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Top

Shown in this photo of the Keck "virtual”
guide star is the orange laser beam
emerging from the dome of the Keck Il
Telescope atop 14,000-foot Mauna Kea
volcano in Hawaii. In this 20-minute time
exposure, motions of the stars show as
streaks in the sky, and the hazard lights
of the observatory appear in the road in
the foreground. Physics and Advanced
Technologies Directorate scientists
helped install the guide star and are
using it in a search for extra solar planets
and other investigations. (Photo credit:
John McDonald, Canada-France-Hawaii
Telescope Facility.)

Middle Left

Dr. Miriam John of Sandia National
Laboratories (SNL) welcomed researchers
from the national laboratories and
members of industry and government to
the EUVL Milestone Celebration on

April 11,2001.The Celebration marked
the completion of the first full-scale
prototype lithography machine for
making computer chips using extreme
ultraviolet light—a technology
pioneered by PAT scientists and
advanced in collaboration with industry,
SNL, and Lawrence Berkeley National
Laboratory.

Middle Right

Thanks to analysis done by PAT physi-
cists, scientists may be closer to under-
standing the formation of the Eagle
Nebula. Dramatic images of the Eagle
Nebula and its towering Pillars of
Creation, which reach almost 6 trillion
miles high, were captured by the Hubble
Space Telescope. (Photo credit: Jeff Hester
and Paul Scowen and NASA.)

Bottom

From the U.S. Department of Energy’s
Advanced Simulation and Computing
(ASCI), PAT researchers are using ASCI
White, the world's largest and most
powerful supercomputer,in Stockpile
Stewardship projects. In addition to its
use to simulate nuclear weapons tests,
ASCI White will provide a platform for
medical simulations, genetic computing,
global climate modeling, aerospace and
automotive design, and astrophysicist
research, such as the Djehuty Project.

Back cover

Top

Former LLNL physicist and current
Stanford professor Robert B. Laughlin
(left) is congratulated by Swedish King
Carl XVI Gustaf as a co-winner of the
1998 Nobel Prize in Physics. Along with
Horst L. Stoermer of Columbia University
and Daniel C.Tsui of Princeton University,
Laughlin was recognized for the discov-
ery of a new form of "quantum fluid” that
represents “yet another breakthrough in
our understanding of quantum physics
and to the development of new theoreti-
cal concepts of significance in many
branches of modern physics.” Laughlin’s
early work was begun and advanced
while he was in the predecessor organi-
zation to the PAT Directorate. He is the
first National Laboratory embloyee to
win the Nobel Prize.

Middle

Shown is the National Ignition Facility
target chamber where NIF's 192 laser
beams will converge upon a fusion-fuel-
filled target the size of a BB. PAT scientists
will strongly participate in understanding
NIF's high-energy-density and fusion
regimes with direct applications to
Stockpile Stewardship, energy research,
science, and astrophysics.

Middle Background

This computer simulation from PAT's
Fusion Energy Program, relevant to
magnetic fusion energy research, shows
a magnetic field line (white) wrapping
around a torus, or doughnut-shaped
configuration of plasma.

Bottom

Jenny Peyser, who suffers from Type-|
diabetes, may benefit from the PAT-led
glucose monitoring technology being
developed by an award-winning
research team that includes her father,
physicist Tom Peyser. (Photo credit:
Margaret Kaye.)
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American Associaton for the Advancement of Science Fellow 2y, |

American Physics Society Fellows

Fusion Power Associates Leadership Award

Federal Laboratory Consortium for Technology Transfer—
Excellence in Technology Transfer Award

U.S. Department of Energy Bright Light Award
American Astronomical Society—Beatrice M. Tinsley Prize
Weapons Recognition of Excellence Awards (1998-2000)

Edward Teller Fellowships
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Laboratory’s 2000 Physics Research among the Best

Extreme Ultraviolet Lithography Named
Technology of the Year
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Campus-Laboratory Collaborative Projects and Exchanges

“Smart Probe” Development and Testing

Massive Compact Halo Objects Collaboration Findings
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New Defense Advanced Research Projects Agency Initiative
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ntroduction

By William H. Goldstein

The Physics and Advanced
Technologies (PAT) Directorate
was created in July 2000 by Bruce
Tarter, Director of Lawrence
Livermore National Laboratory
(LLNL). The Director called for the
new organization to execute and
support programs that apply
cutting-edge physics and
advanced technology to develop
integrated solutions to problems
in national security, fusion energy,
information science, health care,
and other national grand chal-
lenges.

When | was appointed a vear later
as the PAT Directorate’s first
Associate Director, | initiated a
strategic planning project to
develop a vision, mission, and
long-term goals for the
Directorate. We adopted the goal
of becoming a leader in frontier
physics and technology tor
twenty-first-century national secu-
rity missions: Stockpile
Stewardship, homeland security,
energy independence, and the
exploration of space. Our mission
s to:
¢ Help ensure the scientific excel-
lence and vitality of the major
LLNL programs through its
leadership role in performing
basic and applied multidiscipli-
nary research and development
with programmatic impact, and
by recruiting and retaining
science and technology leaders
¢ Create future opportunities and
directions for LLNL and its
major programs by growing
new program areas and cutting-
edge capabilities that are syner-
gistic with, and supportive of,
its national security mission

¢ Provide a direct conduit to the
academic and high-tech indus-
trial sectors tor LLNL and its
national security programs,
through which the [Laboratory
gains access to frontier science
and technology, and can impact
the science and technology
communities

¢ [everage unique Laboratory
capabilities, to advance the state
of knowledge about our
universe.

This inaugural PAT Annual Report
begins a series that will chronicle
our progress towards fultilling this
mission. | believe the report demon-
strates that the PAT Directorate has a
strong base of capabilities and
accomplishments on which to build
in meeting its goals. Some of the
highlights include:

¢ [eadership of the Laboratory’s
Physical Data Research
Program that provides
fundamental physics
information for the Stockpile
Stewardship Program.

¢ Development of the handheld
Microbead Immunoassay
Dipstick System that will allow
relatively untrained tirst-
responders to run sophisticated
onsite diagnostics for
pathogens, including those
associated with biowarfare
agents, by using a simple, one-
step measurement.

e Major advances in target design
for inertial fusion energy
research using both laser and
ion-beam drivers.

¢ Development of the Advanced
Technology Kill Vehicle concept
for use as a high-performance
interceptor in a broad range ot
missile defense programs.

Over the course of the past decade,
the Laboratory has seen its major
program evolve from weapons
research, development, and testing,
to Stockpile Stewardship. Today,
the countrv’s national security
priorities are changing rapidly:
nuclear security is becoming a
broader set ot missions, and the
[Laboratory is being asked to
contribute to a range of new
mission areas from countering
bioterrorism to ensuring informa-
tion security. As we embark on the
twenty—first century, the new PAT
Directorate is poised to help lead
the Laboratory’s response to the
country’s changing national
security needs.

William H. Goldstein is
Associate Director,
Physics and Advanced
Technologies
Directorate
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(QMD) simulation of a shock wave in

liquid deuterium. QMD is a method in
which the motion of individual atoms
is traced using forces determined by

High-Energy-Density Physics and
Astrophysics (V Division)

o V Division researchers conducted a

series of scaled experiments at the
Omega Laser facility (located at the
University of Rochester) to investigate
laser absorption and conversion to x-
rays, plasma fillings and hole closures,
and laser-plasma instabilities in Inertial
Confinement Fusion (ICF) targets.
These experiments will test physics
models in V Division design codes and
improve target designs for National
Ignition Facility (NIF) experiments in
support of the Stockpile Stewardship
Program.

Detailed Term Accounting computation
methodology was developed to
analyze transport and spectral emis-
sion characteristics of mid-Z plasmas at
astrophysically redundant low densi-
ties and temperatures. This approach
will be compared to statistical predic-
tions to analyze high-energy-density
experiments on NIF and Sandia’s Z
machine.

The Djehuty Project developed a three-
dimensional (3-D) stellar evolution
code operating on massively parallel
computing machines using the best
available physical data (e.g., opacities
and equations of state [EOS]) as well as
new algorithms. The project success-
fully executed the tirst ever 3-D simula-
tion of a whole star, including
convection processes.

Condensed Matter Physics (H Division)

¢ For the Stockpile Stewardship

Program, H Division expanded and
improved its library of EOS tables used
by the Advanced Simulation and
Computing (ASCI) simulation codes.

e [n collaboration with LLNL’s Center

for Applied Scientific Computing,
H Division researchers produced the
first Quantum Molecular Dynamics

electronic structure methods. Analysis
vields estimates tor the pressure and
the density in the medium.

Positron annihilation spectroscopy was
used as a nondestructive evaluation
technique to determine the effects of
aging on plutonium in the stockpile.

Nuclear, Particle, and Accelerator
Physics (N Division)

¢ N Division achieved a major goal for

the Physical Data Research Program in
support of the Stockpile Stewardship
Program—a precise (within 10%) meas-
urement of the 22Pu(n,2n)**%Pu cross
section. The cross section is used in one
major diagnostic in the interpretation
of underground nuclear tests.
Very-high-energy protons, used as a
radiographic probe, were investigated
as a technique for the Advanced
Hydrodynamics Facility, which could
be a major facility for the Stockpile
Stewardship Program. Also, quantita-
tive measurements of the dynamic
behavior of materials under shock were
conducted using high-energy protons
as a radiographic probe.

Under the direction of N Division
physicists, LLNL is a member of a four-
laboratory consortium (Stanford Linear
Accelerator Center [SLAC], Fermi
National Accelerator Laboratory
[FNAL], Lawrence Berkeley National
Laboratory [LBNL], and LLNL) in the
design of a teraelectronvolt-scale elec-
tron-positron linear collider. This behe-
moth facility would consist of two
opposing linacs, be 20 miles long, and
cost around $5 billion. The prime
LLNL contribution is the development
of a photon collider experiment within
this project.
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Fusion Energy Program (FEP)

Mauna Kea in Hawau (see tront cover

e FEP maintained a leading role in the
ongoing collaborative research program
on the DIII-D National Fusion Facility
in San Diego, California. This etfort is
an integral part of the overall program
of improvement of the tokamak
concept, which has been used to
advance the science of high-tempera-
ture plasmas in magnetic fusion
research.

The Sustained Spheromak Physics
Experiment (S5PX) developed new and
enabling diagnostics. The spheromak,
an advanced and alternate plasma-
confinement concept, has an internal
dynamo to create its confining
magnetic tield.

The Heavy-lon-Fusion Virtual National
LLaboratory (HIF-VNL) is a coordinated
Inertial Fusion Energy (IFE) research
program among Princeton Plasma
Physics Laboratory, LBNL, and LL.NI..
It is intended to maximize [FE
progress. The success of the coordi-
nated program is evidenced by three
new major experiments.

The IFE Target Design Program made
major advances in designing new
targets and variations of older designs
using both laser drivers (such as the
NIF) and heavy-ion beams.

photo). Data quality surpasses that
from the space-borne Hubble Telescope.
[GPP scientists used the Keck adaptive
optics system to investigate one of the
tundamental mysteries of astronomy: the
nature and origin of supermassive black
holes in the centers of galaxies. High-
resolution images show that galaxies and
black holes may grow in time through
the merging of smaller systems.

[GPP scientists continued to study the
Milky Way's structure and composition
by using the database from the Massive
Compact Halo Objects (MACHQO)
Project. Key results were the direct
detection and characterization of a lens
toward the Large Magellanic Cloud
(LMC), as reported in the journal
Nature; the tirst direct detection of a
gravitational microlens; and the use ot
Hubble Space Telescope data to
support a halo location for most of the
lenses seen toward the LMC.

Medical Technology Program (MTP)

e A handheld device, the Microbead

Immunoassay Dipstick System (MIDS),
will allow relatively untrained
personnel, such as tiretighters and
paramedics, to run sophisticated, onsite
diagnostics for pathogens using a
simple, one-step measurement. This

Institute of Geophysics and Planetary
Physics (IGPP)

point-of-care medical diagnostic is also
intended for use at a patient’s bedside;

o [GPP researchers installed a prototype
adaptive optics system, used to correct
atmospheric aberrations in incoming
light, at the University of California’s
Lick Observatory on Mount Hamilton
near San Jose. Subsequently, LLNL
researchers helped to develop and
install an even larger adaptive optics
system at the Keck Observatory atop

in third-world countries, military oper-
ations, or space travel; and as field
diagnostics tor environmental sampling
and detection of biowartare agents.
MTP’s Glucose Sensor Project is devel-
oping an artificial biomechanical
pancreas by combining existing glucose
insulin pumps with a continuous
glucose sensor that is under develop-
ment. The glucose sensor will
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continuously monitor blood-sugar
levels and communicate to the insulin
pump when to release insulin into the
bloodstream, allowing diabetics to
maintain correct insulin/blood-sugar
levels minute-to-minute throughout the
day and night (see back cover photo).
MTP researchers collaborated with
BioLuminate, Inc., to develop, produce,
and market a revolutionary diagnostic
device for early breast-cancer diagnosis.
The biopsy probe uses four distinct
physical detection methods within each
“smart needle” to improve diagnosis:
optical scattering and absorption spec-
troscopy, optical coherence domain
reflectometry, near-infrared fluores-
cence, and a spectroscopic impedance
measurement capability.

Extreme Ultraviolet Lithography
(EUVL) Program

e Under the sponsorship of an integrated-

circuit manufacturing consortium led by
Intel, LLNL, LBNI,, and Sandia

National Laboratories/Calitfornia
(SNL/California) built an engineering
test stand that can print a 25>-millimeter-
square image with 70-nanometer resolu-
tion and uses a soft x-ray wavelength ot
13.4 nanometers.

On April 11, 2001, more than 200 people
attended the EUVL Milestone
Celebration to recognize the first opera-
tion of the EUVL tool built by the three
national laboratories. Dignitaries
included (see front cover photo)

Dr. Craig Barrett, Chiet Executive
Officer, Intel Corporation; General John
Gordon, Undersecretary for Nuclear
Energy; Dr. Miriam John, Vice President,

SNI /California; the Honorable Ellen
Tauscher, U.S. House ot Representatives
(Democrat); and Sunlin Chou, Senior
Vice President and General Manager for
the Technology and Manutacturing
Group, Intel Corporation.

In October 2001, EUVL, LLNL's largest-
ever Cooperative Research and
Development Agreement (CRADA),
was extended for another three vears.
The CRADA is centered in the PAT

Directorate.

Imaging and Advanced Detectors
Division (I Division)

A collaborative team led by the PAT
Directorate was selected for funding
support (approximately $9.5 million) as
the Coherent Communications,
Imaging and Targeting Program
through the U.S. Department of
Defense’s Defense Advanced Research
Projects Agency (DARPA). The team is
developing powertul, new capabilities
for secure, free-space communication
links (at rates of multigigabits per
second) and aberration-free, 3-D
imaging and targeting at very long
ranges (more than 1,000 kilometers)
featuring innovative optics concepts
and integration of micro-electro-
mechanical-systems (MEMS) spatial-
light modulators.

Support trom the National Science
Foundation’s Center tfor Adaptive
Optics will allow I Division researchers
and collaborators to test the use of
MEMS deformable mirrors to correct
aberrations of the eye. Over a two-year
period, the team will develop and test
clinical ophthalmic instruments using
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MEMS adaptive optics in hopes ot
revolutionizing the diagnosis and treat-
ment of diseases that cause blindness
and the techniques for vision correction
in the general population.

¢ Significant progress was achieved in
the development of high-resolution
and high-sensitivity detectors for use
from the near-infrared spectral region
to gamma-ray wavelengths. At
gamma-ray energies, the detectors can
measure the ratio of nuclear isotopes,
providing high precision for nonprolit-
eration and arms control applications.

Advanced Interceptor Technology
Program (AITP)

o AITP successtully developed a
concept—the Advanced Technology
Kill Vehicle (ATKV)—tor a high-
performance interceptor for use in a
broad range of missile defense
programs.

Laser Science and Technology (LS&T)
Program

e With support of the U.5. Army’s Space
and Missile Defense Command and in
collaboration with industrial partners,
the LS&T Program is developing a high-
average-power (100-kilowatt-class),
diode-pumped, solid-state, heat-capacity
laser technology for application in

tactical, short-range air defense missions.

Physics and Advanced Technologies 2001 Annual Report

¢ [ 5&T Program developed new tron-

tend technology utilizing optical-para-
metric, chirped-pulse amplitication
(OPCPA) to replace the regenerative
amplifier used in a variety of chirped-
pulse amplifiers. Wavelength and
pulse-energy levels obtained from this
OPCPA are ideal for seeding kilojoule-
class Nd:glass amplitiers, such as the
NIF, Falcon Laser, and other high-
energy, ultrashort-pulse laser systems.

Institute for Laser Science and
Applications (ILSA)

o [LSA initiated a study of self-induced

plasma smoothing to describe various
temporal and spatial nonlinear
processes that aftect the coupling of
intense laser light to targets such as
those used in the Stockpile
Stewardship Program and inertial
confinement fusion.

[LSA researchers used laser-produced
plasma as a lens to focus gigaelectron-
volt electrons and positrons at SLAC,
The plasma lens has been proposed as
a final focusing mechanism to achieve
high luminosity for future high-energy
particle colliders.

[LSA researchers used Compton scat-
tering as a source of tunable x-rays for
application to protein crystallography.
Together with recombinant DNA tech-
nology, x-ray protein crystallography
establishes a new paradigm for drug
design and synthesis.
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High-Energy-Density Physics and Ast

A PAT technician
inspects an LLNL-
designed spectrom-
eter undergoing cali-
bration with a
laser-plasma x-ray
monochrometer.

Fig. 1.The new parallel high-Z opacity code has

The mission of the PAT Directorate’s
High-Energy-Density Physics and
Astrophysics Division (known as

V Division) is to advance the under-
standing of the physical properties of
matter at the extreme conditions of
temperature and density (up to stellar
temperatures and pressures) where mate-
rials are significantly ionized. These phys-
ical properties include radiative opacity,
equation of state (EOS), and atomic
kinetics and spectroscopy of nonlocal
thermodynamic equilibrium plasmas.
These physical properties determine the
creation, evolution, and energy balance of
high-temperature plasmas (gases
containing electrically charged particles).

V Division’s expertise in high-energy-
density physics supports its development
of computer modeling of atomic
processes that are crucial to major
programs at LLNL, principally the
Stockpile Stewardship Program and the
National Ignition Facility (NIF) Programs
Directorate. To develop quantitative
models and databases, V Division
combines state-of-the-art theories with
advanced computations. These models
are tested through laboratory experi-
ments on plasmas at known

thermodynamic conditions and, in some
cases, tested against observations of
astronomical phenomena.

The high-energy-density research
program of V Division shares areas of
common interest with astrophysics. These
common areas include the physical prop-
erties of opacities, spectroscopy, the EOSs
of plasmas, the development and utiliza-
tion of radiation hydrodynamic simula-
tion codes, and imaging and spectroscopy
instrumentation. Instrumentation also
strongly overlaps with other LLNL
programs in nonproliferation and intelli-
gence. Because of these synergies,

V Division undertakes a broad-based
collection of observational and computa-
tional astrophysics projects. These projects
allow V Division to apply its expertise to
other national programs, benefit from
developments of a large international
community that shares many common
interests, and recruit talented young
scientists who have expertise in areas
important to Laboratory programs.

During the past year, V Division research
activities have produced a number of
important advances that are highlighted
in the following sections.

Comparison of Experiment and OPAL forFe @ T=20eV,p= 10 glcc

been tested by comparisons with iron (Fe) 1.0

opacity measurements at low density, including
approximately 50 times more transitions than
could be computed in a similar time on a serial
computer. Understanding and computing the
crossover between detailed term accounting and
statistical opacity methods will contribute to the
analysis of high-energy-density experiments.

0.8

Transmission
o
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o
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First-generation Detailed Term
Accounting Opacity Code for Heavy
Elements

The analysis of transport and spectral
emission characteristics ot plasmas with
large ion-bound state populations is
complicated by the presence of numerous
closely spaced transitions. Two
approaches have been applied to this situ-
ation. Detailed term accounting (DTA)
attempts to explicitly compute the contri-
butions of every significant transition. On
the other hand, statistical approaches,
such as the super transition array (5TA)
method, use theorems about the features
of large transition arrays to assemble an
approximate opacity model.

