30 for 10 5 1 5 30 
(compared with growth factors of -500 for ignition/ 
gain targets), the initial surface perturbation amplitudes 
are sufficiently large (0.1 < a, 5 0.2 pm for 10 I 1 230) 
to result in diagnosable mixing between the pusher 
and fuel. The target convergence is limited to 5 10 so 
that the effects of drive asymmetry on target performance 
are limited. Targets with no deliberately fabricated sur- 
face perturbations are used for control and a well 
defined "null." 

HEP3 Goals 
To observe pusherlfuel mix that is dependent on initial 

target surface quality using x-ray spectroscopy. Targets use 
an initial multimode spectrum of surface perturbations. 
The implosion is designed for overall hydrodynamic 
mix growth factors of 10 to 30. Peak hohlraum temper- 
atures of >200 eV will be used. Detailed comparison of 
experimental results with numerical simulations employ- 
ing multimode mix modeling will be performed. 
Experiments will include targets with no deliberately 
perturbed surface finish as "null" comparisons. 

In addition to the HEPZ through HEP3 objectives, to 
conduct a series of sophisticated experiments, which directly 
address the hydrodynamic stability of the Nova Upgrade 
ignition targets. For example, these experiments will 
diagnose the performance of capsules when the insta- 
bility growth factors (including both linear and, where 
appropriate, nonlinear behavior) as a function of 1-mode 
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number are similar to that of ignition gain target 
designs. Other features of the experiments, such as 
achievable implosion velocity and convergence, will be 
either limited or influenced by the existing capabilities 
of Nova. For example, the limited number of Nova 
beams (10) will limit the drive uniformity and thus 
capsule convergence before degradation from one- 
dimensional (1-D) performance will be expected. The 
Nova Upgrade addresses this limitation by the use of a 
large number (N > 200) of independent beamlets. 
Specific laser technology issues addressable on Nova 
that impact drive uniformity and that are required for 
the Nova Upgrade will be demonstrated as part of the 
Precision Nova program. Issues include beam-to-beam 
power balance and beam pointing. 

eling will specifically identify the performance and 
flexibility required of the Nova Upgrade and will 
further validate our predictive capability of capsule 
performance including both hydrodynamic stability 
and drive nonuniformity. 

address these issues. The two projects differ primarily 
in the associated capsule convergences, which impact 
the choice and applicability of the target diagnostics. 

These experiments, HLP4, and the associated mod- 

The HEP4 and HEP5 experimental programs 

HEP4 Summary of Tasks 
To analyze implosion experiments to convergences of -10 

with overall hydrodynamic mix growth factors of 100 to 500 
for an 1-mode spectrum similar to ignition target designs. 
These experiments, which will make use of techniques 
developed in HEP3, will use plastic D2-filled capsules 
whose hydrodynamic stability (number of growth 
factors) is varied by target design and by selective dop- 
ing of the ablator and/or fuel. The targets will use 
pulse-shaped drive with peak TR 5 230 eV. Capsule 
convergences will be limited to -10 so that the effects 
of drive nonuniformity on capsule performance will be 
minimized. The growth factors will be systematically 
varied from -10 to levels exceeding that of ignition tar- 
gets (peak growth factor -500). This systematic varia- 
tion in hydrodynamic stability will also ensure that the 
effects of drive asymmetry are isolated. 

HEP4 Goals 
To compare detailed diagnosis and modeling of D2-filled 

plastic capsules with doped ablators to control hydrodynamic 
stability. Diagnostics will be primarily (but not exclu- 
sively) x-ray based. Hydrodynamic instability growth 
factors will range from 10 to 500 in an 1-mode spec- 
trum, similar to ignition designs (i.e., maximum growth 
at 1 = 30). 

at a peak TR < 230-250 eV and will be limited to 
Targets will be imploded with pulse-shaped drive 

convergences of 5 10 to minimize the effects of x-ray 
flux nonuniformity. 

