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EXECUTIVE SUMMARY

The National Ignition Facility (NIF) houses the world's largest laser, consisting of

192 intense laser beams that can deliver to a target nearly two million joules of ultraviolet
laser pulses of nanosecond duration. Mission goals of this National Nuclear Security
Administration (NNSA) sponsored facility include laboratory investigations of phenomena at
extremes of temperature and pressure for stockpile stewardship, inertial confinement fusion
(ICF), and fundamental basic science. With more than 50 times the energy of any previous
laser system, the NIF enables scientific investigations using unique extreme laboratory
environmental conditions, including

Densities of ~ 10° g/cm?,

Neutron densities as high as 10%°/cm?,

Unprecedented areas at pressures greater than 10™* atm,

Unprecedented volumes of matter having temperatures exceeding 10° K, and
Unprecedented volumes of matter having radiation temperatures exceeding 10° K.

Only three places in the Universe have produced extremes close to such conditions: the Big
Bang, when the Universe was born in a primordial fireball; the interiors of stars and planets;
and thermonuclear weapons. Nothing within orders of magnitude of the neutron densities that
will be produced in the NIF has been available for laboratory experiments until now. The
capabilities of NIF and related smaller high-energy-density research facilities are ushering in
a new era of investigative opportunities that will have a transformative impact in many fields.
These fields include planetary and space physics; radiation transport and hydrodynamics;
nuclear astrophysics; the science of ultradense materials and materials damage; many areas
of plasma physics; laser-plasma interactions, ultraintense light sources, and nonlinear optical
physics; novel radiation sources; and other topical areas involving the interplay of
electromagnetic, statistical, quantum, and relativistic physics.

In particular, accelerated progress toward grand challenges in the disciplines of laboratory
astrophysics, nuclear physics, materials in extremes and planetary physics, and beam and
plasma physics is how possible with the advent of NIF. The ability to access and diagnose
key physical observables in NIF’s extremes provides unique opportunities for discovery.
Further, the development of diagnostics and measurement capabilities that can perform in the
NIF environment is a grand challenge that will open additional routes to innovation and
discovery.

Success by a broad user community in utilizing and advancing NIF’s capabilities requires not
only a unique experimental tool but also a robust facility governance model and transparent
user processes. Existing intermediate-scale high-energy-density facilities, as well as the
broader family of Office of Science user facilities, provide a guide toward success in this
area. By profiting from and partnering with these other facilities, NIF has a significant
opportunity to further enhance its impact in increasingly broad areas of science.
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Against this backdrop of unique capability and high scientific potential, a workshop of
approximately 100 international leaders spanning the breadth of the science opportunities
described above was convened in Washington, DC, in May 2011. The purpose was to
explore “Basic Research Directions for User Science at the National Ignition Facility.” While
a number of recent workshops have documented the challenges of high-energy-density
science, far fewer have focused on the full breadth of science enabled by NIF. Therefore, the
present workshop focused on a broader definition of “NIF user science” as well as specific
implementation challenges and opportunities to maximize the impact of NIF in the next
decade. This report documents the fruits of those efforts.

In the end, workshop attendees enthusiastically concluded that NIF science represented a
broad suite of exciting opportunities and urgent research directions that span laboratory
astrophysics, nuclear physics, materials in extremes and planetary physics, and beam and
plasma physics. Assuming that appropriate intellectual and financial investments are made,
the next decades hold bright promise for rapid progress in scientific discovery through the
appropriate utilization and continued development of the NIF and related synergistic
capabilities.
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BASIC RESEARCH DIRECTIONS FOR USER SCIENCE AT THE
NATIONAL IGNITION FACILITY

INTRODUCTION

The National Ignition Facility (NIF) enables scientific investigation using unique extreme
laboratory environmental conditions, including

Densities of ~ 10° g/em?®,

Neutron densities as high as 10%°/cm?,

Unprecedented areas at pressures greater than 10 atm,

Unprecedented volumes of matter having temperatures exceeding 10° K, and
Unprecedented volumes of matter having radiation temperatures exceeding 10° K.

Only three places in the Universe have produced extremes close to such conditions: the Big
Bang, when the Universe was born in a primordial fireball; the interiors of stars and planets;
and thermonuclear weapons. Nothing within orders of magnitude of the neutron densities that
will be produced in NIF has been available for laboratory experiments until now. The
capabilities of NIF and related smaller high-energy-density research facilities are ushering in
a new era of investigative opportunities that will have a transformative impact in many fields.
These include planetary and space physics; radiation transport and hydrodynamics; nuclear
astrophysics; the science of ultradense materials and materials damage; many areas of plasma
physics; laser-plasma interactions, ultraintense light sources, and nonlinear optical physics;
novel radiation sources; and other topical areas involving the interplay of electromagnetic,
statistical, quantum, and relativistic physics.

The purpose of this report, and the workshop from which it is derived, is to identify scientific
challenges and research directions in laboratory astrophysics, nuclear physics, materials in
extremes and planetary physics, and beam and plasma physics that NIF’s capabilities can
uniquely address, and having identified these priority directions, to identify capability gaps as
well as user science processes with the maximum likelihood of achieving success on the
timescale of a decade.

Approximately 100 researchers from across the scientific community, spanning domestic and
international universities, national laboratories, and industry, gathered in Washington, DC, in
May 2011. Specifically, the workshop emphasized research needs in the areas of laboratory
astrophysics, nuclear physics, materials in extremes and planetary physics, and beam and
plasma physics. Inertial confinement fusion (ICF), a scientific challenge discussed
extensively elsewhere, was not a principal topic of this workshop.