Computations and experiments for mid-Z
elements at astrophysically relevant low
densities and temperatures have revealed
that, for these conditions, the DTA
approach is required because of the signit-
icant porosity between the distinct
transitions. For example, Fig. 1 shows a
comparison of Saturn pulsed power
experimental and OPAL theoretical opaci-
ties for iron, demonstrating the need for a
DTA treatment at mid-Z. Researchers are
focusing attention on computing and
understanding the comparison between
detail and statistical predictions to analyze
high-energy-density physics experiments
to be done at the NIF and the Sandia
National Laboratories (SNL) Z machine.

Based on previous successes with mid-Z
DTA computations, V Division personnel
attacked the problem of scaling DTA to
higher Z. As Z increases, the number of
relevant quantum mechanical states and
transitions explodes, necessitating scalable
parallel computing. While the initial,
working version of the code TOPAZ uses a
simple form of parallelism, the ultimate
scaling of this code to higher densities and
temperatures will rely on significant inno-
vation in the treatment of atomic structure.

2 timing holes

* 530 ps 10 610 ps

410 ps t0 490 ps

Fig. 2. Snapshots of
small-scale hohlraum
experiments measuring
the radiation wave
burning through the
hohlraum wall provide
data that can be used
to infer the hohlraum
temperature.

Development of High-temperature
Holhraums and Diagnostic Techniques
The NIF will provide significant new capa-
bilities tor V Division research programs
and will enable the performance of experi-
ments at previously inaccessible high-
temperature conditions. However,
producing and utilizing these extremely
high-energy-density regimes will require
new experimental techniques and difterent
target designs than previous experiments
on the Nova Laser at LLNL and the Omega
Laser at the University of Rochester in New
York state. In particular, the planned
opacity experiments require a better under-
standing of the performance of high-
temperature hohlraums (fuel capsules).

These hohlraums are significantly outside
the design parameters of the ignition
hohlraums developed by the inertial
confinement fusion (ICF) community. In
order to understand the performance of
these hotter hohlraums, V Division
researchers are conducting a series of
scaled experiments at the Omega Laser
tacility to investigate laser absorption and
conversion to x-rays, plasma fillings and
hole closures, and laser-plasma instabili-
ties in these small hohlraums. As shown
in Fig. 2, these experiments will be used
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Fig. 3.In the Isentropic
Compression
Experiments (ICE), a
ramped current is
used to generate a
gently rising magnetic
pressure wave to
compress a sample
without generating an
abrupt shock wave.
The Velocity
Interferometry System
for Any Reflector
(VISAR) diagnostic
measures the velocity
of the sample interface
as a function of time.
The velocity profiles
from two samples of
varying thicknesses
can be used to deter-
mine the equation of
state (EOS) of the
material.

to test physics models in V Division
design codes and to improve the target
designs for the NIF experiments.

Isentropic Compression Experiments
Using Magnetic Field Drivers

To date, most high-pressure measure-
ments of EOS have been performed along
the principal Hugoniot (that is, the set of
states reached by single shocks of varying
pressure). Critical steps are extending
measurements to higher pressures and
obtaining data away from the principal
Hugoniot, especially because the largest
differences between theoretical models
occur at conditions where few data exist
to guide the theories. In recent years, V
Division personnel have collaborated
with SNL to develop an application of the
Z-pulse power facility to Isentropic
Compression Experiments (ICE).

In these experiments, a large, ramped
magnetic tield shocklessly compresses
samples to pressures in excess of

400 kilobar. Measurements from the
Velocity Interferometry System for Any
Reflector (VISAR), which is a laser inter-
ferometry technique to measure moving
interfaces, are used to obtain velocity-
wave profiles that can be analyzed to
yield EOS and strength data (Fig. 3).
During the past year, this technique was
applied to study basic science and
programmatic problems. V Division
investigators studied the phase diagram
of iron and measured the EOS and prop-
erties of materials requested by the
Secondary Design Program.

VISAR
| |
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V Division is currently working to extend
these techniques to higher pressures by
utilizing explosively driven pulse-power
generators developed at Los Alamos
National Laboratory (LANL). These
devices use high explosives to compress a
magnetic tield, generating large currents
with rise times appropriate tor shockless
loading of large samples. The generators
are predicted to be capable of driving ICE
up to 25-megabar pressure, provided that
the experiments can be made compatible
with the extremely hostile environment.
In addition, the devices are portable and
could be used for one-time experiments
with special materials.

Energetic Proton Production in
Ultrahigh-intensity Laser Interactions
V Division is investigating applications of
ultrahigh-intensity short-pulse lasers to
study the physical properties of high-
temperature plasmas near solid density. A
controversy has been resolved over the
mechanism for producing a beam of ener-
getic protons emitted from the rear side of
foil targets irradiated by ultrahigh-inten-
sity (102'-10! watts per square
centimeter) laser pulses with foil targets.
The literature proposes two fundamen-
tally different production mechanisms for
the origin of these fast protons. In the first
mechanism, the protons are produced at
the front surface and channeled by an
internal magnetic field through the bulk
of the target. In the second production
mechanism, the protons are emitted from
the rear surface of the target and are
accelerated by an electrostatic field.

As part of a project conducted with
[.aboratory Directed Research and
Development (LDRD) funds, a series of
experiments studied these ultrahigh-
intensity laser interactions. The results
demonstrate that the latter production
mechanism is the operative one.

V Division researchers are currently
developing techniques to use these
protons to volumetrically heat and radi-
ograph samples of material to warm
dense plasma conditions (Fig. 4). These
techniques will be applied to the study of
opacity and EOS.



X-ray Emissions from Comets

X-ray satellite observations have firmly
established comets as x-ray sources, a
discovery that has tar-reaching implica-
tions tor understanding their interaction
with the inner solar system. This
discovery has opened up a new wave-
length band tor probing the solar wind—
space weather—in real time, studying
interactions between comets and the sun,
and understanding the composition ot
cometary atmospheres. However, because
the charge transter of solar-wind heavy
ions, which have been proposed as the
comet’s main x-ray production mecha-
nism, is poorly understood, models of
charge-transter-induced x-ray emission are
based on best-guess estimates. Improving
the understanding of these x-ray produc-
tion mechanisms greatly benefits LLNL's
core mission in high-temperature plasma
and atomic physics and broadens LLNL's
expertise in modeling short-wavelength
radiation sources.

The goals of this project are to:

¢ Simulate, in a controlled laboratory
setting, the conditions that cause
comets to emit x-rays

* Produce the necessary experimental
database tor describing charge-transter-
induced x-ray emissions in low-energy
collisions of highly charged ions with
atoms and molecules. One such result
is shown in Fig. 5.

¢ Incorporate these results into models
that accurately describe x-ray emis-
sions by comets.

During the course of ongoing studies,
several previously unexplored processes
in the cometary x-ray models have been
considered:

e The x-ray emission lines are a diag-
nostic of the solar-wind velocity
because the relative magnitude of the
various lines changes with the collision
energy between the ion and the
neutrals.
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¢ Double- and multiple-electron capture
can make up 50% of the capture

processes. This capture rate changes the

shape of the x-ray spectrum signifi-
cantly, yet the process is completely
absent in present cometary models.

* The detailed emission also depends on
the chemical composition of the
cometary gases. This knowledge may
provide a diagnostic of the chemical
composition of the comet head, thus
increasing our understanding of
primordial matter emitted by comets.

Fig.5.The spectrum of
charge-exchange-
induced K-shell x-ray
emission from Ne?*
measured by the high-
resolution
microcalorimeter (red
curve) reveals a wealth
of details for the emis-
sion process that
cannot be discerned in
measurements by a
conventional solid-
state x-ray detector
(black curve).
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Fig.6. A 3-D simulation
using Djehuty shows
the onset of convec-
tive flows in the core
of a four solar mass
star. A quantitative
understanding of
these flows is an out-
standing problem in
the theory of stellar
evolution.

Computational Modeling of
Three-dimensional Hydrodynamic
Processes in Stars

Stars provide the fundamental quantita-
tive units for measuring the universe.
They are the toundation for determining
distances and ages, and they are the facto-
ries driving the chemical evolution of the
universe. Stars continue to be used as
physics laboratories for constraining the
properties of fundamental particles, such
as cross sections and masses, as well as
the properties of hot plasmas, including
their opacity and EOS.

Current practices in stellar evolution
employ one-dimensional calculations that
quantitatively apply to only a minority of
the observed stars (single, nonrotating
stars, or well-detached binaries). Even in
these systems, astrophysicists are
dependent on models of complex, three-
dimensional (3-D) processes, such as
convection. With the advent of massively
parallel computers and the development of
codes to use them, [.1.NI.1s uniquely situ-
ated to move the calculation of stellar prop-
erties to the next level of physical
understanding. The Djehuty Project is a
Strategic Initiative that has leveraged abili-
ties from across the laboratory, including
the Defense and Nuclear Technologies and
the PAT Directorates, the Center for
Applied Scientific Computing, and
livermore Computing. The Djehuty Project

will develop a 3-D stellar evolution code
operating on massively parallel machines
(see front cover photo) with the best avail-
able physical data (e.g., opacities and EOS),
as well as new algorithms (Fig. 6).

In September 2000, PAT researchers
successfully executed a 3-D hydrodynamic
simulation of a star on the TC2K computer
system. This was the first ever 3-D simula-
tion of a whole star. The simulation was
run on a single processor, using partial
physics and an underresolved (400,000-
zone) mesh. This progress made possible a
series of subsequent runs to study
ditfferent mesh constructs, test and
improve the accuracy of the 3-D models,
and begin physics optimization.

The Djehuty Project now has an accurate
EOS; astrophysical opacities for use with
its radiative-diffusion transport package;
and a nuclear-reaction network for
hydrogen, helium, and carbon burning.
The gravity implementation is currently
complete for spherical stars only, but it is
adequate tor the first major 3-D science
study ot convective cores. Large (more
than 50-million-zone) meshes needed for
realistic stellar modeling have been
constructed. Operations are moving from
a parallel to a massively parallel environ-
ment, as the 3-D stellar models have now
been decomposed and run in parallel
operations, using up to 256 processors.

With the basic elements of Djehuty func-
tional, LLNL investigators have made a
number of extended parallel runs to
address a long-standing, well-character-
ized discrepancy between one-dimen-
sional stellar models and observed
stars—an important validation step for
presenting Djehuty to the astrophysical
community. This testing has also
permitted a number of code problems to
be found and corrected. LLLNL researchers
have also begun to look at 3-D calcula-
tions of the Helium Flash, for which the
time development of convection is critical,
and of a nova explosion.



Efforts have begun to document the code
tfor publication to the astrophysical
community, and preliminary results have
been presented at a number of confer-
ences. Algorithm development continues
for both the physical processes and the
data exploration necessary for studying
rapidly rotating stars and binaries.

Imaging Fourier Transform
Spectrometer for Astrophysics

The Imaging Fourier Transform
Spectrometer (IFTS) team completed the
refurbishment of the [FTS instrument and
fielded it five times this year—twice to
the Lick Observatory near San Jose and
three times to the Apache Point
Observatory in the Sacramento
Mountains of New Mexico. The Lick
Observatory runs determined that the
instrument functioned properly in the
adverse environment of a mountaintop
telescope. The Apache Point runs
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collected the first visible-band IF1TS
datacubes ever obtained. Fig. 7 shows a
comparison of a distilled image to the
same datacube in a 3-D rendering.

[INIL's TFTS instrument and its observa-
tions are being used to develop needed
technologies and data-reduction tech-
niques for step-scanned interferometry
measured over long observation times. The
[F'TS instrument will also allow LLNL to
pursue cutting-edge astrophysical observa-
tions, including imaging spectroscopy
the best tool tor investigating extended
regions of varying chemical, thermal, and
dynamical properties. The planned obser-

vations include studying the dynamics and
formation of galaxies and galaxy clusters,
thereby indirectly detecting their dark-
matter components. V Division researchers
are now proceeding to develop specialty
tools for observation planning, data reduc-
tion, and data analysis.

Fig. 7. Two views of an
astronomical datacube
obtained by LLNL's
Imaging Fourier
Transform
Spectrometer (IFTS).
(a) The first is a three-
color image of the
Ring Nebula (M57) dis-
tilled from 220 color
planes. (b) The second
is a rendering of the
same datacube in
three dimensions.The
vertical dimension is
spectral frequency.The
dominant red slice is
H-alpha at 6563 A, and
the dominant green
slice is the Oxygen llI
doublet at 5007 A and
4959 A,
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Condensed Matter Physics Division

The Condensed Matter Physics Division
(known as H Division) combines unique
experimental and theoretical capabilities
to create a world-class center for research
in condensed-matter physics and mate-
rials science. The Division emphasizes
research on material properties and
behavior at high pressures and other
extreme or unusual environments.
H Division supports and advances the
fundamental science that underpins its
mission, requiring that H Division
personnel be world leaders in:
e High-pressure physics
e The development and application of
advanced numerical methods for
simulating materials properties and
behavior
e EOS theory and materials data repre-
sentation
¢ The development and application of
state-of-the-art diagnostics and mate-
rials characterization tools.

H Division also has substantial responsi-
bilities within the Stockpile Stewardship
Program, providing experimental data
and physics-based models of thermal and
mechanical properties of materials to the
weapons program in three key areas:
¢ EOS of materials, including melting
and other phase transitions
¢ The constitutive properties of metals,
especially plasticity, strength, ejecta,
and spall
e EOS of high explosives (HE), HE deto-
nation products, and other phenomena,
such as the kinetics of energy release
that affect HE performance.

For the Stockpile Stewardship Program,
H Division maintains a library of EOS
tables used by the Advanced Simulation
and Computing (ASCI) simulation codes.
ASCl is a program designed to computa-
tionally simulate the performance of an
aging nuclear stockpile.

Because of its capabilities, H Division
participates in many scientific fields
beyond those defined by its program
mission. For example, its expertise in
high-pressure science contributes to
geophysics and planetary science and to
the creation of novel materials. [ts unique
simulation techniques have applications
to computational biology and nanotech-
nology. The ability to characterize defects
in metals with positron annihilation spec-
troscopy can be applied to advanced
metallurgy.

H Division has produced many high-
quality research results in the past year.
Some of the most important are high-
lighted below.

First-principles Simulation of
Shock Propagation

H Division exploits ASCI to maintain
expertise and develop new capabilities in
a wide range of computationally intensive
simulation techniques. One such method
is Quantum Molecular Dynamics (QMD),
in which the motion of individual atoms
is traced using torces determined by elec-
tronic structure methods. Normally, such
calculations are carried out at fixed
temperature and density, and the statisti-
cally averaged results are used to estimate
the EOS for a given material. This year, in
collaboration with LLNL’s Center for
Applied Scientific Computing, H Division
researchers produced the first QMD simu-
lation of a shock wave in liquid
deuterium. These simulations use the
same basic QMD method except that one
wall of the simulation cell is replaced by a
rapidly moving impactor (shown in

Fig. 8a). The simulation clearly shows the
formation of a shock wave. Observation
of the speed of the shock front then yields
an estimate of the pressure and density on
the Hugoniot (yellow boxes in Fig. 8b),
which seems to be in reasonable agree-
ment with the experiments performed on
the Nova Laser.



(H Division)

Large-volume-collapse Transitions
in Rare-earth and Actinide Metals
Rare-earth and actinide metals undergo
high-pressure phase transitions that
exhibit very large volume collapses. [t is
believed that these transitions are driven
by pressure-induced changes in the
nature of the t-electrons from itinerant to
localized. H Division personnel have
made an extensive study of this
phenomenon for the case of
praseodymium.

The experiments utilized angle-resolved
x-ray scattering in diamond anvil cells.
The samples were prepared and loaded at
LLNL. They were then taken to a
synchrotron x-ray source to determine the
volume and structure of the material from
x-ray diffraction patterns. By heating the
diamond anvil cells, researchers deter-
mined the size of the volume collapse as a
function of temperature. These volume-
change data, in conjunction with the slope
of the phase-transition line, yielded an
entropy change across the transition that
i1s entirely consistent with theoretical
expectations. Companion theoretical
studies were also successfully tested this
year for the analogous volume-collapse
transition in cerium.

(a)

.
AR & SN
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Probing Defects in

Aging Plutonium

A critical task in the Stockpile Stewardship
Program is to determine the behavior of
materials in the stockpile, particularly the
behavior of plutonium. One method used
to perform nondestructive evaluation of
the defects present in metals is positron
annihilation spectroscopy. This technique
relies on the facts that positrons are prefer-
entially trapped within the open volumes
created by defects in the metal and that
their average lifetimes depend sensitively
on the size of these defects. The funda-
mental experiment is to deposit positrons
Into a sample and measure the number ot
annihilation gamma rays produced as a
function of time. Analysis of the data
extracts various annihilation lifetimes that
can be compared to those predicted by
sophisticated electronic structure calcula-
tions for specific defect types.

Joint Actinide Shock Physics
Experimental Research Facility
Motivated by the need for accurate EOS
information on the actinides, the U.S.
Department of Energy (DOE) has invested
heavily in the construction of the Joint
Actinide Shock Physics Experimental
Research (JASPER) Facility at the Nevada
Test Site. The main feature of the facility is
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Fig. 8.(a) Quantum
Molecular Dynamics
(QMD) simulation of a
shock wave in liquid
deuterium.The
impactor moves at a
constant velocity from
left to right, and the
progress of the shock
front is monitored as a
function of time.

(b) The simulated
Hugoniot can be
calculated from the
known speed of the
impactor and the
"measured” speed of
the shock front. The
calculation can then
be compared to the
speed measured on
the Nova Laser.
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a two-stage
£as gun
£ <, housedin a
containment
tacility (Fig. 9).
H Division has playved

Fig.9.The gas gun at
the Joint Actinide
Shock Physics
Experimental Research
(JASPER) facility at the
Nevada Test Site will
allow equation of state
(EOS) and other meas-
urements to be made
on plutonium.

o a major role in the multilab-

oratory collaboration to bring
the gas gun on line. During the past
year, construction of the gas gun was
completed; and several test shots were
successftul. The remaining work will
complete the commissioning ot the facility
for “hot” operations.

The gas gun will permit hypervelocity
projectiles to be fired into highly diagnosed
targets, shocking matter to extreme condi-
tions for a millionth of a second or less.
These experiments will create pressures of a
million-plus atmospheres and temperatures
up to thousands of degrees, depending
upon the material being shocked.

Atomic-scale Simulation and
Characterization of Dislocations
The development of predictive models of
strength and failure in metals requires an
understanding of phenomena occurring
on multiple-length scales, ranging from
the atomic scale to the macroscopic
continuum world. H Division’s etforts to
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Fig. 10. (a) By showing the positions of only those atoms whose near neigh-
bors are not arranged in the “proper” pattern, dislocations and their motion
can be quickly tracked in large-scale molecular-dynamics (MD) simulations.
(b) A plot shows the density and average motion of dislocations generated
from a void under tensile loading.

develop such multiscale models are
underpinned by large-scale atomistic
simulations of fundamental lattice defects,
including dislocations and grain bound-
aries. In particular, the methods combine
quantum-based interatomic potentials
with classical molecular-dynamics (MD)
simulation techniques to study the gener-
ation, motion, and interaction of disloca-
tions at the atomic scale.

This past year, H Division investigators
developed new symmetry-based algo-
rithms that allow the rapid identification,
for the first time, of dislocations “on the
fly” in million-atom MD simulations. (See
Fig. 10.) This approach has been used to
study in detail how dislocation behavior
controls void growth in metals under
tensile loading. Information gleaned from
these simulations can be utilized in
higher-length-scale simulations of
dynamic fracture.

NIF 3-omega Solution

[n testimony to the U.S. Senate on April
25, 2001, LLNL Director Bruce Tarter
outlined the NIF Programs’ major accom-
plishments. One of the important accom-
plishments that he noted was an
annealing process to increase the damage
threshold for the ultraviolet (3-omega)
optical elements in the NIF. The process is
critical to meeting the NIF's operational
requirements.

The initiation and growth of damage sites
threatened to destroy the 3-omega optics
after only a few tens of shots. Damage to
optics occurs because any type of optics
polishing is impertfect; impertections in
the polishing leave digs, scratches, and
invisible defects on the surface of the
optic. The damage sites grow catastroph-
ically after repeated exposure to the
powerful ultraviolet laser. However, it the
growth of the damage can be mitigated,
the optic remains usable.