HEP5 Summary of Tasks 
To analyze implosion experiments to convergences of -20 

to 40 with overall hydrodynamic mix growth factors of 100 to 
500 for an 1-mode spectrum similar to ignition target 
designs. These experiments, which will make use of 
techniques developed in HEP3 and HEP4, will use 
plastic D2- and DT-filled capsules whose hydrodynamic 
stability (number of growth factors) is varied by target 
design and by selective doping of the ablator and fuel. 
The targets will use pulse-shaped drive with peak 
TR <, 230eV. 

HEP5 is similar to HEP4 with the exceptions of 
higher target convergence (20 to 40) and a reliance on 
both x-ray and advanced neutron-based diagnostics to 
measure imploded core conditions. As stated above, 
the convergence will be limited by Nova’s finite number 
of beams and will be as large as possible commensurate 
with diagnosability (the majority of measurements will 
rely on target emission). Convergences in the range of 
20 to 40 are expected. As in HEP4, the growth factors 
will be systematically varied from -10 to levels exceed- 
ing that of ignition targets (peak growth factor -500). 
This systematic variation in hydrodynamic stability 
will enable the effects of drive asymmetry to be isolated 
from that due to mix from higher 1-mode target fabri- 
cation “noise” sources. 

HEP5 Goals 
To compare detailed diagnosis and modeling of D2- and 

DT-filled plastic capsules with doped ablators to control 
hydrodynamic stability. Diagnostics will be neutron and 
x-ray based. Hydrodynamic instability growth factors 
will range from 10 to 500 in an 1-mode spectrum, simi- 
lar to ignition designs (i.e., maximum growth at 1 = 30). 

Targets will be imploded with pulse-shaped drive at 
a peak T, < 230-250 eV. Convergences will be in the 
range of 20 to 40, but at yields degraded from 1-D per- 
formance due to the uniformity limitations of Nova. 
The achievable convergence will be commensurate 
with experimental diagnosability. 

Hohlraum Laser-Plasma (HLP) 
Physics 

An extensive experimental and modeling hohlraum 
physics effort has been underway at LLNL for over a 
decade. In particular, substantial progress has been made 
on Nova. As a result, the Nova Upgrade hohlraums 
are in many aspects an extension of the ongoing exper- 
iments. For example, the ignition/moderate gain 
hohlraums are typically scale 2.9 to 4.5 that of the 
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nominal Nova targets. Nova scale 1 targets are right 
circular cylinders 1600 pm diam, 2550 pm long, with 
typical laser entrance holes (LEHs) 800 pm diam. The 
Nova Upgrade has LEHs 1.54 mm diam. 

Present calculations give the following performance 
specifications for the Nova Upgrade hohlraums: 
1. Peak TR = 300-350 eV in a picket fence pulse or con- 

tinuous pulse of overall duration 10 to 20 17s. 
2. Time average drive uniformity with P,, P4 compo- 

nents of <2% (peak to peak) with instantaneous values 
several times larger. While meeting this uniformity 
requirement, the hohlraum must deliver 8 to 15% of 
the laser energy to the capsule. 

3. Hot electron energy fraction fhot 5 5% at a temper- 
ature Thot ? 50 keV. The exact levels are dependent 
on capsule design details, the time and location of 
the hot electron generation, and their transport to 
the capsule. 

Raman scattering <5-10%. The exact values depend 
primarily on the influence of this scattering on 
drive symmetry control. For symmetry /coupling 
efficiency, the hohlraums are lined with low to mod- 
erate Z (Z  5 28) material. 
The objectives of the Nova experiments are to 

experimentally demonstrate and predictively model 
hohlraum performance in properly scaled targets con- 
sistent with Nova's performance limitations and to fur- 
ther develop our understanding (experimental and 
theoretical) of laser-plasma interaction physics in the 
millimeter-size plasmas associated with ignition 
hohlraums. Where appropriate, the hohlraums will 
also contain capsules to better simulate the Nova 
Upgrade targets. 

The hohlraum/plasma physics program will also 
continue to explore, within the limits of Nova, the lim- 
its of achievable peak TR in laser-driven hohlraums. 
While specific objectives will not presently be assigned 
to this task, these experiments will help define the 
"operating experimental parameters" of the Nova 
Upgrade. The availability of peak TR's > 300 to 350 eV 
is of general interest to the weapons community. 

The HLP program is divided into seven specific 
goals (HLP1-HLP7) described below. 

4. Scattered light from stimulated Brillouin and 

HLPl Summary of Tasks 
To demonstrate acceptable hohlraum-plasma coupling 

and gross hohlraum energetics with targets (properly scaled 
from Nova Upgrade designs) having temporally shaped 
pulses. Equivalent TR during the pulse will range from 
-100 to 210 eV and both continuous and picket fence 
pulses of overall duration 2 4 ns will be used. The 
high-Z hohlraums will be lined with low-Z material, 
whose peak ne within the hohlraum at the peak of the 
pulse is 0.03 to 0.25 nc. 

HLPl Goals 
To achieve acceptable hohlraum coupling for a puke- 

shaped drive with an equivalent T ,  ranging from -100 to 
21 0 eT/, as follows: 

Absorption fraction fabs > 90% 
Stimulated Brillouin scattering fraction fsBs < 5-10% 
Hot electron fraction fhot < 5% at Thot 2 50% keV 
Stimulated Raman scattering fraction fsns < 5% 

HLP2 Summary of Tasks 
To demonstrate acceptable hohlraum-plasma coupling 

with peak equivalent T, ? 270 eV using lined hohlraums. It 
is important to experimentally demonstrate TR = 300 eV 
to establish credibility for Nova Upgrade target designs. 
Nova's power capability of -40 TW limits the target 
scale and pulse duration for these high temperatures. 
Laser pulse formats will be limited to square 1 ns and 
appropriately scaled pulses Le., shorter overall pulses 
or more limited shaped pulses (both continuous and 
picket fence) compared with those used in HLPl. 
Experiments will include hohlraums with capsules. 
"First bounce" laser intensities will be equivalent to 
that planned for the Nova Upgrade (1-3 x W/cm2). 

HLP2 Goals 

lowing values must be attained in hohlraums that have a 
peak TR > 270 eV. 

f abs > 90% 

To achieve acceptable hohlraum-plasma coupling, the fol- 

fsss < 5-10% 
fhot < 5% at That 
fSRS < 5% 

50 keV 

HLP3 Summary of Tasks 
To obtain hohlraunz experiments with peak T,  ranging 

from 100 to 5 230 eV with a variety of pulse formats and 
targets (lined and d i n e d  hohlraums). Examine hohlraums 
up to ignition scale albeit at wer temperature and 
shorter pulse duration. Whe 8 , appropriate, capsules 
will be contained in the hohlraum. Measurements will 
focus on the x-ray environment (including photons 
with hu > 2 keV) within the hohlraum. The deliverable 
will be confirmation of our ability to calculate energy 
balance in a hohlraum with emphasis on wall loss/ 
albedo and to diagnose and predict the position of the 
time-dependent laser produced x-ray source within the 
hohlraum. Both of these topics are important to under- 
stand drive symmetry in hohlraums. These experiments 
(and the tasks in HLP4) will demonstrate our knowl- 
edge of the hohlraum physics required to implement 
beam phasing on the Nova Upgrade to control time- 
dependent drive symmetry. 
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This task will also include characterization of x-ray 
and laser-driven ablation plasmas. The experiments will 
verify detailed models of plasma formation at the laser 
aperture, the tamping of the high-Z hohlraum plasma 
by the low to moderate Z liner plasma, and plasma 
stagnation within the hohlraum (including the effects 
of capsules). Measurements of ne ( X ,  t)Te ( X ,  t )Z(X,  t )  
will be included. 

HLP3 Goals 

hohlraum (with emphasis on wall losslalbedo) and to model the 
details of the plasma and x-ray emission within the hohlraum. 