Frequent replacement of these optics is a
critical factor in the operating cost tor the
NIF laser. A member of H Division spear-
headed a cross-directorate team to address
this problem. The team discovered a solu-
tion based on localized annealing driven
by the use of a carbon dioxide laser. This
new technique completely mitigates the
growth of damage sites on the surface ot
the fused-silica optics. The approach is so
successtul that the NIF Programs
Directorate has adopted it and is now In
the process of implementing the approach
in a production setting.

Figs. 11-13 demonstrate how localized
annealing using a carbon dioxide laser
successfully mitigated the growth of
damage trom three different kinds ot
surface defects.

New Equation-of-State Library
Last year, H Division built Livermore
Equation of State (LEOS), a sophisticated
EOS library system, for LLNL Stockpile
Stewardship applications. This system
consists of the following:

* A global EOS physics package for a
very wide range of materials and
conditions

* Alarge library of numerical EOS data
with 200 materials and 30 allowed
functions per material

* A set of access routines that allows
hydrodynamic codes to use EOS data
accurately and efficiently

* A browser that allows users to visu-
alize and test stored EOS data.

Access routines now allow simultaneous
use of any private or public LEOS
library; the LLNL legacy library; and
SESAME, the EOS library at LANL. The
multi-library system is now the standard
version of LEOS. LLNL code developers
are tinding that the use of the L EOS
package for all EOS data increases the
etficiency of their codes and allows
maximum flexibility in physics models.
[LEOS is now a critical component of the
Stockpile Stewardship Program.
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Fig. 11.The use of a carbon dioxide laser mitigated the growth of damage
caused by a dig on the surface of a fused-silica optic. (a) Dig precursor
before exposure to the 3-omega laser. (b) Damage growth after exposure to
8 J/cm? (3-omega at 3 nanoseconds). (c) After carbon dioxide laser mitiga-
tion, there was no damage growth after 100 shots at 14 J/cm? (3-omega at
3 nanoseconds).

Fig.12.The use of a carbon dioxide laser mitigated the growth of damage
caused by a scratch on the surface of a fused-silica optic. (a) Scratch precur-
sor before exposure to the 3-omega laser. (b) Damage growth after exposure
to 8 J/cm? (3-omega at 3 nanoseconds). (c) After carbon dioxide laser mitiga-
tion, there was no damage growth after 100 shots at 14 J/cm? (3-omega at

3 nanoseconds).

Fig. 13.The use of a carbon dioxide laser mitigated the growth of damage caused

by an invisible defect on the surface of a fused-silica optic. (a) Damage growth (no
visible precursor) after exposure to 10 J/cm? (3-omega at 3 nanoseconds).

(b) Damage growth after exposure to 12 and 14 J/cm? (3-omega at 3 nanoseconds).
(c) After carbon dioxide laser mitigation, there was no damage growth after 100
shots at 14 J/cm? (3-omega at 3 nanoseconds).
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Nuclear, Particle, and Accelerator Ph

Fig. 14. N Division has
built the world's
brightest positron
source and shortest
pulse x-ray source for
materials research at
LLNL's Linac facility.

The Nuclear, Particle, and Accelerator
Physics Division (known as N Division)
of the PAT Directorate has major activities
in experimental and theoretical nuclear
physics and experimental high-energy
physics. These activities include relevant
accelerator and detector technologies,
nuclear databases, nuclear physics inten-
sive computer simulations, and experi-
ments on nuclei and elementary particles.
[n support of the Stockpile Stewardship
Program, N Division’s primary responsi-
bility is to provide fundamentally derived
and fully evaluated nuclear data (such as
fission and fusion reaction rates) that are
required for the computational simulation
of nuclear-weapons performance and
tests. The work of N Division is helping
to establish the reputation of LLNL as a
world-class center of excellence for accel-
erator science and technology and high-
energy physics.

To support these activities, the Division
has a strong nuclear theory and modeling
effort as well as a strong experimental
effort. Current areas of emphasis in the
nuclear physics program include meas-
urements of neutron-induced reaction
rates, gamma-ray spectroscopy, measure-
ment of radiochemical data required for
the analysis of past weapons tests, devel-
opment of advanced models for nuclear
fission, and nuclear-spallation yield deter-
minations.

Development of Nuclear-Physics-
Intensive Simulation Code

N Division is also responsible for devel-
oping and maintaining certain nuclear-
physics-intensive simulation codes and
software. These include 3-D Monte Carlo
codes for modeling the transport of
ionizing radiation through matter and the
development of advanced techniques for
Monte Carlo codes. The Division
conducts research on particle accelerator

and detector technologies that are critical
to the design and development of major
new facilities. One example is radio-
graphy in advanced hydrodynamic tests.
[n addition, N Division is involved in
accelerator and physics research at the
Stanford Linear Accelerator Center
(SLAC) near Menlo Park, California; at
Brookhaven National Laboratory in
Upton, New York; and at the Fermi
National Accelerator Laboratory (FNAL)
in Batavia, Illinois.

Linac Project

N Division manages the 100-million-elec-
tronvolt linear accelerator (Linac), shown
in Fig. 14, that houses the LLNL positron
program. This research provides unique
capabilities for materials analysis for
LLNL programs and basic science investi-
gations as well as industrial uses. In addi-
tion, an electron-beam ion-trap program
to measure plasma physics spectroscopy
has been installed in this facility. The
Linac facility also supports a 20-terawatt
laser that is used to investigate laser-
matter interactions and laser-electron
beam physics. In the longer term, a high-
intensity, 5- to 20-megaelectronvolt
neutron capability will be added as well.

Measurement of Critical Cross Section
A major goal for the Physical Data Research
Program has been a precise (within 10%)
measurement of the 2>“Pu(n,2n)>8Pu cross
section. This cross section is particularly
important because the production of pluto-
nium-238 by neutrons is one of the major
diagnostics used in interpreting under-
ground nuclear tests.

Previous measurements of this cross
section were performed by counting the
number of neutrons emerging from the
interaction. This method was extremely
difficult and was subject to very large back-
grounds. The results of several separate
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ysics Division (N Division)

experiments and expectations based on
nuclear modeling differed by large factors.
Neutrons from other reaction channels—
such as (n,n’), (n,3n), and (n,f)—form a
background to the (n,2n) signal channel
that makes a precise measurement difficult.
The lack of precise knowledge of the small
*Pu(n,2n)*®Pu cross section severely
compromises the ettectiveness of this
important nuclear-test diagnostic.

The experimental nuclear physics group
within N Division invented and imple-
mented a new approach to attack this
measurement, utilizing its expertise in
gamma-ray spectroscopy. The experi-
mental campaign took five years, involved
a collaboration with LANL, the construc-
tion of a state-of-the-art detector array,
and the performance of extremely difticult
analyses. This Herculean effort produced
important experimental results during this
period—the yield of gamma rays as a
function of neutron energy. Extracting the
239Pu(n,2n)>BPu cross section from these
results required a combined, intensive
etfort by the Nuclear Theory and the
Computational Nuclear Physics Groups in
N Division. The final results were made
available to the design communities at
both national laboratories and have
caused a reexamination of the archived
nuclear test data. For this achievement,
LLNL’s nuclear physicists received a
Weapons Recognition of Excellence Award
from DOE Defense Programs. (See the
PAT Awards Section.)

Calculation of Nuclei Structure

N Division’s Nuclear Theory Group has
embarked on a study to calculate from
tirst principles the structure of nuclei, i.e.,
how nuclei are put together. This is a
fundamentally interesting physics
problem because of its complex

application of many-body physics with
strongly interacting constituents.

Understanding the structure of nuclei is

important for many reasons:

¢ Nuclei are a key “laboratory” for
testing the fundamental symmetries ot
nature.

e Nuclear structure dominates the reac-
tions that determine the course ot
stellar evolution and the synthesis of
elements in the universe.

¢ An improved understanding of nuclei
has many important applications to the
national security mission of the
Laboratory.

Performing these calculations requires the
utilization of theoretical ideas trom the
nuclear shell model and effective interac-
tion theory, along with the exceptional
computation power of the ASCI computer
facility at LLNL. Initial results showed
that the calculation using this approach
did converge on a solution. A serious
disagreement with the experimentally
measured spectrum of !B indicated, for
the first time, a serious deficiency in the
ability of the nucleon-nucleon interaction
to describe nuclear structure. The calcula-
tions provide compelling evidence that
the inclusion of three-nucleon interactions
i1s critical in determining the structure of
low-lying nuclear levels. The techniques
used in these calculations have many
advantages over other methods: they can
treat general forms ot the nucleon-
nucleon force, provide a more extensive
study of excitation spectrum, and are
easier to extend to heavier nuclei.
[Information gleaned from this work will
also help provide answers to questions
regarding nuclear structure and reactions
of interest to LLNL programs, such as
(n,n"y) reactions.
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Uses of Radiographic Probes

The use of very-high-energy protons as a
radiographic probe is being investigated
as a technique for an Advanced
Hydrodynamics Facility (AHFE), which
could be a major facility for the Stockpile
Stewardship Program. N Division scien-
tists have conducted experiments to
measure the fundamental cross sections
that would be relevant to an AHE, study
the ability of the technique to resolve
small features, and investigate the capa-
bility to measure the densities ot the
material traversed by the protons. These
crucial measurements will help determine
the parameters of the AHF.

In addition, N Division researchers have
been conducting quantitative measure-
ments of the dynamic behavior of materials
under shock by using high-energy protons
as radiographic probes. Proton radio-
graphy has provided dynamic pictures of
metals and metal intertaces subjected to
high-explosives-driven shocks. The tech-
nique has permitted quantitative measure-
ments of the velocity of the shock in the
material and of the material ejected from
the surface. The precision of the measure-
ments has allowed detailed comparisons
with hydrodynamic codes, such as CALE.
Future experiments will explore how
metals tear or fracture under shock.

N Division leads the Laboratory’s
program to use low-energy (10-megaelec-
tronvolt) neutrons to conduct radiog-
raphy and tomography of static objects.
The plan is to provide a capability to the
plants in the DOE complex (such as
Pantex in Texas or the Y-12 facility in
Tennessee) so that nondestructive evalua-
tions of weapons systems can be made.
This technique can detect cubic-
millimeter-sized defects in heavily
shielded materials.

High-Energy Particle Research

N Division leads the Laboratory’s
involvement in the field of elementary
particle or high-energy particle research.
Physicists believe a key to the disparity

between matter and antimatter in the
universe lies in understanding an effect
called charge-conjugation-parity (CD)
violation. First observed in the 1960s, CP
violation refers to the apparently small
differences in the way that certain short-
lived particles and their antiparticles
decay. This violation of a fundamental
symmetry may be responsible for the
predominance ot matter over antimatter
in the universe. N Division’s intense
research effort reached a milestone with
its first major publication of results and is
at the forefront ot inquiry in this field.
The work has been enabled by the multi-
vear construction effort by the SLAC,
[.BNL, and LLNL team that built the
successtul SLAC/LLNL/LBNL B Factory
at Stantord University.

Next Linear Collider

N Division is heavily involved in the
design of the Next Linear Collider (NLC),
a mammoth accelerator project with a
footprint that will be about 30 kilometers
(20 miles) long and that could cost more
than $5 billion. The NLC will house two
opposing linear accelerators inside a
30-kilometer tunnel.

When completed, the NLC will accelerate
fundamental particles, the building blocks
of the universe, to energies in the teraelec-
tronvolt range—i.e., the equivalent of a
trillion electronvolts. The NLC will probe
the origins of mass, the structure of space-
time, and dark matter. N Division has
been instrumental in developing plans to
backscatter laser light from the electron
beams in the NL.C, thereby opening the
possibility of studying the collisions
between extremely high-energy gamma
rays. The development of this “gamma-
gamma collider” option utilizes the
unique strengths of LLNL in addressing
an extremely challenging investigation.

Linac Coherent Light Source

N Division is involved in the design of
the Linac Coherent Light Source, a fourth-
generation x-ray light source. This light
source at the SLAC is expected to produce




x-ray beams more than ten orders ot
magnitude brighter than existing sources,
requiring the development of new
approaches to x-ray optics.

Pioneering Electron lon Experiment

N Division is involved in experimental
programs at Brookhaven National
Laboratory’s Relativistic Heavy-lon Collider
(RHIC), searching tor quark-gluon plasmas,
and at the FNAL, measuring particle
production in proton-nucleus collisions and
searching tor neutrino oscillations.

The Pioneering Electron New Heavy lon
Experiment (PHENIX) is a multifaceted
heavy-ion experiment at the RHIC.
LLNL designed much of the PHENIX
magnet system and supervised its fabri-
cation and testing. The system consists of
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a central magnet and two flanking Muon
magnets, and plates of Muon Identitier
steel that sandwich the Muon magnets.
The entire systems stands more than
three stories tall and weighs in excess ot
2,200 tons (see Fig. 15).

This highly collaborative project is being
used in the search tor elusive quark-
gluon plasma, a form of matter believed
to hold subatomic matter together. The
collider recreates conditions that were
present approximately 1 microsecond
after the Big Bang. It has been predicted
that the high-energy densities created in
these collisions will precipitate a phase
transition from Quantum chromo-
Dynamics (QCD) bound states (protons,
neutrons, pions, etc.) into a plasma of
quarks and gluons.

Fig 15.The PHENIX collaborators assembled in front of the LLNL-designed central magnet at the
Relativistic Heavy lon Collider (RHIC) sited at Brookhaven National Laboratory. Strong magnetic fields
are used to bend the trajectories of elementary particles produced in the collision so that they may be
identified by their curvature. The experiment is designed to search for and study new forms of nuclear
matter by recreating conditions in the first microsecond after the Big Bang. Collaborators in PAT are
studying the source size of these collisions by measuring correlations between pairs of identical parti-
cles. PAT group members included in the photograph are Ron Soltz, Ed Hartouni, Stephen Johnson, and
Jane Burward-Hoy. Mike Heffner also works on this project.
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Fusion Energy Program

This computer simula-
tion, relevant to mag-
netic fusion energy
research, shows a
magnetic field line
(white) wrapping
around a torus, or
doughnut-shaped
configuration of
plasma. Magnetic field
lines are embedded
within the plasma,
with individual parti-
cles traveling along
each field line. The
color contours indicate
microturbulent fluctu-
ations in the plasma
density. Regions with
similar density micro-
turbulent eddies are
indicated by regions of
similar color stretch
along the field lines,
while varying rapidly
across the field lines.
These microturbulent
eddies transport heat
from the plasma’s
superhot core to the
cold outer edge.

The Fusion Energy Program (FEP)
consists of three subprograms: Magnetic
Fusion Energy (MFE), Inertial Fusion
Energy (IFE), and the Beam Research
Program. MFE and IFE are closely related
in their goal to develop fusion energy, and
the two subprograms share a combined
technology program and several staff
members who work in both [FE and MFE.
The Beam Research Program provides
advanced linear induction accelerator
development for radiography and other
applications, including IFE. (Note that
programmatic responsibility for the non-
IFE work is in the Defense and Nuclear
Technologies [DNT] Directorate and is not
covered here.) Described below are the
accomplishments and goals of the MFE
and the [FE subprograms.

Magnetic Fusion
Energy Theory Program
The MFE Theory Program contributes
significantly to the:
e Study of plasma turbulence
¢ Physics of the plasma edge (where
toroidally confined fusion plasmas
interface with the confinement vessel)
¢ Physics of confinement concepts
considered as alternatives to the
tokamak
e Integrated modeling codes important
to magnetic fusion experiments.

The gyrokinetic simulation codes devel-
oped at LLNL have been the standard
benchmark for other major kinetic and
fluid codes that describe plasma turbu-
lence in the core of confinement devices.
Fig. 16 shows a simulation of turbulent
structures responsible for transporting
energy from the core of a tokamak
plasma. In this simulation (and as seen in
experiments), large, coherent structures
responsible for transport are disrupted by
shear in the plasma flow at late times.

Occupying a unique position because of
the completeness of its physics and geo-
metry, the BOUT 3-D edge-turbulence
code is in increasing demand by
researchers worldwide. The two-dimen-
sional (2-D) edge-fluid code, UEDGE, is
the principal edge-modeling tool in the
U.S. program and is well known (along
with its principal author) worldwide. The
unique capabilities of the integrated
modeling code, CORSICA, make it a
valued design tool for work with the
[nternational Thermonuclear
Experimental Reactor (ITER) and, more
recently, a design and analysis tool for
spheromaks and reversed-field pinches
(RFPs). LLNL and its collaborator,
General Atomics (GA), have combined
CORSICA with the GA code ONETWO to
provide a combined analysis and predic-
tive code called CALTRANS for the
DIII-D tokamak at GA. Recently,
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Fig. 16.Large, coherent structures responsible for
energy transport are disrupted by shear in the
plasma flow, as seen in experiments.



CALTRANS was applied for the first time
in electron-cyclotron heating experiments.
[t has also provided key building blocks
and concepts for the National Transport
Code initiative.

DIiI-D Collaboration Program

LLNL has an ongoing collaborative
research program on the DIII-D National
Fusion Facility (shown in Fig. 17) in San
Diego, Calitornia. This collaborative effort
is an integral part of the overall program
to improve the tokamak concept, which
has been used to advance the science of
high-temperature plasmas in magnetic
fusion research. In this collaboration, FEP
plays a leading role, providing scientitic,
operational, and management support for
the experiment. (FEP supports the devel-
opment and operation of DIII-D but does
not have the primary responsibility for
the facility.)

LLNL’s focus in DIII-D work is in two
main areas. First, FEP is responsible for
the measurement and the modeling of the
physical processes important for heat and
particle control in the edge plasma and
divertor. FEP has designed and now oper-
ates state-of-the-art plasma diagnostics,
including;:

e Divertor Thomson scattering (Still the
only such system on a tokamak
divertor, it verified divertor plasma
temperatures in the 1-electronvolt
range.)

e Infrared thermography (The world’s
most comprehensive system, it is used
to directly measure the heat flux to
surfaces.)

e 2-D, visible, and extreme ultraviolet
(EUV) spectroscopy (The only EUV
system and the most comprehensive
visible system, it is used to measure the
distribution of impurities and radiation
in the divertor.)

¢ Development of higher time-resolution
diagnostics to measure fast-divertor
phenomena, such as Edge [.ocalized

Modes (EI.Ms).
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The LLNL UEDGE code has been bench-

marked with experimental data, resulting
in the identification of important physical
processes, such as plasma flows. [t has
become the standard edge computational
tool in the U.S. fusion program and is
being applied to other magnetic configu-
rations, such as stellarators and other
shaped tokamaks (C-MOD at the
Massachusetts Institute of Technology
and KS5TAR in Korea). Both the experi-
ments and the modeling have examined
the role of plasma and divertor shape on
the overall effectiveness of the divertor.

The second LLNL area ot responsibility on
DII-D is the measurement and the
modeling of the plasma-current profile.
LLNL has developed a 38-channel
Motional Stark Effect (MSE) diagnostic.
The MSE diagnostic instrument provides
the world’s best measurements of plasma-
current protiles and electric-field profiles
required to understand the MHD stability
properties of the tokamak plasma. In 2001,
the DIII-D experiments focused on control-
ling these profiles with a localized electron
current drive—a key part of the tokamak
advancement goals of the DIII-D program.

Fig. 17.LLNL has a
significant role in the
DIII-D Tokamak, which
is a vital part of the
world fusion science
program. Work on the
DIl-D Tokamak has
involved the following
international collabo-
rators: industrial part-
ners CPI, Gycom,
CompX, Orincon,
Creare, Thermacore,
IR&T, Surmet, HiTech
Metallurgical, TSI
Research, and FAR
Tech; European part-
ners Joint
EuropeanoTrus, IPP,
and KPA (Germany),
Cadarache (France),
Culham (England),
Lausanne
(Switzerland), FOM
(Holland), and Frascati
(Italy); Japanese part-
ners JAERI, JT-60U, JFT-
2M, NIFS, LHD, and
Tsukuba University;
Russia partners
Kurchatov, Troitsk,
loffe, Keldysh, and
Moscow State; and
other international
partners, including
KAIST and KBSI from
Korea; CCFM,
University of Alberta,
and University of
Toronto (Canada);
Chalmers University
(Sweden); Helsinki
University (Finland);
University of Wales
(Wales); and SWIP,
ASIPP SINICA, and
Southwest Instr.
(China).
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Fig. 18.The Sustained Spheromak Physics Experiment (SSPX) is now in its
third year of operation.The labels indicate the role of various institutions in
the LLNL-led effort.