To confirm our ability to calculate energy balance in a 

HLP4 Summary of Tasks 
To demonstrate symmetry control with low and interme- 

diate Z-lined hohlraums. Experiments will use a variety 
of x-ray imaging techniques to measure time-integrated 
x-ray drive asymmetry in low-order 1 modes, particu- 
larly P, and P,. Supporting experiments, measuring/ 
inferring x-ray source-spot motion, and time-dependent 
x-ray albedo will also be conducted. 

HLP4 Goals 

5 2 4 %  (P2, P4) in a lined hohlraum with pulse shaping 
properly scaled to ignition targets. In these experiments, 
the hohlraum case area will nominally be -16x that of 
the capsule, and LEH losses will be comparable to the 
capsule absorbed energy. Peak TR < 230 eV, consistent 
with Nova’s power and focusing capabilities, will be 
used. A limited number of experiments with peak 
TR = 250 eV (and corresponding shaped pulses consis- 
tent with Nova’s capabilities) will also be conducted. 
The achievable flux uniformity is limited by the number 
of Nova’s beams (10) and potentially by the individual 
beam quality. Experiments to measure time-dependent 
laser produced x-ray source motion and hohlraum 
wall albedo will further establish our understanding of 
time-dependent drive asymmetry. The experiments 
will reach the stated level of flux uniformity with Nova 
and demonstrate our quantitative understanding of 
the limitations (physics and technology) so that flux 
uniformities (both instantaneous and time integrated) 
required for ignition/moderate gain will be achieved 
on the Nova Upgrade. 

To experimentally demonstrate time-integrated flux 
asymmetry control by varying P, nonuniformityfrom 10 to 
20% (waist high) to 10 to 20% (pole high). These 

To achieve low-order 1-mode asymmetry (time integrated) 

experiments, supported by quantitative modeling, will 
further demonstrate our ability to control and achieve 
the flux uniformity required for ignition/gain targets. 
The majority of the experiments will use lined hohlraums 
and shaped pulses with peak TR < 230 eV. A limited 
number of experiments with TR = 230 eV will also be 
included. The capsule convergences that we employ 
will be limited by our diagnostic resolution and sensi- 
tivity, but we expect it will range from 15 to 20. 

HLP5 Summary of Tasks 
To demonstrate acceptable levels of stimulated Brillouin 

(back and side scatter) and Xaman scattering (back, side, 
and forward) in plasmas where the overall gain and I& 
ratio are equal to that of Nova Upgrade targets. (Here, I is 
the laser intensity and Ith is the threshold intensity for 
the particular process.) The present Nova hohlraum 
experiments, in which good laser-plasma coupling is 
observed, have many relevant features that are nearly 
equivalent to an ignition hohlraum but differ in scale 
lengths and plasma dimensions (1 mm compared with 
3-4 mm). As such, the experimental goals described in 
HLP1, HLP2, and HLP4 will continue to be relevant. 

Experiments will also involve exploiting open- 
geometry targets such as exploding foils/disks of 
varying atomic number and will focus on long scale 
length plasmas where ne 2 0.15 n,, at which colli- 
sional damping of the various instabilities will not be 
effective. Experimental techniques will exploit the use 
of 8 to 9 Nova beams (operating at 0.53 or 0.35 pm) to 
independently create large ( L  > 2 mm), hot (T, > 1.5 keV) 
plasmas n,/n, < 0.15, which will then be irradiated by 
an independently controlled interaction beam (operat- 
ing at 0.53,0.35, or 1.05 pm). Plasma conditions will be 
characterized and experimentally controlled (e.g., 
allowing sufficient delay between the plasma forming 
beams and interaction beam to allow hydrodynamic 
smoothing of density ripples and bumps and to reduce 
fluctuation and other noise sources to thermal levels). 
Freely expanding and interpenetrating plasma sources 
will be examined. A variety of pulse shapes including 
continuous and picket fence pulses will be studied. 

HLP5 Goals 
To quantify: 
f SBS (back, side) < 5-1 0% 
f S X S  (back, side) < 5 1 0 %  
fSXS (forward) < 5%, 

In long scale length plasmas with the following characteristics 
of L (density and velocity scale length 2 mm), T,  = 1.5 keV, 
nJn, < 0.15, and <3 <Z> <28. 

These experiments will initially be conducted with 
the narrow frequency (Av/v < lop5), spatially modulated 
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Nova beams and thus represent a ”worst case” scenario. 
Experiments using spatially smooth beams (with 
smoothing times 2 20 ps) are planned as part of the 
Nova program. Initial experiments will be conducted 
on the 2-beam facility in parallel with HLPG and will 
eventually be performed on the 10-beam chamber 
where larger interaction plasmas are possible. Only the 
interaction beam, however, would have a smooth 
intensity profile. These latter experiments would be 
completed after the approval for the Nova Upgrade 
(provided the successful completion of HLP1, HLP2, 
HLP4, and HLPG) and would be complete in time to 
impact the Nova Upgrade configuration. Since laser 
wavelength effects are generally well understood and 
the purpose of this program is to examine laser coher- 
ence effects, the experiments will use 0.53-pm light 
where, at minimal facility cost, we can study relevant 
phenomena at laser energy/power >10 to 100 times 
that presently available on other facilities. Experiments 
will be conducted at both the 2-beam (spatial and tem- 
poral coherence variations) and 10-beam (temporal 
coherence) target areas. Continuous and comb spectra 
will be used with total fractional bandwidth of 0.2 to 
0.3% (zCoh = 0.6-0.8 ps). The experiments will use both 
open geometry (disks, foils) and hohlraums. Extensive 
plasma characterization (eg., an optical interferometer 
to measure plasma ne profiles is nearing completion on 
the 2-beam facility) will be part of this program so that 
quantitative plasma physics experiments will be per- 
formed (i.e., well-defined laser intensities interacting 
with known plasmas). 

HLPG Summary of Tasks 
To study the influencelcoupling of filamentation with 

large scale length plasmas. 

HLPG Goals 
To experimentally characterize the nonlinear state and 

the influencelcoupling of filamentation with other instabilities 
(SBS,  SRS) in the low-density (ne/n, < 0.15) plasma within 
the hohlraum channel. Experiments will also examine 
the predicted stabilizing effects of multiple beams, 
angular divergence, and beam smoothing. This effort 
will proceed in parallel but extend beyond the comple- 
tion dates of HLP1, HLP2, HLP4, and HLP5. If objectives 
in these other tasks are not met, then the priority of the 
HLPG activity would be increased with a resulting 
completion date before the Nova Upgrade construction 

starts. The results would then be of importance in 
establishing the baseline beam smoothing requirements 
for the new facility. 

HLP7 Summary of Tasks 
To achieve the hohlraum temperatures required for igni- 

tionlmoderate gain within the output performance of the 
Nova Upgrade, x-ray conversion eficiencies >35 to 50% are 
required for I 2 ZOI5 W/cm*. Disk experiments on Nova 
have already demonstrated these efficiencies with 
measured values exceeding 70% (and instantaneous 
values exceeding 80%) at relevant intensities and pulse 
lengths equal to that of the main pulse of the ignition 
target. Temperatures achieved in recent hohlraum 
experiments have implied conversion efficiencies 2 50% 
at laser I > 3 to 5 x 1015~/cm2. 

In addition, experiments with disks have demon- 
strated or inferred that x-ray conversion efficiency (at a 
given wavelength, plasma composition, and intensity) 
increases with pulse length, spot size, and potentially 
beam quality. Furthermore, Nova experiments have 
also implied that the effective conversion efficiency in 
a hohlraum environment is also larger than that 
obtained in open-geometry targets. While our present 
modeling can match much of the data, some of the 
trends seen in the data (e.g., spot-size dependence) are 
not quantitatively understood. 

several years will further build upon our extensive 
database and attempt to develop an improved model- 
ing capability. Experiments will focus on areas of 
applicability to the Nova Upgrade, i.e., long pulse, 
I > 5 x 1014W/cm2, hohlraum environment, and beam 
uniformity. The power and energy capabilities of Nova 
will limit the overall parameter range that can be 
experimentally addressed. Irradiations will include 
both continuous and picket fence pulse shapes. 