Fig. 19.The 500-kilovolt
ion-source test stand
at LLNL was completed
at the end of 2001.

Spheromak Program

The Sustained Spheromak Physics
Experiment (SSPX), shown in Fig. 18,
explores spheromak formation and
sustainment. The spheromak, an
advanced and alternate plasma-confine-
ment concept, has an internal dynamo to
create its confining magnetic field.

Installation of a Profile Thomson
Scattering Diagnostic has been completed,
and now electron temperature data are
routinely obtained for use in determining
the core energy confine-
ment time. SSPX is the first
of the new set of alternate
concept devices in the
National MFE Program to
have a working-profile

New magnetic field config-
urations can be explored
with unprecedented flexi-
bility, compared to other
spheromaks.

The SSPX device is the lead
spheromak experiment
funded by DOE’s Oftice of
Fusion Energy Sciences
(OFES) and is one of the
larger etforts within the
U.S. Alternate Concepts
Program. The OFES has
called the 55PX a

Thomson scattering system.

“world-class facility.” Recent experiments
indicate that temperatures of 150 electron-
volts have been achieved in this device.

Heavy-lon-Fusion Virtual National
Laboratory Program

[nitiated in 1998, the Heavy-lon-Fusion
Virtual National Laboratory (HIF-VNL) is
a coordinated IFE research program with
LLNL, LBNL, and the Princeton PPlasma
Physics Laboratory (PPRL) working
together as partners—combining human
resources, budgets, and experimental
facilities to maximize progress toward
common HIF development tasks. As a
result of this VNL agreement, LLNL and
LBNL have successfully combined
resources to develop three new beam
experiments: a high-current transport
experiment (HCX) and a neutralized-
transport experiment (NTX) at LBNL, and
a 500-kilovolt ion-source development
experiment at LLNL (Fig. 19).
Construction of the 500-kilovolt ion-
source test stand was completed in 2001.

Central to the success of the VNL experi-
ment is the teamwork among mixed groups
of experimentalists and theorists from the
VNL partners. Of the total HIF-VNL
resources and statf, more than one-third are
from LLNL. A key element of the LLNL
etfort in the HIF-VNL is ion-beam
modeling. The LLNL beam-theory and
simulation group is widely recognized as
outstanding and unique in the tield. Fig. 20
shows some of the group’s representative
modeling predictions.

IFE Target Design Program

LLNL’s preeminent IFE design group
relies on the large investment made by
DOE Defense Programs in providing very
capable computational tools. These tools
were benchmarked in an extensive experi-
mental program culminating in the Nova
laser technical contract. This continuing
support from DOL Defense Programs
allows IFE to be both broad (designing all
types of IFE targets) and deep (calculating
target performance from incident energy
deposition through thermonuclear burn to
the insult the target applies to the reaction
chamber tor some target types).




[FE continues to invent new targets and
variations of older designs. For example,
Fast Ignition (FI), an LLNL invention, is
now established as a significant experi-
mental and theoretical research effort in
four other nations. LLNL scientists

invented the distributed radiator target

Acceleration in 3-D structure

Halo generation

electrons

Beam propagation in chamber

Fig.20.LLNL has a central role in ion-beam mod-
eling for the heavy-ion fusion energy program.
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tor heavy-ion fusion, and LLNL was the
only laboratory in the world that success-
fully carried out integrated calculations
from energy deposition through burn tor
any heavy-ion design using two-sided
illumination. (Two-sided illumination is
required for thick-liquid protection of
fusion chamber tirst walls—a key idea
for relaxing the tusion materials
requirements.)

In the past year, LI.NL researchers
progressed on a number of fronts,
including the use of larger beam-spot
areas. As indicated in Fig. 21, the tocal-
spot requirements on the ion-beam accel-
erator can be varied by choosing different
approaches to achieving capsule
symmetry. A target design for heavy-ion
fusion was developed that increases the
allowed beam-spot area (relaxing beam-
focusing requirements) by almost a factor
of 3. Researchers obtained a simple
formula that describes the one-dimen-
sional ignition threshold tor all hot-spot-
ignited capsules of interest to IFE.

Target physics and design are essential
components of all approaches to IFE.
Historically, target design has set the high-
level requirements for the other program
elements because of the centrality of
achieving ignition and high gain for this
approach to energy. Target design sets the
driver energy scale and characteristics
(such as particle energy, power, pulse
shape, focusing requirements, illumination
geometry, and power balance).

Target design also defines the target
materials and fabrication finish levels.
Innovations in target design can translate
into significant relaxation of require-
ments for the other program elements.
For example, [FE recently designed a
capsule that required an order of magni-
tude less ion-beam energy than previous
reactor capsule designs. This sort ot
leverage makes target design an essential
component of the program.

£
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Fast Ignition Project

New in Fiscal Year 2000-2001 was a four-
vear concept exploration program tunded
by the OFES in Fast Ignition (FI) inertial
tusion. FI relies on conventional compres-
sion of fusion fuel, followed by ignition
with a short-pulse, high-power beam. The
key unresolved scientitic issue in Fl is the
efficiency of energy transfer from a short-
pulse laser beam to the ignition hot spot
via relativistic electrons created in the
absorption of laser radiation. The science
of the relativistic laser matter interaction
and of electron-beam propagation in
dense plasma at extreme current densities
is the subject of intense interest worldwide
both for its intrinsic novelty and its wide
range of potential applications. The project
is highly collaborative, linking universities
(Princeton University and the University
of California campuses at Davis and at
San Diego) and laboratories (LLILNL and

Original distributed radiator target

Pressure balance holds
position of radiators

Beam spot: 1.8 mm x 4.1 mm
Effective radius: 2.7 mm
Beam energy: 5.9 MJ

Gain = 68

GA) in the United States with interna-
tional research teams at the world’s
leading high-intensity laser facilities in

Japan, the United Kingdom, and France.

The project team has strong relevant expe-
rience gained through three vears of
experiments and related modeling at the
LLNL Nova Petawatt Laser, which was
decommissioned in 1999.

The motivation for this project is the
potential of FI for high-energy gain and
reduced driver constraints, both of which
make FI more attractive than conventional
Inertial Confinement Fusion (ICF) ignition
for an [FE power plant. The goal is to use
experiments and modeling to demon-
strate the feasibility of full-scale FI,
thereby justifying a transition to proof-ot-
principle scale experiments. A future
possibility is to capitalize on interest in
the application of ultrapowertul and

Modified design

RIS

/

Shine shield\ Radiation shim to
to control P2 control early time Py

Beam spot: 3.8 mm x 5.4 mm
Effective radius: 4.5 mm
Beam energy: 6.7 MJ

Gain = 58

Fig.21.Under exploration are symmetry-control techniques to allow larger beam spots for distributed
radiator targets for heavy-ion fusion. A 66% increase in beam radius resulted in a 14% increase in beam

energy.



intense lasers in DOE's OFES and
Detense Programs, as well as in the
National Science Foundation and the
National Aeronautics and Space
Administration, to obtain shared funding
for a center of excellence.

LLNL Fusion Technology Program
The LLNL Fusion Technology Program
includes activities in both MFLE and [FE.
The OFES manages its enabling tech-
nology research and development
through the Virtual Laboratory tor
Technology (VLT). The VLT is organized
into five major groups: Plasma
Technologies, Fusion Technologies,
Materials, Advanced Studies, and [FE
Technologies. LLNL currently has funded
activities in all five categories.

LLNL applies its expertise in a variety of
technology areas within the VLT.
Researchers involved in these programs
are recognized experts and leaders In
their respective areas. LLNL's work in the
Plasma Technologies area includes the
design and testing of magnets for MFE.
One LLNL scientist is the international
test group leader for the (ITER) Central
Solenoid Model Coil. The same group
also provides innovative magnetic design
and testing for the quadrupole-focusing
magnets for heavy-ion drivers. As part of
the Plasma Facing Components program
of Plasma Technologies, LLNL's work on
edge plasmas (the UEDGE code) is
applied to shielding the core plasma from
liquid-wall vapor.

[LLNL is involved in the Advanced Power
Exchange (APEX) program (part of the
Fusion Technologies element of the VL),
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where resecarchers are looking at the
application of thin- and thick-liquid walls
for MFE chambers. In addition to working
on concept design and tluid-flow consid-
erations, LLNL has applied its bench-
marked UEDGE tluid code to predict
divertor and edge-plasma behavior for
these chambers. The UEDGE work is an
excellent example of the application of
science-based, first-principles modeling to
fusion technology issues.

LLLNL also has unique and growing capa-
bilities in the area of neutron damage
modeling. LLNL's excellence in this area
has been recognized by its increased role
in the OFES’s Fusion Materials Program,
which was awarded through a competi-
tive, peer-review process. The goal of the
LLNL materials modeling project is to
apply predictive, physically based, multi-
scale modeling to the study of the under-
lving mechanisms responsible for
materials degradation in the fusion envi-
ronment. The ultimate objective of the
project is to develop a modeling capa-
bility to aid advanced materials design.
This is important as the OFES restructures
the advanced materials program to focus
on the underlying science required to
develop materials for the fusion power
environment.

In IFE, LLNL is centrally involved in the
design and integration for thick-liquid-
wall chambers, in driver/chamber inter-
face design, in safety and environment
modeling and assessment, and in power-
plant systems modeling and analysis.
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Institute of Geophysics and Planetar

Fig.22.The use of
adaptive optics at the
Keck Observatory
resulted in the first
ground-based detec-
tion of the inner rings
of Uranus.

The Institute of Geophysics and Planetary
Physics (IGPP) was founded in 1946 at the
University of California at Los Angeles
with a charter to “promote and coordinate
basic research on the understanding of the
origin, structure, and evolution of the
Earth, the Solar System, and the Universe,
and on the prediction of future changes,
as they affect human life.” As a
Multicampus Research Unit of the
University of California system, IGPP
now has branches at University of
California campuses in Los Angeles, San
Diego, Riverside, and Santa Cruz, and at
LLNL and LANL. Because it is
University-wide, [GPP has played an
important role in establishing interdisci-
plinary research in the earth and plane-
tary sciences.

Each of the six branches has a somewhat
different scientific emphasis, reflecting the
strengths of campus departments and
Laboratory programs. The IGPP branch at
LLNL emphasizes research in tectonics
and geochemistry in its Geosciences
Center, and planetary science and astro-
physics in its Astrophysics Center. It
provides a venue for studying the funda-
mental aspects of these fields, thereby
complementing other LLNL programs
that pursue applications of these disci-
plines in national security and energy
research.

The IGPP branch at LLNL, along with the
branch at LANL, sponsors the University
Collaborative Research Program (UCRP)
to facilitate scientific collaborations
among researchers at the University of
California campuses and those at the
national laboratories in areas related to
earth science, planetary science, and
astrophysics. This program provides
funds for joint research projects among
University of California researchers, other
academic research centers, and LLNL. The
goal of the UCRP is to enrich research
opportunities for University of California

scientists by making available to them
some of LLNL's unique facilities and
expertise and by broadening the scientific
program at LLNL through collaborative
or interdisciplinary work with campus
researchers.

Although the permanent LLNL staff

assigned to IGPP is relatively small (at

present about seven full-time employees),

IGPP’s research centers have become vital

research organizations through its:

e Support of a substantial number of
resident postdoctoral fellows

¢ Funding of 20 or more UCRP projects
each year

e Hosting of a variety of visitors, guests,
and faculty members from many insti-
tutions

¢ Hosting of conferences, workshops,
and seminars in astrophysics and
geosciences.

IGPP’s Astrophysics Research Center
(ARC) delivers cutting-edge science and
technology in the pursuit of basic astro-
physical knowledge. The ARC focuses on
astronomical adaptive optics, time-
domain astronomical surveys, radio
surveys, and the formation and evolution
of structures in the early universe. These
projects draw upon and enhance LLNL
capabilities in advanced detectors, remote
sensing, advanced scientific computing,
high-energy-density physics, and high-
energy physics. This leading-edge science
has generated positive impressions in the
scientific community. The technology of
adaptive optics, the incredible adaptive
optics images (surpassing those from the
Hubble Space Telescope), the discovery of
forming galaxies in the very early
universe, and the creation of the field of
microlensing surveys have all been
featured in newspaper articles and the
popular scientific press. Last year, ARC
scientists won more than 150 nights ot
major telescope time, more than 100 orbits
of Hubble Space Telescope time,
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significant time on a variety ot other
satellites, and hundreds ot hours of Very
Large Array (VLA) radio telescope time.

Astronomical Adaptive Optics
Essential to astronomers today are optical
systems that correct atmospheric aberra-
tions for incoming light. Known as adap-
tive optics, these system can be mounted
on a telescope and directed into virtually
any part of the heavens that an
astronomer wants to study. In adaptive
optics, mirror adjustments remove Earth’s
atmospheric turbulence from the tele-
scope’s images, thereby producing
unprecedented clarity. The prototype
adaptive optics system was installed at
the University of California’s Lick
Observatory on Mount Hamilton near San
Jose. LLNL researchers then helped
develop and install a larger adaptive
optics system at the Keck Observatory
atop Mauna Kea in Hawaii.

[GPP uses the adaptive optics system in
three major scientific areas. The first is in
planetary science. LLNL researchers, in
collaboration with researchers at the
University of California at Berkeley are
using the Keck adaptive optics system to
obtain spatially resolved spectra of Titan,
lo, Neptune, and Uranus. Highlights of
this work include detection of an
extremely powertul volcanic outburst on
[0, the first ground-based detection of the

faint inner rings of Uranus (Fig. 22), and
completion of an absolute retlectance map

of Titan.

The second area consists of studies of
nearby active galaxies, including spectro-
scopic mapping of the merging nuclei ot
NGC6240 at 0.04-arc-seconds resolution,

The third area is the search for extrasolar
planets. In collaboration with scientists at
the University of Calitornia at Los
Angeles, IGPP researchers are using adap-
tive optics to search for planetary
companions to young stars. The use of the
Keck adaptive optics system permits the
detection of companions 1 million times
fainter than their parent star, sufficient to
detect a 10-million-year-old Jupiter-mass
planet through its thermal emission in the
near-infrared wavelength. IGPP is also
mapping out the Trapezium star-forming
region in Orion to study the environments
of young stars. Shown on the front cover
i1s the laser guide star adaptive optics
system in use at the Keck Observatory.

The LLNL system at the Lick Observatory
is the only sodium laser guide star
currently in operation. LLNL's 20-watt dve
laser produces an eighth-magnitude artifi-
cial star. It is routinely achieving Strehl
ratios of 0.5- to 0.15-arc-seconds resolution.
A similar laser has been integrated into the
Keck adaptive optics system.

The ASCI White supercomputer, from DOE's Advanced Simulation and Computing (ASCI) Program, is
capable of more than 12 trillion mathematical operations per second. It contains 8,192 microprocessors
and is 40,000 times more powerful than the average personal computer. The supercomputer compo-

nents occupy more than 12,000 square feet in this Computations Directorate facility. ASCl White is used
in many PAT research projects.
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Fig. 23.Hubble Space
Telescope data were
used to support a halo
location for most of
the lenses seen toward
the Large Magellanic
Cloud. Shown here are
four models tested
with the "halo lensing”
model, which was sup-
ported by the data.

LLNL scientists have major roles in the
National Science Foundation’s Center tor
Adaptive Optics at the University of
Calitornia at Santa Cruz and are leading
the Center’s effort to organize around
cornerstone advanced technology proj-
ects, including multiple-laser beacon
systems, extreme high-contrast adaptive
optics systems, and compact vision-
science adaptive optics systems.

Time-domain

Astronomical Surveys

IGPP scientists continue to study the
Milky Way’s structure and composition
by using the database from the Massive
Compact Halo Objects (MACHO) Project.
The MACHO Project used technology
developed at LLNL to monitor the
universe for microlensing events, which
occur when a massive object passes

between a distant star and an observatory.

The MACHO Project finished monitoring
the Magellanic Cloud and the central
regions of the Milky Way (bulge) tor
microlensing at the end of 1999. However,
the analysis of the data collected
continues, including probing tor baryonic
dark matter and mass distribution along,
the lines of sight. Key results are the
direct detection and characterization of a

lens toward the lLarge Magellanic Cloud
(LMC), as reported in the journal Nature;
the first direct detection ot a gravitational
microlens; and the use of Hubble Space
Telescope data to support a halo location
tor most of the lenses seen toward the
LMC. (Fig. 23 shows four models tested
with the “halo lensing” model supported
by the data.) Careful analysis of the
microlensing toward the bulge vielded
results consonant with those predicted
from far-infrared observations of the
galaxy, ending a controversy caused by
previous estimates of a larger amount of
microlensing.

IGPP scientists are also investigating the
outer regions of the solar system to better
understand the size distribution of the
material beyond Neptune. This material is
thought to represent relatively
unprocessed material from the time of the
solar system’s formation. In collaboration
with the Australian National University,
the MACHO telescope 1s probing the
outer solar system looking, for large
objects (perhaps as large as Pluto) in the
region beyond the orbit of Neptune.

In collaboration with two Taiwanese insti-
tutions, another 1GPP experiment, the
Taiwanese American Occultation Survey
(TAOS), will probe the density of small
objects bevond Neptune by monitoring
bright stars tor occultations caused by
these objects (Fig. 24). These two projects
have involved significant advances in
automated telescope operation and data
analysis.

Formation and Evolution of Structures
in the Early Universe

IGIPP scientists are studying how the most
massive galaxies formed in the early
universe (Fig. 25). Using the two Keck
telescopes and narrow-band filters, IGPP
scientists have discovered gigantic emis-
sion-line halos and large-scale structures
associated with a number of such galaxies
when the universe was only 1 billion
years old. The origin of the halos is at
present not understood and may be
caused by large “super winds” driven by
enormous bursts of star formation, or by
primordial gas that is cooling for the first



Fig. 24. The TAOS telescope is being used to probe the density of small
objects beyond Neptune by monitoring bright stars for occultations caused

by these objects.

time since the Big Bang. Further spectro-
scopic observations and detailed
computer simulations of the hydrody-
namics and radiation processes in
forming galaxies will be needed to under-
stand the astrophysical conditions in
these halos.

IGPP scientists have also used the Keck
adaptive optics system to investigate one
of the fundamental mysteries of
astronomy: the nature and origin of
supermassive black holes in the centers of
galaxies. It 1s routinely achieving resolu-
tion equal to that of the Hubble Space
Telescope.

Radio Surveys

Scientists at LLNL and the University of
Calitornia at Davis continue to extend the
Faint Images of the Radio Sky at Twenty-
centimeters (FIRST) survey and extract
exciting new science from it. The FIRST
project is designed to produce the radio
equivalent of the Palomar Observatory
Sky Survey over 10,000 square degrees of
the sky. It is a high-spatial-resolution
survey at 21 centimeters that has discov-
ered hundreds of new quasars, lensed
quasars, and unusual radio galaxies. To
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Fig. 25.1GPP scientists are studying data such as
these to understand how the most massive
galaxies formed in the early universe.

date, the FIRST catalog contains 135,000
radio sources. [t will be used to study
quasars, extragalactic radio sources, and
cosmology. FIRST scientists have won a
large amount of Hubble Space Telescope
time to investigate candidate lensed
quasars.

Djehuty Project

[GPP is the physical home to the Djehuty
Project, which is designed to develop a
next-generation, fully 3-D stellar structure
and evolution code running on massively
parallel computers. This code and access
to LLNL computers will create a center
for stellar evolution study as the Djehuty
Project matures. The project is already
attracting outside academics who would
like to collaborate on projects making use
of this unique capability for the study of
stars. In the future, Djehuty will become a
true user tacility at IGPP, providing
unique access to full 3-D stellar modeling
for the astrophysical community. This
activity benefits from the open atmos-
phere at IGPP, simple access for external
collaborators, and direct interaction and
collaboration with the data-mining activi-
ties of the MACHO Project.
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Medical Technology Program

Diabetes can strike
children suddenly,
making them insulin
dependent for life.
Shown on the left is
Tom Peyser,a LLNL
researcher working on
a PAT-led glucose
monitoring technol-
ogy that may help his

daughter, Jenny (right).