X-ray conversion experiments planned over the next 

HLP7 Goals 
Since the required conversion efficiency q (more 

importantly r\D has already been achieved and the 
favorable trends in conversion efficiency as a function 
of the parameters associated with the Nova Upgrade 
(compared with Nova) have also been observed, we feel 
no additional milestones are required. The experiments 
will be used primarily to improve our understanding 
of the appropriate physics to enable better predictions 
in the range of hohlraum performance available on the 
Nova Upgrade. 
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OCTOBER-DECEMBER 1994 

G. Hermes 
Nova Operations Group 
Nova Experiments Group 
Laser Science Group 

During this quarter, Nova Operations fired a total of 
252 system shots resulting in 308 experiments. These 
experiments were distributed among ICF experiments, 
Defense Sciences experiments, X-Ray Laser experiments, 
Laser Sciences, and facility maintenance shots. Only 
four of these experiments were classified. 

The fail-safe chirp system was successfully demon- 
strated. The system produces a small frequency "chirp" 
on the laser pulse that spoils stimulated Brillouin scat- 
tering (SBS) induced in the large-aperture chamber optics 
when operating with long pulses of high energy at 3w. 
High levels of SBS can damage the final focus lenses 
and therefore limit the amount of energy we can direct 
into the chamber for use in target experiments. The 
fail-safe chwp system will allow us to increase the current 
energy limit by about 33% at a 3-ns pulse length. 

Effort continued in support of the Petawatt Laser 
Project, which involves the modification of a Nova 
beamline and development of the necessary technology 
to produce a short-pulse beam on-target in the 10-beam 
chamber of -1000 J at 1 ps. Beam transport experiments 
to the 2-beam target area were performed using the 
Petawatt laser front end as the pulse source with 
amplification through the Nova laser chain. The purpose 
of these experiments was to measure the spectral, tem- 
poral, and spatial modification of a broadband, linearly 
chirped pulse as a function of laser energy. Beamline 6 
(BL-6) of Nova was configured according to the Petawatt 
design to produce a high-spatial-quality 40-cm-diam 
beam at the output of the laser chain. This included 
removal of the 46-cm amplifiers and spatial filter #6 on 
this beamline. 

The Petawatt configuration of BL-6 significantly 
improved the beam quality relative to conventional Nova 
operation. Preliminary analysis indicates a far-field 
spatial distribution at the 2-beam chamber of approxi- 
mately three times diffraction limited for the first shot 
of the day. Convection currents induced by temperature 
gradients in the disk amplifiers severely degraded the 
beam quality on subsequent laser shots. 

Significant spectral and temporal reduction of the 
pulse was observed on propagation through Nova. This 
bandwidth limitation arises due to passive components 
in the Nova chain. Gain narrowing of the spectrum was 
also observed with increasing pulse energy at the pre- 
dicted level. The impact of convective currents on the 
Petawatt beam quality should be minimized in an 
alternative configuration of Nova with spatial filter #6 
left in place. This concept will be tested on an upcoming 
Nova/Petawatt shot series. 

Engineering effort continued on the Petawatt 
project. A component design review was held on the 
vacuum compressor vessel, an aluminum chamber 
-2.7 m across x -12.8 m long. This vessel will house 
large-diam (94-cm) gratings for use in pulse compression. 
We plan to have the chamber installed in the 10-beam 
bay and demonstrate Petawatt capability by the end of 
F Y  1995. Modifications to the 10-beam chamber to use 
the Petawatt beam in target experiments will be done 
in FY 1996. 

A final design review was held on the 100-TW system 
for use on the 2-beam target chamber. This system will 
use a pulse from the Petawatt master oscillator with some 
non-Nova amplification to produce a beam on-target 
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of -36 J at 400 fs (or -30 J at 300 fs using mixed glass in 
the amplifiers). The system will be used for investiga- 
tion of ignitor concepts and compressed-pulse issues 
prior to installation of the Petawatt system on the 
10-beam chamber. Fabrication of the large vacuum ves- 
sel began, all the major optics were ordered or bid, and 
many other off -the-shelf items were ordered. Completion 
is scheduled for the 3rd quarter of FY 1996. 

Effort continued on converting x-ray pinhole 
cameras from film to charge-coupled-device data 
recording. One system has been installed on the 
Nova target chamber and has recorded many images 
on a variety of target shots. Software has also been 
developed to process the raw data and more quickly 
determine beam offsets for use in precision pointing. 
The system lacks only a communication link to the 
open lab net to become a routine instrument on 

Nova. A second camera is planned to be installed on 
the chamber in the 3rd quarter of FY 1996 and will 
have the ability to change filtering as well as magni- 
fication without venting the target chamber. The first 
camera will then be retrofitted to incorporate this 
same capability. 

We are working on improving the resolution of 
our gated microchannel plate detectors used in many 
of our x-ray diagnostics. The armed forces have 
shown an interest in this technology, as it is also 
applicable to night vision goggle detectors. 

Most of the Nova operations personnel attended 
Total Quality Leadership classes sponsored by Allied 
Signal Corporation (the Nova facility contractor). 
These classes are intended to aid in team interac- 
tions, help understand performance measures, and 
improve overall Nova productivity. 
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JANUARY-MARCH 1995 

G. Hermes 
Nova Operations Group 
Nova Experiments Group 
Laser Science Group 

During this quarter, Nova Operations fired a total of 
242 system shots resulting in 299 experiments. These 
experiments were distributed among ICF experiments, 
Defense Sciences experiments, X-Ray Laser experiments, 
Laser Sciences, and facility maintenance shots. 

To support continued experiments in FY 1995, the 
Nova target chamber, Master Oscillator Room (MOR), 
and beamline 7 (BL7) were reconfigured to conduct f / 8  
and four-color operations. Several scattered light diag- 
nostics were also installed and activated in the target 
chamber. At the completion of these experiments, the 
system was again reconfigured for normal f /4  single- 
color operations. 

Work began to convert the old Nova safety interlock 
system to a new Programmable Logic Controller (PLC) 
system with expanded capability to support the 100 Tw 
project: Phase I supports the 100 TW project and is 
scheduled for completion in early May; Phase I1 com- 
pletes the system conversion in FY 1995. 

A digital oscilloscope (SCD 5000) and a fast diode 
replaced the MOR Fidu Diagnostic (MFD) streak 
camera. After the system is validated by the MOR per- 
sonnel, it will be integrated into the Laser Diagnostics 
controls software. 

All major optics procurements have been awarded 
for the 100 TW project, with delivery expected by mid- 
April. We completed the installation of the 100 TW 
capacitor bank, and high-voltage cabling between the 
bank and the 9.4-cm amplifier will be installed early in 
the third quarter FY 1995. We received the 100 TW 
compressor chamber from EG&G, Inc. on March 21,1995 
and installed it in the two-beam area the following week. 

In support of precision alignment operations, we 
performed two 2 0  alignment shots to determine the 
consistency between the 2 0  and 3o transverse offsets. 
The data show that it is probably reasonable to use the 
30 offsets for the 2 0  precision pointing series. However, 
the z (focus) offsets were quite different, as expected. 
Therefore, it might be necessary to perform 213 align- 
ment shots periodically to update the z offsets. 

A series of shots verified beam timing-nine of the 
ten beams were within the Precision Nova specification 
of +lo ps (BL7 was approximately 30 ps early). As a 
result, five timing adjustments were made and con- 
firmed using the lo streak camera data. 