(photo credit: freelance
photographer Margaret
Kaye)

The Medical Technology Program (MTP)
in the PAT Directorate has personnel with
the skills, expertise, and capabilities that
are important for advancing the biomed-
ical science and technology needed for
counter-bioterrorism systems and for
developing more efficacious and less
costly medical diagnostic devices and
therapies. MTP provides the instrumenta-
tion necessary to study the biochemistry,
physiology, and dynamic structure of
living cells as part of the DOE Genomes-
to-Life Initiative.

MTP physical scientists are skilled at
developing new instrumentation and
measurement technologies that can be
used for portable biowarfare-agent detec-
tion and monitoring. Included in this are
core competencies in biosensors; biopho-
tonics; mass spectrometry; micropower
radar systems; and infrared, ultrasound,
microwave, and x-ray imaging. These
same technologies can also be used to
diagnose and monitor the spread of infec-
tious diseases, such as influenza, tubercu-
losis, pneumonia, cholera, and
antibiotic-resistant bacteria as well as
screen for the presence of various cancers
and monitor their response to therapies.

MTP researchers also have considerable
expertise in designing photon-
based technologies to activate
microtools and visualization
systems for intravascular
catheter systems. I
Additionally, experience
exists in MTP for
the development
of micropore
filters and biore-
actors to make
possible the devel-
opment of artificial
organs, such as the
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kidney and liver. MTP also has the
computation skills and simulation codes
to study photon transport within and
eftects upon human tissue.

Microbead Immunoassay

Dipstick System

In the twenty-first century, minimally
invasive and noninvasive diagnostics will
form the cornerstone of clinical laborato-
ries. In that context, the MTP is devel-
oping a tool that can be used by relatively
untrained personnel (such as firetighters
and paramedics) to run sophisticated,
onsite diagnostics using a simple, one-
step measurement. That tool is designated
as the microbead immunoassay dipstick
system (MIDS). (A prototype is shown in
Fig. 26.) The potential applications for
MIDS include point-of-care medical diag-
nostics (at the patient’s bedside, in rural
areas, or in third-world countries),
portable clinical laboratories for military
operations or space travel, field diagnos-
tics for environmental sampling, and
detection of biowarfare agents.

Like vehicle dipsticks that measure various
fluid levels, the MIDS is designed to use
optically encoded, polystyrene microbeads
as templates for each assay. This approach
allows a high degree of tlexibility because

Fig.26.The Microbead Immunoassay
Dipstick System (MIDS) uses fluorescent,
microbead-based assays to perform rapid, onsite diagnostics in the detection
of a variety of pathogens.



any combination of beads can be used tor
a given application. Incubation times are
much more rapid and sensitive in the bead
matrix than in conventional formats,
allowing detection in minutes. Many
different types of pathogens (such as
viruses, bacteria, and spores) can be simul-
taneously analyzed in the same sample,
thereby greatly simplifying sample prepa-
ration and detection protocols.

One immediate and powertul application
of this device is determining how eftec-
tive a particular vaccine has been in
creating an immune response in individ-
uals. In collaboration with the California
Department of Health Services, LLLNL's
MTP researchers have developed
extremely rapid, sensitive, microbead-
based assays for measuring vaccine-
preventable, childhood viral infections
(such as measles, chicken pox, mumps,
and rubella viruses). All these assays can
be simultaneously run from a single drop
of blood. The use of MIDS could, for the
first time, test the effectiveness of a given
vaccine on individual children, elimi-
nating in many cases the need for
multiple vaccinations while ensuring
100% eftectiveness.

Microdot Array Sensors

The Microdot Array Sensors (MiDAS)
project focuses on developing a novel, in
vivo fiber-optic sensor capable of meas-
uring multiple biomarkers using mini-
mally invasive delivery devices (e.g.,
catheters and biopsy needles). As shown
in Fig. 27, these biosensors use inkjet tech-
nology to print multiple microdots on the
end of a fiber-optic bundle. Each fiber-
optic bundle is composed of thousands of
individual fibers that are melted and
drawn together in a coherent manner,
allowing an image to be carried from one
end of the tiber to the other. Each
microdot overlaps several fibers in the
bundle and contains a unique biomarker
assay. Because each fiber delivers light
that is spatially distinct from its neigh-
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Blood glucose levels for insulin-dependent
diabetic and non-diabetic subjects
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bors, it is possible to simultaneously iden-
tity each microdot and perform parallel
assays by imaging the tip of the fiber
bundle. One application of MiDAS is in
the early detection of blood-clot forma-
tions caused by strokes.

Glucose Sensor for Diabetes

MTP’s Glucose Sensor Project is devel-
oping an artificial biomechanical pancreas
for use in the treatment of diabetes by
combining existing glucose insulin pumps
with a continuous glucose sensor. The
glucose sensor will continuously monitor
blood-sugar levels and communicate to
the insulin pump to release insulin into
the bloodstream, allowing correct
insulin/blood-sugar levels to be main-
tained minute to minute throughout the
dav and night. Fig. 28 shows the variation
in blood-glucose levels tor nondiabetics
and for a Type-I diabetic child.

Fig.27. MiDAS is a
fiber-optic-based
platform for making in
vivo measurements of
biomarkers, such as
those associated with
clot formations in
strokes.

Fig.28.The graph
shows measured
blood-glucose levels
over a 48-hour period
of a nondiabetic per-
son (blue line) and a
Type-| diabetic child
who is adhering to the
best available treat-
ment (red line). Over
that time period, the
diabetic experiences
one hypoglycemic
episode and many
hyperglycemic
episodes that extend
well above the normal
range. Hypoglycemic
episodes can lead to
coma and death. High
glucose levels over
many years can result
In severe mMicrovas-
cular complications,
including stroke, heart
disease, kidney failure,
and amputations.
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Tyvpe-I and Type-1l diabetes aftect 16
million people in the United States (a new
case is diagnosed every 40 seconds) and
more than 120 million people worldwide.
The World Health Organization estimates
this number will soar to 300 million by
2025. Diabetes is the single most costly
disease. In 1992, total health care costs in
the United States for diabetes were more
than $105 billion—approximately 15% ot
the national health care budget and 25%
of all Medicare expenses. In 1998, diabetes
was responsible for the deaths of 200,000
Americans, making it the third leading
cause of death by disease in the United
States.

Juvenile onset, also called Type-I or
insulin-dependent diabetes, occurs when
a person’s pancreas produces little or no
insulin, a hormone necessary to sustain
life. Jenny Peyser, the teenager shown in a
back cover and daughter of LLNL
researcher Tom Peyser, sutfers from Type-
[ diabetes and ultimately could be one of
many who may benefit from LLNL's
research on glucose sensing. Type-I
diabetes is thought to be an autoimmune
disease, in which the body’s own system
attacks and destroys the insulin-
producing cells in the pancreas. Although
primarily a childhood disease, adults are
also susceptible.

Currently, more than 1 million Americans
have Type-I diabetes. This is a disease that
strikes children suddenly, makes them
insulin-dependent for life, carries the
constant threat of devastating complica-
tions, and shortens their lives by an
average of 15 years. Conventional therapy
for juvenile diabetes is to draw blood
samples six or more times daily to
monitor blood-glucose levels with
commercial glucometers and to admin-
ister one or two injections per day of
various forms of insulin. Near-normal
blood-sugar levels (glycemic control) are
difficult, if not impossible, to achieve with
conventional therapy. Failure to achieve
glycemic control inevitably leads to long-

term microvascular complications, such as
blindness, heart disease, stroke, kidney
failure, and amputations.

Treatment is necessary for the patient to
stay alive, and it requires them to extract
blood samples by paintul needle pricks of
the fingers, followed by self-administered
insulin shots. Dosages must be carefully
calculated because errors can produce life-
threatening results. Normal complications
of maturing are dramatically exacerbated
by the demands of strict control of diet,
exercise, careful testing, and self-injections.
Stress, hormone changes, periods ot
growth, physical activity, medications,
illness, infections, and tatigue also
adversely affect a child’s ability to control
blood-sugar levels. Moreover, the social,
emotional, and economic impact on families
ranges from difficult at best to devastating,
[n fact, some tamilies are simply unable to
understand the complicated procedures
necessary to administer even the minimum
care required for a diabetic child.

Type-II diabetes is chiefly an adult disease
in which the body cannot efficiently use
the insulin it makes. The disease is often
associated with obesity and poor dietary
and exercise habits. With childhood
obesity increasing at epidemic proportions,
Type-ll diabetes in children has risen at the
alarming rate of 30% in the last decade.

[t existing commercial insulin pumps
could be combined with a continuous
glucose sensor, a more physiological and
fine-tuned therapy could be provided.
Current research suggests that such a
development would dramatically reduce
morbidity and mortality from this disease.

Scientists at LLNL and its commercial
partner, MiniMed, Inc., of Northridge,
California, have been examining the use
of dime-size implants placed a few
millimeters below the surface ot the skin
to provide a continuous reading of a
diabetic patient’s glucose level. These
implants contain special fluorescent-light-
emitting molecules that bind specitically
to glucose molecules. Upon binding and



excitation by light at a suitable wave-
length delivered through the skin, the
implants produce an increased level of
fluorescent light. By monitoring the
portion of light that escapes back through
the skin with a miniature external
detector, the diabetic patient could contin-
uously determine local glucose concentra-
tion in the body.

[t should be emphasized that the present
research is only in its earliest stages, but it
the results continue to be promising,
sensing schemes of this tvpe could even-
tually be coupled to existing external or
internal insulin pumps and provide near-
normal glucose control. These sensors
could, in principle, provide the missing
piece needed to realize an artificial bio-
mechanical pancreas. Such a device
would allow children to lead relatively
normal lives and significantly reduce the
risk of long-term complications.

LLNL has assembled a multidisciplinary
team that includes experts in chemical
synthesis, bioengineering, optoelectronics,
chemical sensors, and computer modeling,.
The current effort at PAT is an outgrowth
of a larger effort at the Laboratory to
develop sensors for other defense, envi-
ronmental, and biomedical applications.

Physics and Advanced Technologies 2001 Annual Report

The goal is to develop the prototype
elucose sensor into a device that
addresses the needs of diabetes patients.
This device will be used in conjunction
with the insulin pump from MiniMed.
The goals for this project are to optimize
the glucose detector, develop prototypes,
and conduct early-stage clinical trials.

DOE awarded the Bright Light Award to
the LLLNL research team for its work
developing the implantable device. The
MTP team also received an Excellence in
Technology Transter Award from the
Federal Laboratory Consortium for
Technology Transfer for its work on the
biomechanical pancreas (see the PAT
Awards section).

Breast Cancer Biopsy Tool:
BioLuminate Smart Probe

MTP researchers have collaborated with
BioLuminate, Inc., of San Jose, California,
to develop, produce, and market a revolu-
tionary diagnostic device for early
breast-cancer diagnosis. At present, 85%
of all invasive breast biopsies done each
vear in the United States are negative. The
total cost of biopsies is $2.3 billion annu-
ally. A multisensor probe would allow
surgeons to improve breast-cancer
screening and signiticantly reduce the
number of biopsies performed.

Fig.29.The “Smart Probe” makes continuous measurements (see graph) as it moves from the surface of
the breast (A) to the center of the tumor (C). The graph illustrates what the analyzed signal looks like for

the case of a malignant lesion.
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Fig.30.Researcher Karen Lauer examines an early
test version of the smart probe.The laser light
output is visible at the tip of the fiber.

After a mammogram identifies a suspi-
cious area, a physician would insert a
multisensor needle—the Smart Probe
(Fig. 29). This smart-needle probe, which
is the size of a needle routinely used to
draw blood, collects data that characterize
the suspicious area.

MTP researchers have developed a sensor
suite for the needle and have built more
than 50 test smart-needle probes that are
now being used in human clinical trials at
the University of California at Davis
School of Medicine. The probe, shown in
Fig. 30, uses four distinct physical detec-
tion methods within each needle: optical
scattering and absorption spectroscopy
(OSAS), optical coherence domain reflec-
tometry (OCDR), near-infrared (NIR) fluo-
rescence, and a spectroscopic impedance
measurement capability. Each of these
diagnostic methods contributes unique

Fig.31.The prototype MIR device has been used
in feasibility studies to detect blood pooling
inside the skull.

tissue information that, when combined,
will give unique signatures associated with
malignant or benign lesions.

Handheld Radar for Detecting
Intracranial Hematoma

Blood pooling inside the skull (intracranial
hematoma) can result in rapid neurologic
decline and death if left untreated. A
computed tomography (CT) scan, the
standard method for the detection of these
hematomas, requires trained technologists
and large scanners and can be performed
only in a hospital. A portable hematoma
detector could provide a means of faster
recognition and triage of these potentially
lethal lesions. Such a detector would have
many applications, such as in rural
settings where access to a CT scanner is
limited, in situations when a patient is too
unstable to be brought to a scanner, and
on the battletield.
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Transmitted Pulses
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Fig. 32. Ultralow-energy radar waves interact with the suspected head trauma, generating reflections at
interfaces between different tissue types. A computer displays and aids in the interpretation of the
information. An early prototype of the radar transceiver board is shown in the bottom inset.

Scientists at LLNL have developed a
portable, micropower-impulse-radar
(MIR) device that could provide a more
readily available means for detecting
these lesions (Fig. 31). The technology
exploits the different dielectric proper-
ties of the relevant biologic tissue by
giving a reflective signal at the dielectric
constant intertaces, such as at the brain-
hematoma intertace. The MIR device is
a handheld, noninvasive, ultrawide-
band/impulse radar that is manually
scanned over the patient’s head. It oper-
ates on a standard, 9-volt battery and
produces a broadband radio emission
that is two to three orders of magnitude
lower in power than a cell phone.
Operationally, the ultrawide-band,
microwave-frequency impulses are
reflected from the layers of tissue (scalp,
dura, skull, brain, and hematoma) to a
receiving antenna. Data are then
collected on a laptop computer (Fig. 32).

[nitial tests on phantoms (the test medium)
using a cadaver swine brain indicated that
this diagnostic system was feasible. In the
next phase of the feasibility studies of the
MIR in hematoma detection, researchers
examined nonacute, nonemergency
patients in a clinical setting. The individ-
uals were examined before surgery with
both the gold-standard CT scan and with
LLNL's MIR device.

The results from early tests of the device
are encouraging. The ability of this MIR
technology to detect acute intracranial
hematomas at the bedside warrants further
investigation. Additional studies on human
subjects will seek to improve the applica-
tion-specitic function of the radar and to
establish sensitivity and specificity data.
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Extreme Ultraviolet Lithography Pro

Named as "Technology
of the Year”by
Microprocessor Report,
extreme ultraviolet
lithography is being
developed for the
manufacture of the
next generation of
computer chips. This
test stand is located at
SNL/California, one of
PAT's partners in the
Virtual National
Laboratory. It will pro-
duce computer chips
that can store 1,000
times more informa-

tion than today’s chips.

A consortium of integrated-circuit manu-
tacturers, consisting of Advanced Micro
Devices, IBM, Intel, Motorola, Infineon,
and Micron Technologies, is sponsoring a
Cooperative Research and Development
Agreement (CRADA) at LLNL,

SNL /California, and LBNL to develop
Extreme Ultraviolet Lithography (EUVL).
This is an eight-year, $300-million
program funded completely by the
consortium members. The three national
laboratories work as a single research
organization, collectively referred to as
the Virtual National Laboratory (VNL).
The consortium members realized that the
national laboratories could apply their
unique expertise in soft x-ray optics tech-
nology to build a lithographic tool of
sufficient resolution to perform lithog-
raphy for all anticipated generations of
silicon-based manufacturing, which is
expected to last until about 2015.

Printing Integrated Circuits on
Semiconductor Wafers

Lithography is the technology used to
print the intricate patterns that define
integrated circuits onto semiconductor
wafers. Typically, a pattern on a mask is
imaged with a reduction of 4:1 by a
highly accurate camera onto a silicon
wafer coated with photoresist.
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Continued improvements in optical
projection lithography have enabled the
printing of ever finer features—the
smallest feature size decreasing by about
30% every two years. This ability, in turn,
has allowed the integrated-circuit
industry to produce increasingly more
powerful and cost-effective semicon-
ductor devices. On average, the number
of transistors in a state-of-the-art inte-
grated circuit has doubled every

18 months.

In order to keep pace with the demand
for the printing of ever smaller features,
lithography tool manutfacturers have
found it necessary to gradually reduce the
wavelength of the light used for imaging
and to design imaging systems with
larger numerical apertures. Using shorter
and shorter wavelengths of light has
allowed the production of smaller
features. Currently, the most advanced
lithographic tools used in high-volume
manufacturing employ deep-ultraviolet
(DUV) radiation with a wavelength of

193 nanometers to print features that have
line-widths as small as 100 nanometers.
(A nanometer is a billionth of a meter.)

Next Generation Lithographies

After the 193-nanometer tools, the semi-
conductor industry plans to move to a
wavelength of 157 nanometers to
continue the pursuit of smaller microchip
features to the 70-nanometer size. To
achieve even smaller-sized features, the
semiconductor industry will have to iden-
tify a new lithographic technology to
propel the industry forward, eventually
enabling the printing of lines as small as
30 nanometers. Potential successors to
optical projection lithography are being
aggressively developed. These are known
as “Next Generation Lithographies”
(NGLs). EUVL is the leading NGL tech-
nology; others include x-ray lithography,
ion-beam projection lithography, and elec
tron-beam projection lithography.
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['ig. 33 shows the basic elements of an
EUVL system. A pulsed laser beam
trained on a jet of xenon gas creates a
plasma (not shown) that emits 13-
nanometer radiation, which is focused
onto a mask. The mask reflects its circuit
pattern onto a series of curved mirrors
that reduce the size of the image and focus
the image onto the wafer. The thicknesses
of the 80 alternating lavers of silicon and
molybdenum that make up the mirrors
must be accurately controlled so that both
the thickness of each layer and the total
thickness over the surtace deviate by less
than one atom. The entire circuit-printing
process must be done in a vacuum
because air absorbs radiation at this wave-
length. Furthermore, the mask distorts the
image if it contains more than a handful of
defects measuring as small as 5 nano-
meters (about 20,000 times narrower than
the width of a human hair).

[n many respects, EUVL may be viewed
as a natural extension of optical projection
lithography because it uses short-wave-
length radiation (light) to carry out
projection imaging. In spite of this simi-
larity, there are major differences between
the two technologies. Most of these differ-
ences occur because the properties of
materials in the EUV portion of the elec-
tromagnetic spectrum are very ditferent
from those in the visible- and ultraviolet-
wavelength ranges.

Foremost among those differences is
the fact that EUV radiation is strongly
absorbed in virtually all materials, even
gases. Because of this absorption, EUV
imaging must be carried out in a near-
vacuum. Absorption also rules out the
use of refractive-optical elements, such
as lenses and transmission masks.
Thus, EUVL imaging systems are
entirely retlective.
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Ironically, the EUV retlectivity ot indi-
vidual materials at near-normal incidence
is very low. In order to achieve reasonable
reflectivities near normal incidence,
surfaces must be coated with multilayer,
thin-film coatings known as distributed
Bragg reflectors. The best of these func-
tion in the region between 11 and

14 nanometers. Additionally, EUVL
requires new resists and processing tech-
niques compared to standard optical or
projector lithography. Finally, because
EUVL utilizes short-wavelength radiation
tor imaging, the mirrors that make up the
camera must exhibit an unprecedented
degree of pertection in surface figure and
surface finish in order to achieve diffrac-
tion-limited imaging. Fabrication of
mirrors exhibiting such perfection will
require new, more accurate polishing and
metrology techniques.

Ultimately, this system will enable a
microchip to be manufactured with
etched circuit lines smaller than

100 nanometers in width, extendable to
below 30 nanometers. The resulting
microprocessors will be a hundred times
more powerful than those made today.
Memory chips will be able to store a
thousand times more information than
at present.
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Fig. 34. Basic layout of
an EUVL optical
system. All the optical
elements are reflective
and coated with
multilayers, such as the
molybdenume-silicon
mirror example shown
in the blowup insert
on the left. Each
surface has a
reflectivity of

about 70% at

13.4 nanometers. The
system must be
operated in a vacuum.
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Fig.35.The
Engineering Test Stand
was built

by SNL/California,
LLNL, and LBNL under
the sponsorship of a
consortium led by
Intel. The tool can print
a 25-millimeter-square
image with
70-nanometer resolu-
tion and uses the soft
x-ray wavelength of
13.4 nanometers.