The BL7 potassium dihydrogen phosphate array 
was replaced with a refurbished unit, increasing the 
conversion efficiency by -20%. 
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APRIL-JUNE 1995 

G. Hermes 
Nova Operations Group 
Nova Experiments Group 
Laser Science Group 

During this quarter, Nova Operations fired a total of 
313 system shots resulting in 337 experiments. These 
experiments were distributed among ICF experiments, 
Defense Sciences experiments, X-Ray Laser (XRL) exper- 
iments, Laser Sciences, and facility maintenance shots. 

Work has begun in support of a series of XRL exper- 
iments planned for mid-August on Nova’s 10-beam 
chamber. This effort includes planning and preparation to 
install cylinder lenses on beamline 3, the XRL assembly, 
the imaging diagnostics, and the alignment system. 

The gated x-ray imager 4 was also completed, 
installed, and activated on Nova’s 10-beam chamber. 

We implemented a new ”precision pulse shape” 
capability on Nova. This enables us to produce a 
power balance report immediately after each shot. 
Data from the 3w streak camera and Incident Beam 

Diagnostic energy diodes are used to show plots of 
power vs time for the 10 beams and the power balance 
error vs time. 

We began installation and activation of the 100-TW 
system with full-system activation planned for early 
fourth quarter. The compressor chamber was delivered 
and installed, and the 10-cm amplifier, spatial filters, 
other beamline components, and optical components 
for the compressor and diagnostics systems were 
installed and aligned. The vacuum system for the com- 
pressor chamber was completed. The control systems 
and interlock systems were installed and tested, 
including firing the 10-cm amplifier. 

Two Total Quality Management working groups were 
formed-one to focus on shot quality and the other on 
shot quantity. We have also made significant progress in 
cross training personnel among the operations groups. 
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JULY-SEPTEMBER 1995 

G. Hermes 
Nova Operations Group 
Nova Experiments Group 
Laser Science Group 

During this quarter, Nova Operations fired a total of 
279 system shots resulting in 301 experiments. These 
experiments were distributed among ICF experiments, 
Defense Sciences experiments, X-Ray Laser experiments, 
Laser Sciences, and facility maintenance shots. 

This is the final report for FY 1995. During the past 
year, Nova fired a total of 1101 system shots resulting 
in a total of 1228 experiments. There were 856 target 
experiments done in the 10-beam chamber and 128 
experiments done in the 2-beam chamber. As a result 
of the declassification of ICF, there were only six target 
shots that were classified. There were 92 experiments 
conducted in support of laser science work, including 
precision pointing, failsafe chirp activation, and mis- 
cellaneous beam propagation experiments. We fired 
150 calibration shots in support of routine and preci- 
sion operations. 

The first 8x CCD camera was installed and activated 
on the 10-beam chamber. This camera, plus one more, 
will eventually replace the film-based pinhole cameras 
currently being used to acquire x-ray images from pre- 
cision pointing shots. Using the CCD cameras will 

greatly reduce the time required to analyze data from 
the pointing shots. 

chamber and installed on beamline 3 of the 10-beam 
chamber in support of a series of x-ray laser experi- 
ments. This lens set was removed after several days of 
experiments and reinstalled on the 2-beam chamber. 
These lenses will be reinstalled next quarter with an 
additional spacer to allow for a longer line focus on the 
x-ray laser targets. 

The 100-TW system was activated this quarter. We 
fired a shot at -129 TW with a pulse width of 395 fs 
and an energy of 51 J. Work will continue to complete 
the target system activation to support target shots 
with the 100-TW system next quarter. 

Work continues in support of the Petawatt system. 
The support frames for the compressor vacuum cham- 
ber and turning mirrors have been installed in the 
10-beam target bay. The fabrication of the three major 
sections of the compressor tank is well under way. 
We are planning to install the compressor chamber 
in mid-November. 

A set of cylinder lenses was removed from the 2-beam 
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