LLNL Contributions in
the EUVL Program

Each of the national laboratories partici-
pating in the CRADA brings unique
contributions to this effort. LLNL is the
lead laboratory for optical design, optical
fabrication, metrology, multilayer coating,
and mask fabrication. The accomplish-
ments in several of these LI.NL-led areas
are highlighted here.

The EUV Optics Group at LLNL, in
conjunction with partners at LBNL and
SNL /California, have recently delivered
two projection imaging systems for use on
an alpha-class EUV lithographic exposure
tool (Fig. 34). Each system has taken its
turn as the most accurate large-field
imaging system ever built with wavefront
errors of about 1-nanometer rms. The
printing of 80-nanometer line features
using this optical system has been demon-
strated (Fig. 35). Meeting this challenge
has required advances in the state of the
art in several disciplines that contribute to
the overall optical system.

To realize the optical design, mirror
substrates must be polished with
outstandingly low levels of errors. In

addition to being highly retlective, the
mirrors must have surtace coatings that
are essentially pertectly uniform. For the
prototype system, the mirror surfaces had
to have geometric-shape (figure) errors
less than 0.25-nanometers rms and a
surtface ftinish of 0.1- to 0.2-nanometers
rms over clear aperture dimensions ot
50-150 millimeters. [.LLLNL developed a
collaborative relationship with industrial
optics suppliers. Together, they have
improved the state of the art in simultane-
ously meeting figure and finish by factors
of two to three times that of previous best
efforts. It is important to underscore the
great difficulty in achieving this goal with
the aspheric shapes that are required for
EUVL imaging systems.

Polishing the substrates to such an incred-
ible accuracy is possible only if there is
metrology available to both validate the
specifications and provide feedback for
the finishing process. A new style of inter-
ferometry has been developed to provide
the substrate manufacturer with a
detailed map of shape errors. With such a
map, the errors are addressed in subse-
quent polishing iterations. This absolute
interferometer instrument employs accu-
rate spherical waves that are produced by
the diffraction of light from pinholes that
are used as an absolute reference for
making a direct assertion of accuracy for
the aspheric surfaces. The VNL Team at
LBNL performs angle-resolved scattering
measurements that give a functional vali-
dation to surtace roughness measure-
ments that are obtained using commercial
instruments. A successful partnership
between the national laboratories and
industry offers the best chances for
achieving the continued improvement in
figure and finish that is necessary for
construction of the EUV production tools.

Multilayer Coatings

Perhaps the single most enabling tech-
nology in constructing an EUV imaging
system is the deposition of multilayer
coatings. These coatings provide a suffi-



ciently high retlectance to allow the use ot
near-normal incidence optics. Betore the
existence of these multilayers, researchers
employed either grazing incidence optics
or zone plates

neither of which offtered
the degrees of freedom necessary ftor
controlling aberrations to the levels
required for EUVL. For several vears,
LLNL’s Multilayer Coatings Group has
been the leading organization in devel-
oping coatings and in applying them for
programmatic applications. The key spec-
ifications that are addressed include high
reflectance at the operational wavelength
(13.4 nanometers), coating-thickness
control so that the accurate substrate
shapes are not deformed, and tight wave-
length control so that the bandpass of the
coatings 1s well matched among all the
surtaces. LLNL’s Multilayer Coatings
Group met each of these challenges in the
various categories for the prototype
system and is close to satisfying the final
requirements needed for ftuture litho-
graphic production tools.

Modeling the optical system is critical in
determining the tool’s lithographic
performance. LLNL's Optics Group has
developed models for calculating 2-D
aerial images, using realistic models for
the partially coherent illumination. These
models also allow the input of the system
wavefront errors that are determined
during alignment, and the power spectral
density data that describe flare.
Furthermore, mask patterns, such as
elbows or stars, can be used in the models
to determine the intensity profile at the
image plane and to calculate contrast, crit-
ical dimension (CD) variation, linearity,
image placement errors, and through-
tocus behavior. This simulation capability
has proven especially important in
analyzing printed patterns from the proto-
type exposure tool and determining if any
alignment adjustment is required, or if the
printed images show expected trends.
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A Successful Partnership

The development and the construction of
a sophisticated optical system, such as
that used for EUVL, requires a systems-
level understanding of each component
technology and how it relates to the func-
tional specitications. The accomplish-
ments attained for the EUVL program
have demonstrated a successful partner-
ship—not only among diverse technical
groups at LLNL but also with other
national laboratories that possess key
technical expertise, among the industrial
suppliers that strive to translate feasibility
demonstrations into commercial products,
and the semiconductor companies that
offer insight into the functional specitica-
tions. This partnership and its achieve-
ments were recognized in April 2001 at
the EUVL Milestone Celebration (Fig. 36).

Fig.35.An image in
photoresist printed
with the EUVL optical
system. The line widths
are 80 nanometers,
and the spaces
between the lines are
also 80 nanometers.

Fig.36.0n April 11,2001, more than 200 people attended the EUVL
Milestone Celebration to recognize the first operation of the Extreme
Ultraviolet Lithography tool built by three national laboratories. Dignitaries
shown at the dais from the left are Dr. Craig Barrett, Chief Executive Officer,
Intel Corporation; General John Gordon, Undersecretary for Nuclear Energy;
and National Nuclear Security Administrator Dr. Miriam John, Vice President,
Sandia National Laboratories, California; the Honorable Ellen Tauscher, U.S.
House of Representatives (Democrat); and Sunlin Chou, Senior Vice President
and General Manager for the Technology and Manufacturing Group, Intel

Corporation.
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Imaging and Advanced Detectors Di

During 2001, the PAT Directorate consoli-
dated its imaging, detection, and optical
sciences work into a new effort, Imaging
and Advanced Detectors Division (known
as | Division). Activities in the newly
formed I Division include adaptive optics,
image processing and visualization, optics
and metrology, multilayer technology,
advanced detectors, photonics, high-
power laser systems, and advanced inter-
cept technology. (The optics, metrology,
and the multilayer technology activities
supporting the EUVL Program are
reported in the previous section.)
Highlights of I Division activities in 2001
are described below.

Adaptive Optics

The activities of the Adaptive Optics (AO)
Group in [ Division included projects
with application to high-power lasers,
laser communications, remote sensing,
astronomy, and human vision. See Fig. 37
for a summary portrayal.

In the areas of optical communications
and remote sensing, a collaborative team
led by LLNL was selected for funding
support (approximately $9.5 million) as
the Coherent Communications, Imaging
and Targeting Program through the U.5.
Department of Defense’s Defense
Advanced Research Projects Agency
(DARPA). This team is developing
powerful, new capabilities for secure, free-
space communication links (at rates of
multigigabits per second) and aberration-
free, 3-D imaging and targeting at very
long ranges (more than 1,000 kilometers).
Innovative concepts and integration of
micro-electromechanical-systems (MEMS)
spatial-light modulators (SLMs), which
provide a quantum leap in wavefront
control, advanced photonics components,

and high-speed electronics will provide
atfordable and high-value systems for use
well into the twenty-first century.

Phase | of the two-phase program will be
executed by a team consisting of LLNL,
four universities (Boston University,
Stanford University, University of
California at Berkeley, and Georgia
[nstitute of Technology), several
MEMS/photonics companies (Boston
Micromachines, Lucent, and
MicroAssembly Technologies), and major
U.S. aerospace companies (Ball
Aerospace, Boeing, Harris, HRL
[Laboratories, Lockheed Martin, Northrop
Grumman, Raytheon, TRW, and
Aerospace Corporation). Phase | funding
is for a two-year period that began in
May 2001. Successful quarterly reviews
for this project were held in October 2001
and January 2002.

Another project in the area of optical
communications is a collaborative effort
with LLNL’s Nonproliferation, Arms
Control & International Security (NAI)
Directorate on the Secure Air-optic
Transport and Routing Network (SATRN)
Strategic Initiative. For this project, an
adaptive optics system is being developed
based on MEMS deformable-mirror tech-
nology to compensate for atmospheric
degradation of free-space laser communi-
cations system performance.

[n the area of high-power laser systems,
in collaboration with the Laser Science &
Technology (LS&T) Program, [ Division is
developing a solid-state, heat-capacity
laser. Supported by a contract with the
U.S. Army, this project is utilizing an
adaptive optics system inside an unstable
resonator cavity in order to compensate
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vision (I Division)

for optical aberrations in the gain media.
These aberrations lead to degradations in
beam quality that limit the ability to bring
the beam to a sharp focus on a target.

[n 2001, the adaptive optics system
designed for a 10-kilowatt laser system
was implemented and tested; and its
functionality was demonstrated. A
successtul comprehensive external review
of the program was held in November
2001. Further refinements of the adaptive
optics system are planned in 2002 to opti-
mize its performance. Another project in
this technical area involves collaboration
with the LS&T Program to develop
programmable phase plates, based on
liquid-crystal SLLM technology, to provide
a beam-shaping capability for a high-
power laser drilling system. The base
beam-shaping system has been designed
and tested.

In the area ot astronomy, the AO Group
has been involved in the development
and operation of the laser guide star
adaptive optics system for the 3-meter
telescope at the University of California’s
Lick Observatory. Members of the AO
Group aided astronomers who are using
this unique system to produce high-reso-
lution images of galaxies, protostellar
regions, and planets in the solar system. A
laser guide star system was subsequently
installed in the 10-meter telescope at the
Keck Observatory to enhance the existing
adaptive optics system (see front cover
photo). The first tests projecting the Keck
laser to the sodium mesophere were
conducted successfully in January 2002.

The AO Group has also been intimately
involved with two other large-telescope
adaptive optics systems now in their

design phases: the Gemini national
8-meter telescope and the 30-meter
California Extremely Large Telescope

(CELT). The Gemini system, which will be

the first to use multiple laser guide stars
to correct over a wide field, is now in the
final stages of design. The CELT is at the
conceptual design and analysis stage.
Members of the AO Group contributed
substantially to a chapter on adaptive
optics in the final report on the CELT
conceptual design and analysis.

Vision Correction

with Adaptive Optics

In the area of human vision, the AO Group
began a new collaborative project with the
Department ot Ophthalmology at the
University of California at Davis. With

support from Laboratory Directed Research

and Development (LDRD) funding, the
project will assess the limits of human
visual acuity by using liquid-crystal SLM
wavefront corrector technology.

With funding support from the National
Science Foundation’s Center for Adaptive
Optics, the AO Group also collaborated
with the University of Rochester to test the
use of MEMS deformable mirrors to
correct aberrations of the eye. Based on
these activities, a collaborative team led by
LLNL has been selected for support (at the
level of approximately $2.7 million)
through the DOE Biomedical Engineering
Program. Over a two-vear period, this
team will develop and test clinical
ophthalmic instruments that use MEMS
adaptive optics in hopes of revolutionizing
the diagnosis and treatment of the diseases
that cause blindness, and the techniques
for vision correction in the general popula-
tion. Diseases addressed by these new
instruments and the newly enabled clinical

Fig.37.The activities of
the PAT Adaptive
Optics Group included
ongoing projects on
astronomical and
high-power laser
systems using conven-
tional deformable-
mirror technology as
well as new projects in
laser communications,
remote sensing and
imaging, and vision
science using new
micro-electromechani-
cal (MEMS) and liquid-
crystal spatial-light
modulator (SLM)
technology.
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T ———&ide this lSsue
FBcus on Coberent X-rays

Fig. 38. PAT's work in
superconducting tun-
nel junction x-ray
detectors was featured
in the March/April
2001 issue of
Synchrotron Radiation
News.

protocols include the main causes ot
blindness in the United States: macular
degeneration, glaucoma, diabetic
retinopathy, and retinitis pigmentosa. The
project team includes multiple DOE
national laboratories (LLNL and SNI.) and
multiple medical research centers
(University of Calitornia campuses at
Davis and Berkeley, University of
Rochester, and Johns Hopkins University),
along with the Army Aeromedical
Research Laboratory and Bausch & [Lomb
Corporation. Additional support by
Bausch & Lomb and the Center for
Adaptive Optics will allow the evaluation
of the clinical utility of this instrumenta-
tion for vision correction, and determina-
tion of the suitability of this
instrumentation for commercialization.

Advanced Detectors

The Advanced Detector (AD) Group in

[ Division is developing high-resolution
and high-sensitivity detectors for use from
the near-infrared spectral region to
gamma-ray wavelengths. In the near-
infrared wavelength, an array of detectors
will form a high-sensitivity camera with
near-zero readout noise. Combined with a
large telescope and an adaptive optics
system, this near-infrared camera will be
capable of directly measuring light from
planets orbiting nearby stars. At x-ray
energies, the detectors combine high-spec-
tral resolution with high efticiency over a
wide energy band. Such detectors are ideal
for both astronomical measurements and
synchrotron-based spectroscopy of biolog-
ical samples. At gamma-ray energies, the
detectors can measure the ratio ot nuclear
isotopes with high precision for nonprolif-
eration and arms control applications.

Several types of detectors are being devel-
oped—all of which operate at tempera-
tures near 0.1 Kelvin—approaching
absolute zero at zero Kelvin. When the
detectors are cooled to these low tempera-
tures, the energy of the individual
photons becomes a significant fraction of
the energy of the entire detector. In a
microcalorimeter, each photon warms up
the detector; and this pulse in tempera-
ture is measured with high precision. In a
superconducting tunnel junction, each

photon breaks from thousands to millions
of superconducting Cooper pairs, which
are then counted.

Last year, the AD Group optimized the
fabrication of molybdenum and copper
transition-edge sensor microcalorimeters
and developed a process to consistently
produce hundreds of high-quality devices
simultaneously. The current focus of the
AD Group is on optimizing the operation
of the devices. In addition to the standard,
single-pixel operation, the group began a
major thrust toward multiplexing arrays
of detectors with a single Superconduct-
ing Quantum Interference Device
(SQUID) amplifier. A single detector was
successfully operated with a high-
frequency, alternating-current bias; and
the demodulated signal produced
gamma-ray spectra with a resolving
power of 1000. The next step is to run
several detectors at different bias trequen-
cies, sum the signals together with one
amplifier, and separate the different chan-
nels from the amplifier output.

The AD Group operated superconducting
tunnel junction detectors in a 3-by-3 array.
This array can potentially achieve a total
counting rate above 100 kilohertz. Each
detector in the array is evaluated with its
own amplifier. The array was operated at
the Advanced Light Source X-ray
synchrotron at LBNL to identity transition
metals in proteins.

Transition-metal complexes are key
elements in many biologically important
processes that are catalyzed by proteins
(enzymes). Photosynthesis is a prime
example. The changes that occur in elec-
tronic structure throughout a catalytic
cycle are the subject of much research
aimed at understanding the mechanisms
of these processes. [.-edge x-ray spec-
troscopy is a powertul tool that can be
used to study such mechanisms. The
concentrations of the transition-metal
complexes in enzymes are, however, typi-
cally low—around 100 parts per million—
so that the metal signal rides on top of a
very large background absorption from
the associated protein and water.



The high-spectral resolution ot the super-
conducting tunnel junction detectors
provides a way to measure the weak fluo-
rescence from transition-metal L lines
which would otherwise be buried in the
wings of much stronger neighboring lines.
For example, manganese in biological mole-
cules, such as the photosynthetic, oxygen-
evolving complex, has weak tluorescence
lines at 637 and 649 electronvolts that are
obscured by the strong oxygen K emission
line at 525 electronvolts. The results of this
work generated much interest in the scien-
titic community and were featured in the
March/April 2001 issue of Synchrotron
Radiation News (Fig. 38).

High-Power Lasers

The High Power Laser Group (HPLG) in

[ Division is working on several projects
that are aimed at both developing new
high-power laser sources and novel appli-
cations that use high-power lasers. The
largest project is a spin-oft from the
Atomic Vapor Laser [sotope Separation
(AVLIS) Project tor Uranium nuclear
fuels. The project uses a suite of tuned
lasers to isotopically separate materials ot
importance for the DOE Stockpile
Stewardship Program. New technologies
tor this project include high-power, diode-
pumped, neodymium-doped (Nd:)
vttrium aluminum garnet (YAG) solid-
state lasers; frequency doubled to pump
tunable dye lasers; and a set of nonlinear,
solid-state lasers for the master oscillators.
It is expected that these laser systems will
serve as prototypes for other projects,
such as medical laser isotope separation
and artificial guide star systems for
astronomy and missile defense.

Other projects that use high-power lasers
included an effort to launch strong shock
waves in metallic materials and an inves-
tigation into the metal-working capabili-
ties of diode-pumped, solid-state lasers
(DPSSLs). The Laser Shock Diagnostic
(L.SD) project uses a high-energy,
nanosecond-pulse laser to study materials
that are important to the DOE Stockpile
Stewardship Program in a much less
expensive way and with higher data rates
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than have been previously possible using
other technologies. Pending a successtul

demonstration of the LSD technique with
existing lasers, the HPLG will construct a
new dedicated laser tacility and conduct

signiticant tollow-on experiments.

The metal-working effort has shown that
precision drilling of submillimeter holes
in millimeter-thick substrates can be
accomplished using a relatively inexpen-
sive DPSSL with a pulse length in tens of
nanoseconds as opposed to complex
lasers utilized for ultrashort (subpico-
second) laser processing. The major
requirement for these precision holes is
the absence of any heat-atfected zone
(HAZ), which could compromise material
properties. Results (shown in Fig. 39)
indicate that if longer pulses are used
with incident fluxes just above the abla-
tion threshold, no HAZ is present. The
technique that the HPLG is testing uses a
two-color, two-mode approach to rapidly
drill an undersized hole and then polish
and shape the sides to final dimensions.

The HPLG is also developing new high-
power laser sources and related technolo-
gies. A new liquid laser concept is being
investigated (using LDRD funds) that
combines the superior properties of Nd:
glass lasers with the high-average-power
capabilities of circulated, organic liquid
dye lasers. Spectroscopic and fluid
dynamic modeling studies indicate that
near-diffraction, limited-quality beams in
the tens of kilowatts average power range
can be achieved from a single aperture
with the possibility of combining several
such beams to produce total powers at a
fraction of a megawatt.

Fig.39.Shown at 50
times magnification is
a 200-micron-diameter
hole drilled in a 1.25-
millimeter stainless-
steel plate by a laser
operating at 235 watts
with 85-nanosecond-
duration pulses of
1064-nanometer light.
Drilling time was less
than 1 second.The
existence of grain
boundaries contigu-
ous to the hole indi-
cates the absence of a
heat-affected zone.
The slight amount of
material at the top of
the hole is recast
metal that would be
removed in a second,
polishing phase of the
process.
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Advanced Interceptor Technology Pr
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Fig.40.The Advanced Technology Kill
Vehicle'’s delta-v of 1.5 to 2.5 km/s is

enabling for all boost-phase intercept

basing modes.

The research and engineering
focus of the Advanced
Interceptor Technology
Program (AITP) is in areas of
high national importance,
including developing, inte-
grating, and demonstrating
the critical technologies tor
performing hypersonic, hit-to-
kill intercepts of theater
ballistic missiles just outside
the atmosphere. The work of
AITP involves space tech-
nologies for space defense
purposes, analysis of National
Missile Defense options for
the U.S. Department of
Defense (DoD), and the devel-
opment of advanced technolo-
gies to improve boost
and mid-course

ballistic missile

defense capabilities.

[t is conducted

under the sponsor-
ship and in coordina-
tion with the Missile Defense
Agency (MDA), formerly the
Ballistic Missile Defense
Organization (BMDO), and
the U.5. Navy.

In the past 18 months, AITP
has successtully developed a
concept for a high-perform-
ance interceptor for use in a
broad range of missile
defense programs. Known as
the Advanced Technology
Kill Vehicle (ATKV), this
concept advances technolo-
gies originating from prior
Advanced Interceptor
Technology programs,
including those to develop a
high-performance
“microsatellite.” Over this
period, AITP established
unique capabilities in three
areas:

* Propulsion systems for small vehicles
that can perform space missions

* Integrated sensing for proximity opera-
tions, including the guidance and
control software necessary for docking
in orbit and intercepting a missile

* Ground-testing capabilities for demon-
strating, characterizing, and calibrating
the performance of integrated systems
and subsystems.

In addition, in coordination with Johns
Hopkins University’s Applied Physics
Laboratory, AITP has supported the DoD
in the production of a classified analysis
of the U.S. Navy’s capabilities to support
National Missile Defense and in the
development of alternative system
concepts to expand the approach to
missile defense. Work is also underway
for both MDA and the U.S. Army’s
Strategic Missile Defense Command
(SMDC) to evaluate how the ATKV can
support several different boost-phase
defense system concepts. Fig. 40 shows
sea-based, air-based, and space-based
ballistic missile detense concepts and how
the unique features of the ATKYV, espe-
cially its high delta-v, are enabling for
these applications. Other proposed devel-
opments of the ATKV include a modern-
ized Brilliant Pebble-like kill vehicle that
is both lightweight and high performance
and has both boost-phase intercept and
mid-course engagement applications.

Relevance to National Needs and
Agency Missions

The ultimate measure of this work’s value
is its adoption by the current Admin-
istration as a baseline technology for
several missile defense options. The
national importance of the work has been
demonstrated by direct Congressional
funding of LLNL’s efforts and the provi-
sion of program early-start funding in
Fiscal Year (FY) 2000 by MDA and the
Navy. DOE has concluded a
Memorandum of Agreement with the
DoD on the use of DOE detense
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laboratories to support missile detense
work. In turn, MDA designated the ATKV
work last June as one of its major “cooper-
ative” efforts with DOE on ballistic missile
defense and briefed House and Senate
Authorization and Appropriations
Committees on the ATKV work.

ATKYV continues to receive Congressional
support in terms of FY2001 “add-on”
funding. Strong support is expected in
FY2002 tor an early Advanced Concept
Technology Demonstration.

High-mass Fraction Propulsion System
Specific AITP achievements in 2001
included the development of a high-
performance pump for use with hydrogen
peroxide as a monopropellant; the identi-
fication of requirements for an “inte-
grated” system, including mass
allocations; and the preliminary system
design and identification of critical mile-
stones. The propulsion system advances
the state of the art by providing a “high-
mass fraction” system that is capable of
“thrust on demand” using “safe” propel-
lants. A preliminary, pressure-fed,
ground-test vehicle prototype has been
developed for propulsion testing at
AITP’s ground-test facility; and the
unique swivel thruster feature of this
vehicle design has been demonstrated.

Docking Experiments

AITP advanced the capability to ground
test the flight performance of an inter-
ceptor during “end-game” maneuvers or
of a microsatellite during docking maneu-
vers. This ground test provides a unique,
5-degrees-of-freedom test that simulates a
microgravity environment. This allows the
performance evaluation of a microsatellite
or interceptor against a target vehicle in a
realistic test environment that enables the
validation of simulation models for
expected pertormance. Fig. 41 shows two
ground-test microsatellite test vehicles that
have been used to perform a series of
docking experiments and demonstrations.
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The lower vehicle maneuvers
to the upper vehicle, docks
with it, and then tows it back
along the table. The _
value of this unique &
approach is reliable

testing at a low cost,

the dramatic increase in
the number of tests that
can be performed
(hundreds of runs versus a
few), and the high output of
flight code. Essentially, three
employees can develop the
code that just ten years ago
required the etforts of ten times
that many. With respect to
tlight testing, a traditional
“hover test” would cost $2 to
53 million. With the LLNL-
developed approach, the cost is
that of the six full-time
employees necessary to
operate the test capability. This
facility has been so successful
that the DoD is interested in
expanding the Laboratory’s
experimental capability by
developing an enlarged test
table, outdoor rail, and associ-
ated instrumentation.

The ATKV program is devel-
oping a monopropellant,
pump-ted test-bed vehicle that
will be used as an end-to-end
proof of concept of a high-
mass fraction interceptor
system. Development of
miniaturized pumps and
propulsion system compo-
nents (thrusters, valves, and
tanks) will be integrated with
upgraded control electronics
for this test-bed vehicle.
Integrated vehicle tests are
planned to start in FY2002,
including onsite, low-cost
“hover tests” later in the vyear.

1 + i r

! S -1 ;
Cripper ~ -
docking e

ETV-150

Fig.41.Two ground-test micro-satel-
lite test vehicles are used in a dock-
ing demonstration at AITP’s indoor
ground test facility. The bottom vehi-
cle in photo (a) docks with and tows
the upper vehicle. Insert (b) shows
the docking. Photos (c) and (d) show
the gripping and target vehicles,
respectively.
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The mission of the Laser Science and
Technology (LS&T) Program is to develop
advanced solid-state lasers, optics,
materials technologies, and applications to
solve problems and create new capabilities
of importance to the nation and the
Laboratory. A top, near-term priority is to
provide technical support and core compe-
tencies to the NIF Programs Directorate to
ensure the successful commissioning of the
facility. The LS&T Program devotes special
effort to building and maintaining its capa-
bilities in three technology areas: high-
power, solid-state lasers; high-power
optical materials; and applications of
advanced lasers.

The PAT Directorate exercised manage-
ment oversight of several LS&T technical
efforts. Only those projects with close PAT
involvement are described here. LS&T
Program activities for the NIF are more
completely discussed in publications from
the NIF Programs Directorate. For
example, other LS&T projects not covered
here include:

» Extensive details on technology and
optical component development to
improve the lifetime of 3-omega ultra-
violet (UV) optics and enhance the
NIF’s operations and performance
capabilities

Fig.42.The 10-kilowatt laser system, developed under U.S. Army funding for
missile defense, was installed at the High Energy Laser System Test Facility
(HELSTF) at the White Sands Missile Range, New Mexico.

Laser Science and Technology Progr

e Complete construction and test of the
Z-Beamlet and the Laser-Trigger
Systems at SNL

e Kilowatt-to-megawatt-class, solid-state
laser technology for inertial fusion
energy

e Use of laser peening to increase the
corrosion resistance of metal

e Short-pulse, high-average-power, solid-
state lasers for micromachining

e Meter-scale diffractive optics for
petawatt lasers

e New wet-etching process for figuring
large-aperture and ultrathin optics

e Lightweight diffractive optics for
space.

Development of a Solid-state,
Heat-capacity Laser for the
Department of Defense

Under the support of the U.5. Army’s
SMDC, and in collaboration with indus-
trial partners (Raytheon, Litton, and
others), the LS&T Program is developing
high-average-power (100-kilowatt-class),
diode-pumped, solid-state, heat-capacity
laser technology for application in tactical,
short-range air defense missions. The ulti-
mate vision is an electrically powered,
diode-pumped, solid-state laser weapon
that can be deployed on an electric vehicle.
To establish a solid technical basis for the
heat-capacity laser operation and risk
reduction, two flashlamp-pumped,
Nd:glass laser prototypes—a three-disk
and a nine-disk module—were built and
tested.

Flashlamp-pumped,

Nd:Glass Laser Prototypes

In 2001, the construction and testing of
the nine-disk module were completed.
This module is designed to produce

10 kilowatts of average output power and
deliver laser pulses with beam quality less
than three times diffraction-limited and
500 joules of energy per pulse at a repeti-
tion rate of 20 hertz tor 10-second bursts.
The laser was delivered to the Army’s
High Lnergy Laser System Test Facility
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(HELSTF) at the White Sands Missile
Range, New Mexico, to support material
interaction testing (Fig. 42).

[n August 2001, heat-capacity operation
for a full 10 seconds with an average
power of 13 kilowatts (639 joules of energy
per pulse at 20 hertz) was successfully
demonstrated. Currently, the laser is oper-
ating with a stable resonator, which is
ideally suited for the target interaction
experiments. Using a stable resonator with
an output coupling of 29%, up to

1,000 joules of energy per pulse were
extracted from the amplifier. A beam
quality of approximately 3.5 times the
diffraction limit was demonstrated with
an unstable resonator and with no
deformable mirror (DM) correction.
Components that will improve beam
quality—such as the use of a deformable
mirror—include DM control electronics
and laser-diagnostic sensor packages that
have been assembled and tested. With the
new DM and an unstable resonator, this
laser can achieve the desired goal of two
times the diffraction-limit beam quality
over the entire 10-second run time.

Using this nine-disk prototype heat-
capacity laser, LS&T researchers conducted
a series of target interaction experiments,
operating the heat-capacity laser at 3 hertz
with an energy of 650 joules per pulse. The
laser-beam footprint was roughly square
with a 6-millimeter-by-6.5-millimeter spot
dimensions at the target. The irradiation
pulse had a temporal envelope of 300 to
400 microseconds and consisted of several
relaxation-oscillation spikes with peak
intensities near a megawatt-per-square
centimeter. About 0.9 cubic centimeters of
aluminum (11 millimeters deep) were
successfully removed after irradiation with
38 laser pulses. For future target interac-
tion experiments, development continued
of numerical models to simulate the mate-
rial-removal process using hydrodynamics
codes to model the vaporization and
material ejection process. During a
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ribbon-cutting ceremony at the HELSTE, : -
the nine-disk laser was fired at a 1-inch- : \
thick aluminum target and successtully '

penetrated the target in 2 seconds (Fig. 43).

Diode-pumped, Nd:GGG

Crystalline Laser

The development of a 100-kilowatt-class,
diode-pumped, Nd:gadolinium gallium
garnet (GGG) crystalline laser is
proceeding rapidly. The diode-pumped
Nd:GGG heat-capacity laser will have
better thermal characteristics and oper-
ating efficiency, allowing the output
power to be scaled to 100 kilowatts (300
joules of energy per
pulse at 200 hertz).
Significant progress
was made toward
the growth of high-
quality Nd:GGG
boules. Litton-
Airtron Synoptics is
now routinely
growing Nd:GGG
boules measuring
15 centimeters in
diameter with high
optical quality.

Fig.43. A 1-inch-thick
aluminum target with
a hole drilled by a
2-second laser burst
from the HELSTF laser.

Fig.44. A 100-kilowatt-
class diode array
module in operation. It
was developed for
pumping high-average-
power, solid-state

lasers.

Also completed were the fabrication and
the testing of a 42-kilowatt laser-diode
array for pumping Nd:GGG slabs. Shown
in Fig. 44, this 100-kilowatt-class diode
module is constructed from 280 edge-emit-
ting laser-diodes mounted on 28 closely
packed, silicon microchannel, monolithic
(SIMM) tiles arranged in 4x7 configuration.
Each individual tile holds ten diode bars.
The brightness of the array is approxi-
mately 1 kilowatt per square centimeter at
a 10% duty factor. In order to fully utilize
the light emitted from laser-diode bars,
microlenses were designed to collect radia-
tion along the fast axis and were able to
reduce the beam divergence angle from

30 degrees to less than 1 degree.
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The SIMM package represents a significant
breakthrough in the high-power, diode-
array packaging technology, making it
possible to scale the output of 2-) diode
arrays to 100 kilowatts or larger with
extremely high brightness. Using diode
bars procured from the Coherent
Semiconductor Group of Santa Clara,
California, 1.5 kilowatts of output power
were achieved from a single tile (10-bar
SIMM package) with wall-plug efficiency
approaching 50%. Using a diode-array as
the pumping source, emission cross-
section and thermal-deposition measure-
ments on Nd:GGG were completed. In
2002, a small-scale Nd:GGG heat-capacity
laser operating at 200 hertz will be demon-
strated to replicate features that would be
found in a tieldable U.S. Army vehicle.

High-energy, Ultrashort-pulse Laser
Technology Development

With support from the LDRD program,
LS&T recently developed a new frontend
technology that utilizes optical-
parametric, chirped-pulse amplification
(OPCPA) to replace the regenerative
amplifier used in a variety of chirped-
pulse amplifiers, including the Nova
Petawatt Laser, Falcon Laser, and other
short-pulse laser systems. The wavelength

Fig.45.The Falcon ultrashort pulse laser (above) and the LINAC (above left)
are being integrated to produce a unique ultrafast x-ray source for Stockpile
Stewardship Program experiments.

and pulse-energy levels obtained from
this OPCPA are ideal for seeding
kilojoule-class Nd:glass amplitiers, such
as the NIF and other high-energy, ultra-
short-pulse laser systems.

Previously, high-energy lasers employing
chirped-pulse amplification (CPA) were
built on a hybrid (Ti:Sapphire-Nd:glass)
laser technology. Two difficulties with the
hybrid laser system are its low pulse
contrast and the generation of prepulses
by the regenerative amplitier. With a
regenerative amplifier, a tiny amount of
energy leaks out with each round trip of
the laser pulse. If this leak, or prepulse, is
not attenuated, it may cause a preplasma,
which changes the coupling of the laser to
the target. Single-pass OPCPA eliminates
prepulses originating from regenerative
amplitiers and reduces the amplified
spontaneous emission (ASE) by approxi-
mately one order of magnitude compared
to Ti:Sapphire. OPCPA otfers additional
advantages when compared to regenera-
tive CPA, including low thermal aberra-
tion, greater wavelength flexibility, higher
gain, high-beam quality, and lower B-inte-
gral as a result of the short beam path
through the gain medium.

[n 2001, the LS&T Program built a
compact OPCPA using a commercial,
frequency-doubled, Q-switched Nd:YAG
laser as the pump source. Three beta-
barium borate (BBO) crystals were used
as the gain medium. Under the type I
angular phase-matching condition, two
crystals were configured as preamplitiers;
and one was used as the power amplifier.
LS&T investigators successfully demon-
strated high-gain (approximately 107),
high-conversion efficiency (more than
20%), good amplitied pulse beam quality
(M? < 2), and high-bandwidth fidelity in
the OPCPA (30 femtoseconds).

Widespread use of the OPCPA is antici-
pated as the frontend technology for
glass-based, petawatt-laser systems and
high-average-power systems. In the
future, it may be possible to exploit the
full bandwidth capability ot OPCPA to
produce kilojoule-class pulses with a



duration of several tens ot femtoseconds.
This would potentially allow focused
intensities of 10°% watts per square
centimeter or higher tor experiments at
extreme tields.

For the Stockpile Stewardship Program,

[ S&T researchers continue to study the
ultratast response of materials. An ultra-
fast x-ray source was developed, based on
Thomson scattering of femtosecond laser
pulses (i.e., the Falcon Laser) trom
100-megaelectronvolt relativistic electron
bunches. During 2001, the multiterawatt,
ultrashort-pulse Falcon Laser system and
the Linac were integrated (Fig. 45).
Several techniques were tested for timing
synchronization between the electron
bunch and laser pulse to approximately
2-picosecond accuracy. The Linac was
reconfigured for installation of a
5-megaelectronvolt photoinjector.

Considerable advances were also made to
the Falcon Laser and the photoinjector
laser systems. LS&T researchers succeeded
in demonstrating Thomson scattering with
the photoinjector and generated 600-elec-
tronvolt x-ray photons by scattering off
the 5-megaelectronvolt electron beam with
the 400-femtosecond laser pulses from the
Falcon. The installation of a new final
power amplifier increased the Falcon
Laser output fourfold.

A new front end was developed for the
Falcon Laser, based upon a hybrid system
using both OPCPA and Ti:Sapphire lasers.
The hybrid design enabled the pump effi-
ciency and the energy of the compressed
pulses to be increased. Integration activi-
ties are planned for completion in 2002.
When tinished, this ultrafast x-ray source
will be used to probe the dynamics of
shock propagation and phase transitions
in high-Z metals.

Laser Guide Star Systems for Ground-
based Observatories

The LS&T Program continues to collabo-
rate with other Laboratory programs to
develop fieldable, sodium-layer laser
guide star systems for use on large astro-
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nomical telescopes in the Lick
Observatory near San Jose, California,
and at the Keck Observatory in |awaii,

The use ot a laser guide star at

589 nanometers, makes possible the
creation of artiticial stars in the direction
of observation by utilizing laser-induced
tfluorescence in the mesospheric sodium
laver 90 kilometers above the earth’s
surface. Using laser guide star beacons
allows diffraction-limited images to be
collected from more than 60% of the sky.
During the past year, LS&T researchers
developed, installed, and activated
compact, robust, and reliable laser guide
star and adaptive optic systems at the
[Lick and the Keck Observatories. These
laser guide stars—using frequency-
doubled Nd:YAG lasers to pump a dye
oscillator, preamplifier, and amplitier—
routinely produce up to 20 watts at

11 kilohertz with 1.5% energy stability
and a Strehl ratio of 0.647. The laser guide
star system is currently being used for
regular and routine science observing at
the Lick Observatory. The Keck system
has completed performance and atmos-
pheric propagation tests. (See Fig. 46
showing the sytem in operation at the

Keck Observatory.) An all-solid-state fiber
guide star laser for next-generation tele-
scopes is being developed.

Fig.46.The LLNL-built
orange laser beam of
the virtual guide star
emerges from the
dome of the Keck Il
telescope atop 14,000-
foot Mauna Kea
volcano in Hawaii.
(photo by John
McDonald, Canada-
France-Hawaii
Telescope Corporation)
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Institute for Laser Science and Applic

Shown in this
composite photo are
an angular map of
x-rays produced by
Compton scattering
(top) and an 8-pass
titanium: sapphire
amplifier (bottom).

The Institute for Laser Science and
Applications (ILSA) supports projects on
the application of high-intensity, high-
energy lasers in areas that include laser-
plasma physics, high-brightness and
high-energy particle beam applications to
novel x-ray sources, ultrashort-laser-pulse
interaction physics, and the study of
matter under extreme conditions.

Created in 1996 under the University
Relations Program (URP), the Institute
has had the mission to facilitate training
and research for university students and
faculty in areas important to DOE in
laser-interaction-with-matter science and
advanced laser technologies. As part of
this mission, the Institute oversees access
for students and faculty to existing LLNL
experimental facilities. This activity assists
and enhances the scientific environment
at LLNL and creates a forward-looking
research effort that provides strategic
benefit to both the scientific and the
university communities. ILSA’s solid
program of outreach to the university
community includes the University
Collaborative Research Program (UCRP)
and the organization of conferences and
workshops in topical areas of common
interest.

Plasma-induced Laser Incoherence
An important focus for plasma physics is
high-intensity laser plasma interactions
under a number of plasma conditions,
including those for Inertial Confinement
Fusion (ICF) plasmas. The propagation of
intense laser pulses through underdense,
fully ionized plasmas can be affected by a
number of nonlinear processes, including
filamentation, self-focusing, or parametric
instabilities, such as stimulated Brillouin

and Raman scattering. Understanding
these processes is important because they
can be detrimental to the coupling of
laser energy to targets and the moditying
of propagation characteristics. The
problem of laser coupling to a target or
plasma is a concern in many projects
related to the Stockpile Stewardship
Program, including ICF.

Last year, ILSA started a comprehensive
program in collaboration with colleagues,
both experimental and theoretical, to
study how these nonlinear processes
modify the laser propagation itself. The
induced spatial and temporal incoherence
of the laser beam—the so-called self-
induced plasma smoothing (SIPS)—has to
be considered if parametric processes in
laser plasmas are to be understood.
Recent theoretical studies have suggested
that the propagation of the laser beam
through the underdense plasma could
also induce spatial and temporal incoher-
ence upon an already spatially random-
ized laser beam that utilizes a random
phase plate (RPP). The SIPS process
would develop through the nonlinear
coupling between stimulated Brillouin
forward scattering (SBFS) and the dynam-
ically evolving hot spots of the beam.
SIPS could not only influence laser-
plasma interactions but also interfere with
the externally applied smoothing tech-
niques, thus modifying their expected
performances.

Experimental results demonstrated that
SIPS does significantly modify the proper-
ties of an intense propagating beam.

Fig. 47 shows the modification to the
transmitted laser light in the presence of a
preformed plasma. Filamentation and



ations

SBES are the main processes that can
couple the incident laser light with the
plasma and induce large-angle spreading
and large red spectral shifts. Numerical
simulations that have a similar self-
focusing-tilamentation initial stage
display, at later propagation times, an
unsteady behavior of the plasma response
with strongly detlected tilaments oscil-
lating in and out of existence. This oscilla-
tion 1s primarily caused by the mixing
between the density wells dug by neigh-
boring filaments. Such a rapidly bifur-
cating motion of the filaments decorrelates
the light from the plasma response and
smoothes the spatial intensity distribution.
In addition, at high intensity, these simula-
tions also display large red shifts and
spectral broadening for the forward scat-

tered light.

This work was carried out in collabora-
tion with other LLLNL colleagues, the
Laboratory for Laser Energetics of the
University of Rochester, the University of
Alberta, and Ecole Polytechnique in
Palaiseau, France.

Fluctuations and Nonlinear Waves
in Laser-produced Plasmas

Thomson scattering (TS) from stable elec-
tron density fluctuations is a powertul
diagnostic tool that is used to measure local
plasma parameters, distribution functions,
and transport processes. In laser-produced
plasmas, TS has become a standard tech-
nique for studying enhanced fluctuations
and related instabilities. The TS cross
section is determined by the dynamical
form tactor for electron density fluctuations
S(k,w). The evaluation of the dynamical
form tactor requires the solution of equa-
tions of motion for the density fluctuations
in the plasma. An ongoing development of
the particle code, which includes particle
collisions and the interaction with an oscil-
latory electric tield, resulted in a new,
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nonMaxwellian distribution function and
in preliminary results involving nonlinear
thermal transport properties.

[n this project, ILSA developed a theoret-
ical tframework that combined calcula-
tions of S(k,w) with hydrodynamic
evolution of laser-produced plasmas and
that accounted for the experimental reso-
lutions of measuring devices. The theory
leads to accurate predictions for the TS
cross section that, after comparison with
experimentally measured scattered power,
has elucidated new kinetic processes in
high-Z gold plasmas.

Studies of high-Z plasmas improve
understanding of radiative properties of
hot dense matter and have many applica-
tions in ICF, laboratory astrophysics, and
x-ray lasers. This theory has been applied
to the interpretation of TS data in gold
plasmas. In this experiment, ion acoustic
and Langmuir wave fluctuation spectra
were simultaneously observed for the first
time, allowing accurate measurements ot
plasma parameters and, in particular, an
average ionization stage.

Plasma Focusing of 30-gigaelec-
tronvolt Electrons and Positrons
An important contribution last vear in the
area of laser plasmas was the use of a
laser-produced plasma as a lens to focus
gigaelectronvolt electrons and positrons.
The plasma lens has been proposed as a

Fig.47.0One-dimen-
sional, time-resolved,
near-field images of
the forward scattered
light at 0+10°. (a)
Stationary speckle pat-
tern of f13 incident
light (vacuum shot).
(b) Through a plasma
of electron density
~20% critical and with
an intensity

| = 3x10'% watts per
square centimeter.
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final focusing mechanism to achieve high
luminosity for future high-energy particle
colliders. The experiment was carried out
at the SLAC on the Final Focus Test Beam
facility. The experiment clearly demon-
strated the focusing of 30-gigaelectronvolt
electrons and positrons. Fig. 48 shows the
tfocusing ot the positron beam by a
plasma, formed either with the aid of a
laser beam and/or by self-ionization. This
experiment was the first time that
positrons have been focused. The plasma
lens was produced by laser and beam
ionization of a neutral nitrogen gas jet
injected into the plasma chamber by a
fast-pulsing nozzle. The beam size was
measured using a carbon-tiber wire
scanner system and confirmed by the
forward scattered synchrotron radiation.

Thompson Scattering

with X-ray lasers

Another area of activity for ILSA last year
was the use of x-ray lasers in TS to serve
as a diagnostic of solid-density plasmas.
This application has great potential to

Fig. 48. Plasma focus- probe matter under extreme conditions,
ing data for positron including those encountered in the

beams provided an

Stockpile Stewardship Program. [LSA-

important contribu- based calculations and theoretical analysis
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laser plasma.

Beam size o (Lm)

10 ~

oC

I

0

first demonstrated the potential use of an

E150 Preliminary (Apr.2000)
»
A a
A
5 = £
; = 4
= l
= v e
z » »
A . »
N gas
A No plasma
® Beam induced plasma
® [aser tand beanmn induced plasma
-10) -5 () S 10 15 20 23

h7,( mim)

existing x-ray laser for probing high-
density plasmas, including those
approaching solid densities.

X-ray Protein Crystallography and
Compton Source Development

In the area of x-ray sources and applica-
tions, [LSA researchers used Compton
scattering as a source of tunable x-rays tor
application to protein crystallography.
The central theme of the research
program is the detailed theoretical and
experimental study of the interaction ot
relativistic electrons and coherent photon
fields in vacuum. Electrons, the lightest of
the charged leptons, are point-like parti-
cles without any internal structure.
Photons are the quanta of the electromag-
netic field. A good example ot a coherent
photon tield is a laser pulse. [ts spectrum
(color content) is well defined, and a
simple mathematical expression encapsu-
lates all its characteristics.

The field of research involving x-ray
sources and the interaction with charged
particles contains a wealth of exciting
phenomena. For example, ultrahigh-inten-
sity laser pulses can coherently accelerate
electrons in vacuum by generating very
high electric field gradients (that is, the
electrons gain much energy—thousands of
electronvolts—over a short distance as
measured in microns). The same laser
pulses can also be used in collision with
the relativistic electrons to produce x-ray
flashes by way of the Compton scattering
mechanism.

One of the most exciting applications of
this research is in x-ray protein crystal-
lography. Together with recombinant
DNA technology, x-ray protein crystal-
lography establishes a new paradigm for
drug design and synthesis. One of the
primary purposes of this work is to
establish a theoretical formalism capable
of fully describing the 3-D nature of the
interaction as well as the influence of the
electron and laser beam phase-space



topologies upon the x-ray spectral
brightness. This is the first detailed
analysis of its kind. The new radiation
theorem demonstrated and used in this
work is general in nature, and it may
represent a useful contribution to the
tield ot classical electrodynamics. The
key characteristics of an x-ray source
useful for protein crystallography are
small size, low angular divergence, good
transverse coherence, and high-average
spectral brightness. In turn, these
requirements determine the necessary
electron and laser-beam qualities.

In 2002, IL.SA will start a research
program that will use a compact, high-
quality, integrated electron linac in
conjunction with a tabletop terawatt laser
to produce high-brightness x-ray tlashes
at a repetition rate of 10 hertz. This
system will demonstrate proot-of-prin-
ciple Compton x-ray generation, and it
will also allow the detailed benchmarking
of ILSA’s 3-D x-ray code. Another impor-
tant component of this program is system
scalability to higher repetition rates.

Warm Dense Matter

ILSA is initiating both experimental and
computational studies in the area of warm
dense matter. The construction of a short-
pulse, tunable x-ray laser source will be a
watershed for plasma-based research and
will extend the ability of plasma physi-
cists to study the regime of warm dense
matter. Two separate areas of investiga-
tion are the laser probing ot near-solid
density plasmas, and the laser-plasma
spectroscopy of ions in plasmas.

Warm dense matter reters to that part ot
the density-temperature phase space
where the standard theories of condensed
matter physics and /or plasma statistical
physics become invalid. Warm dense
matter, theretore, detines an intermediate
region of temperature and density
between solids and plasmas. This is a
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regime tound in planetary interiors, in
cool dense stars, and in every plasma
device that starts trom a solid, such as
laser-solid-matter-produced plasma, as
well as all inertial fusion schemes. In this
state of matter, atomic, molecular, and
lonic interactions may all be important.
The properties of this state of matter are
important to astrophysics and relevant to
the production of inertially contined
fusion reactions.

Previously, the study of dense plasmas
has been severely hampered by the
unavailability of laser-based methods. The
single most usetul diagnostic of local
plasma conditions—the temperature (T.),
the density (1), and the ionization (Z)—
has been Thomson scattering. However,
because visible light will not propagate at
electron densities, > 1022 cm  indicates
that dense plasmas cannot be probed. The
fourth-generation free-electron-laser-
(FEL-) based sources, such as the Linac
Coherent Light Source (LCLS) and
TESLA, will remove these restrictions. In
other words, these FELs will do for
plasma research what the visible laser did
for physics starting in the late 1960s.

Laser-based plasma spectroscopic tech-
niques have been used with great success
to determine the line shapes of atomic
transitions in plasmas, study the popula-
tion kinetics of atomic systems embedded
in plasmas, and look at the redistribution
of radiation. However, the possibilities
end for plasmas with n, = 1022 ecm™°
because light propagation through the
medium is severely altered by the plasma.
Therefore, the development of the short-
wavelength FELs will make available the
entire tield of high-Z plasma kinetics of
importance to beam machines, laser-
produced plasmas, astrophysical studies,
and inertial tusion-related science.

23
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Integrated Optical

Waveguide Devices

In the area of integrated optical wave-
guide devices, [L5SA is exploring new
ways of making integrated waveguide
devices in glass. An example of such a
device is the integrated trequency-
doubled waveguide laser, schematically
shown below in Fig. 49.

This device combines a waveguide laser-
emitting light at some frequency omega
(w-) with a frequency-doubling element,
which converts the laser light to
frequency 2-omega (2m). The waveguide
laser uses Bragg gratings as its cavity
mirrors, and the x(z) grating is used to
double the frequency of the fundamental
laser beam. The successful fabrication of
this kind of device requires the proper

/Pump (1w)

Bragg gratings —— L=

Waveguide

Rare-earth
doped glass

1(2) grating

20

Fig.49. This schematic diagram shows an integrated frequency-doubled
waveguide laser under investigation by ILSA in the PAT Directorate.

choice of host material and the subse-
quent addition of new functionalities to
the glass through a number of different
processing techniques.

The first required processing step is to
fabricate a waveguide in the host glass
through an ion-exchange process or the
femtosecond-laser writing technique. In
this latter technique, refractive index
changes are induced inside a glass by
using femtosecond-laser pulses tightly
focused inside the material. Waveguides
can be tabricated inside the glass by
scanning the glass with respect to the
focal point of the laser beam.

[LSA researchers are studving the proper-
ties of waveguides that are fabricated
using this technique. Their investigation
is focusing on the magnitude of the
induced index change as well as the mode
structure and optical loss of the wave-
guide. Researchers are also interested in
understanding the atomic-scale structural
changes that occur in the glass as a result
of femtosecond-laser modification.

Recently, waveguides have been fabri-
cated in fused silica using tightly focused,
800-nanometer, 130-femtosecond laser
pulses at fluences between 5 and 200
joules per square centimeter. Other more
complex, 3-D structures have also been
fabricated, including curved waveguides,
splitters, and interferometers.



Fellowships

American Physical Society

The American Physical Society (APS)
Fellowship recognizes investigators who
have made advances in knowledge
through original research or who have
made significant, innovative contributions
in the application of physics to science
and technology. Each year, no more than
one-half of 1 percent of the current APS
membership is elected to the status of
Fellow. During 2000 and 2001, four physi-
cists from LLNL’s Physics and Advanced
Technologies (PAT) Directorate were
named APS Fellows for their outstanding
contributions to physics.

Physicist Ann Orel Woodin was elected a
Fellow of the APS in November 2000.
Woodin was honored for “pioneering the
understanding and development of theo-
retical methods for studying excitation,
ionization, and dissociation of polyatomic
molecules.” Woodin divides her time
between the Laboratory and the
University of California at Davis, where
she is a professor in the Department of
Applied Sciences and a graduate advisor.
Her research is currently focused on what
happens to low-energy electrons when
they interact with molecules.

Robert Cauble, the PAT Condensed
Matter Physics Division (H Division)
leader, was also named an APS Fellow in
November 2000. Cauble was cited by the
APS for his “important contributions to
the understanding of the equation of state
(EOS) of dense, strongly coupled
plasmas.” Cauble’s work included
shocking matter to a million atmospheres’
pressure to measure the EOS—how pres-
sure varies with temperature and
density—of that matter.
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PAT Awards 2000-2001

Peter Beiersdorfer, a Laboratory physicist
in the High-Energy-Density Physics and
Astrophysics Division, was elected to the
status of APS Fellow in December 2001.
Beiersdorfer, the group leader for Atomic
Spectroscopy, was honored for his “many
contributions to precision x-ray spec-
troscopy of highly charged systems and
application of this spectroscopy to
plasma and astrophysical problems.”
Beiersdorfer, who joined the Laboratory
in 1988, earned his bachelor’s and
master’s degrees in physics at Auburn
University, and his master’s degree and
Ph.D. in plasma physics at Princeton
University.

Karl van Bibber, chief scientist in the PAT
Directorate, was also named an APS
Fellow in December 2001. Van Bibber was
cited for his “leadership role in an ultra-
sensitive search for dark-matter axions and
the conception of other elegant experi-
ments for detection of the axion.” Van
Bibber received his bachelor’s degree and
Ph.D. at the Massachusetts Institute of
Technology. He came to the Laboratory in
1985 from Stanford University, where he
had been an assistant professor of physics.
He started the High-Energy Physics and
the Accelerator Technology Groups in 1991
and was the Laboratory’s project leader for
the construction of the B Factory.

American Association for the
Advancement of Science and Fusion
Power Associates Leadership Award
The American Association for the
Advancement of Science (AAAS)
Fellowship recognizes scientists for their
efforts toward advancing science or
fostering applications that are deemed
scientifically or socially distinguished. In
December 2000, LLNL physicist

Robert Cauble

Peter Beiersdorfer

Karl van Bibber
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John Lind|

Lloyd Hackel and Ralph Jacobs

John Lindl was named an AAAS Fellow.
Lindl was cited for his “distinguishing
contributions to the understanding of
high-energy-density matter and to the
development of inertial confinement
fusion.”

In 2000, Lindl also received a Leadership
Award from the Fusion Power Associates
for his outstanding leadership qualities in
accelerating the development of fusion.
The Fusion Power Associates is a research
and educational foundation that provides
information on the status of fusion devel-
opment and other applications of plasma
science and fusion research.

Lindl, the head of the PAT Directorate’s
Fusion Energy Program, first joined the
Laboratory in 1972 as a physicist in A
Division-Laser Target Design. He served
as associate program leader for theory
and design in the Inertial Confinement
Fusion (ICF) Program, division leader for
X Division—-ICF Target Design, and acting
ICF program leader before becoming the
ICF Program’s scientitfic director in 1994,

Lindl earned his bachelor’s degree in
engineering physics at Cornell University,
and his master’s degree and Ph.D. in
astrophysics at Princeton University.
Lindl was elected as an APS Fellow in
1984. Some of his other honors include
the 1993 Edward Teller Medal in Inertial
Fusion and the 1994 E. O. Lawrence
Award. In 1998, Springer-Verlag
published a book written by Lindl on the
physics of inertial confinement fusion.

Other Awards

Federal Laboratory Consortium for
Technology Transfer—Excellence in
Technology Transfer Award

The Federal Laboratory Consortium (FLC)
in Technology Transfer recognizes indi-
viduals and teams at federal laboratories
with Excellence for Technology Transfer
Awards for uncommon creativity and
initiative in transferring to the private
sector an advanced technology that signif-
icantly benefits industry, state and local
governments, and /or the general public.
Nominations are judged by

representatives from industry, state and
local governments, academia, and the
federal laboratories.

An FLC Excellence in Technology Transfer
Award was presented to physicist Steve
Lane, associate program leader in the PAT
Directorate’s Medical Technology Program
(MTP), and Kevin O’Brien, Connie Pitcock,
Tom Peyser, Chris Darrow, and Joe Satcher.
The MTP team has been working for more
than five years on glucose monitoring tech-
nology that would be integrated with an
insulin delivery device to form a biome-
chanical pancreas. Through MTP’s work
and in partnership with MiniMed, Inc., of
Northridge, California, the biomechanical
pancreas is being developed for both Types-I
and II diabetes patients. LLNL's design
encompasses a sensor that would be
embedded under the skin of patients and
that would monitor glucose levels and
signal an insulin pump to administer insulin
when needed. The technology is featured in
the section on the MTP.

Lloyd Hackel and Ralph Jacobs of the
NIF Programs and the PAT Directorates,
respectively, received an FLC Award for
their submittal, “LaserShot Peening
System.” Two other recipients were John
Woolridge from the Office of Legal
Counsel and Curt Thiesen from the
[ndustrial Partnerships and Collaboration
Office. This technology is designed to
extend the life of critical metal parts—
from aircraft engine fan blades to artificial
knee and hip joints. The technique
involves repeatedly striking materials
with intense shock waves generated by a
pulsed laser beam, thereby inducing
compressive stress that reduces metal
failure and corrosion cracking. LaserShot
peening will augment conventional shot
peening, in which materials are
bombarded with very tiny metal balls.
The LaserShot Peening technique will be
used in areas where greater depths of
compressive stress are required to keep
high-value parts, such as jet engines, from
failing. The LaserShot Peening System is
the subject of a cooperative research and
development agreement between LLNL
and Metal Improvement Co., Inc., (MIC)
of Paramus, New Jersey.



An FLC Award was given to the LLNL
team that included PAT researchers tor
“PEREGRINE, a 3-D Monte Carlo
Radiation Dose Calculation Therapy
System,” a revolutionary tool for
analyzing and planning radiation
treatment for cancer patients. PERE-
GRINE combines the Laboratory’s
expertise in nuclear physics with its profi-
ciency in computer modeling to deliver a
system that more exactly estimates the
radiation dose being delivered to a
specific tumor and nearby tissue. Led by
the principal investigator/program
leader, PAT’s Christine Hartmann-
Siantar, the PEREGRINE team includes
Brian Guidry, Don Jong, Rosemary
Walling, Ed Moses, Tom Daly, Sarita
May, Paul Bergstrom, Ralph Patterson,
Don Fujino, Ron House, Jim Rathkopf,
Clark Powell, Dave Knapp, Larry Cox,
Lila Chase, Dewey Garrett, Steve
Hornstein, Bill Chandler, and Alexis
Schach von Wittenau. Also named in the
award were Jim Sommercorn of the
[ndustrial Partnerships and
Commercialization Oftice, and John
Woolridge of the Laboratory Counsel’s
Oftice. The PEREGRINE technology has
been licensed to NOMOS Corporation of
Sewickley, Pennsylvania.

U.S. Department of Energy

Bright Light Award

The Bright Light Award honors discov-
eries and innovations from the DOE
complex that benefit the American public,
contribute to U.5. competitiveness in the
global marketplace, and have the poten-
tial for significant growth. A panel of
DOE citizen judges, who had to choose
five innovations from among 23 discov-
eries or innovations developed between
1999 and 2000, selected the recipients of
the Bright Light Awards.

The MTP-led team was one of the research
groups honored nationwide for its work on
a recent consumer-oriented innovation. The
team members have been working for
more than five yvears on the glucose moni-
toring technology that will be integrated
with an insulin delivery device developed
by MiniMed, Inc. Led by physicist Stephen
Lane ot MTP, the LI.NL. team is shown in
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Members of the PEREGRINE team are (left to right): Brian Guidry, Don Jong,
Rosemary Walling, Ed Moses, Tom Daly, Sarita May, Paul Bergstrom, Ralph
Patterson, Don Fujino, Ron House, Christine Hartmann-Siantar, Jim Rathkopf,
Clark Powell, and Dave Knapp. Not pictured are Larry Cox, Lila Chase, Dewey
Garrett, Steve Hornstein, Bill Chandler, and Alexis Schach von Wittenau.

The DOE Bright Light winners, from left: Doug Cary, Tom Peyser, Robert
Sanner, Steve Lane, Natasha Zaitseva, Anne Escaron, Robert Glass, Joe
Satcher, Robert Maxwell, and Bob Reibold. Not pictured are Glenn Fox, Chris
Darrow, and Karen Lauer. This team also received a FLC Excellence in

Technology Transfer Award.

the photo above. A Bright Light Award was
presented to the research team at a White
House ceremony in January 2001.

American Astronomical Society—
Beatrice M. Tinsley Prize

In 2000, the American Astronomical
Society awarded the Beatrice M. Tinsley
Prize to Charles Alcock, former head of
PAT’s Institute tor Geophysics and
Planetary Physics. The Beatrice Tinsley
Prize recognizes outstanding research
contributions to astronomy or astro-

4

Charles Alcock

physics of an exceptionally creative or
innovative character. The LLNI -led inter-
national project team tested the hypoth-
esis that a signiticant fraction of the dark
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Pictured with Brig. Gen. Thomas Giaconda (left) are members of the GEANIE
Cross Section Measurement team, from left: Rudolf Bauer, Mark Stoyer, Daniel
Archer, Dennis McNabb, John Becker, Lee Bernstein, Walid Younes, Paul
Garrett, Hong Chen, and Petr Navratil. Not pictured are Christopher McGrath,
W. Erich Ormand, John Anderson, and Frank Dietrich.

Francois Gygi

Ellen Corey

matter in the halo of the Milky 