A fifth panel explored cross-cutting facility governance-user issues. Workshop participants
identified a series of Priority Research Directions and the capabilities required to achieve
success.
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The workshop began with a series of plenary talks framing the mission opportunities. Donald
Cook from NNSA, William Brinkman from the Office of Science, and Under Secretary for
Science Steven Koonin provided Department of Energy (DOE) perspectives on the mission
opportunities. The current state of NIF as a facility and its operational experience as well as
capabilities and plans for future diagnostics and targets were reviewed, as was the current
state of science in key areas that NIF could potentially impact. The important work of
defining discipline-specific challenges that NIF can address within the next decade that will
make a difference for science was completed through many hours of discussion and debate
within panels of community thought leaders. The resulting Priority Research Directions are
summarized in Table 1 and are discussed in detail in the body of this report. These research
directions and this report are divided into four areas of opportunity to meet discipline-
specific challenges.

Table 1. NIF User Science Priority Research Directions

Panels Priority Research Directions

1. Laboratory Astrophysics 1.1 Simulating Astrochemistry: The Origins and Evolution of
Interstellar Dust and Prebiotic Molecules

1.2 Explanation for the Ubiquity and Properties of Cosmic Magnetic
Fields and the Origin of Cosmic Rays

1.3 Radiative Hydrodynamics of Stellar Birth and Explosive Stellar
Death

1.4 Atomic Physics of lonized Plasmas

2. Nuclear Physics 2.1 Stellar and Big Bang Nucleosynthesis in Plasma Environments

2.2 Formation of the Heavy Elements and Role of Reactions on Excited
Nuclear States

2.3 Atomic Physics of lonized Plasmas

3. Materials at Extremes and 3.1 Quantum Matter to Star Matter

Planetary Physics 3.2 Elements at Atomic Pressures

3.3 Kilovolt Chemistry

3.4 Pathways to Extreme States

3.5 Exploring Planets at NIF

4. Beam and Plasma Physics 4.1 Formation of and Particle Acceleration in Collisionless Shocks

4.2 Active Control of the Flow of Radiation and Particles in HEDP

4.3 Ultraintense Beam Generation and Transport in HED Plasma

4.4 Complex Plasma States in Extreme Laser Fields

In the first area, NIF offers unique opportunities for laboratory research to address issues that
apply to the cosmos. It can create unprecedented volumes of material under conditions of
astrophysical relevance by heating with lasers, intense photon fluxes, shock waves, or
gradual compression. For example, one megajoule of energy deposited by NIF would heat a
70-cm cube of atmospheric gas to 10,000 K or a 7-mm cube of ice to 1,000,000 K. An
important goal of the laboratory astrophysics panel was to go beyond the work of previous
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reports relating to astrophysical plasmas and plasma dynamics to identify novel opportunities
in related fields such as astrochemistry or astrophysical dust and ice. The panel unanimously
concluded that such opportunities exist and that, in general, novel phenomena that NIF can
produce will be of interest for their fundamental scientific value in addition to their
astrophysical relevance.

In the second area, the availability of NIF opens a new dimension of experimental
opportunities for the nuclear science community and may open a new research direction for
plasma nuclear physics. Probing nuclear interactions and nuclear atomic interactions in a
plasma environment can address many of the questions that, owing to the complexity of the
processes, have so far only been studied with rather crude phenomenological models. A hot
dynamic plasma environment is a challenging medium to study, but the experience
developed at existing smaller scale laser plasma facilities has generated a number of new
techniques that can be used for a new generation of experiments in this novel environment.

In the third area, NIF offers unprecedented opportunities for the study of matter in new
regimes of pressure, temperature, and strain rate. The conditions reachable at the facility—up
to 1000-fold compression—will provide answers to fundamental questions about condensed
matter and are likely to reveal entirely new phenomena in materials. Under these conditions
the chemistry of the elements changes as core electrons, and not just valence electrons,
participate in bonding. The nature of material strength, transport, and defects is virtually
unknown in such an environment. Hence, the results will be essential for understanding the
origins and evolution of planets, including the many exoplanets that have been discovered
outside our solar system, as well as for characterizing the path to thermonuclear fusion:
whether the transition from planets to stars, or the production of fusion energy in the
laboratory. The implications span a broad range of scientific problems, from understanding
fundamental interactions in dense matter to making new materials to understanding the
interiors of planets, brown dwarfs, and stars.

In the fourth area, with anticipated progress in theory, in simulation tools and computers, in
experimental facilities, and in diagnostics, there are many opportunities for accelerated
discovery in the beam and plasma areas. Some of this accelerated discovery can only be
achieved with NIF together with NIF’s Advanced Radiographic Capability (ARC). Many
areas for possible discovery require plasma lengths and volumes that can only be generated
with NIF. Some require the energy of a NIF beam directly while others require the focusing
of ARC onto a compressed plasma formed by NIF. In addition, one area for discovery is in
igniting nuclear fusion in a dense plasma, and this can only be studied at NIF.

Lastly, building on this foundation of science opportunity, the cross-cutting facilities panel
was motivated by three guiding principles: i) maximize the probability of success of NIF
science on a decadal timescale, ii) accelerate the growth of a sense of scientific community
among NIF users to enhance their collective impact, and iii) profit from best practices and
lessons learned from other relevant facilities to optimize the efficiency and effectiveness of
NIF as a scientific user facility. As a result of the workshop, suggestions and
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recommendations in the areas of facility policies and governance, facility operations
considerations, and community outreach and education emerged as topics that the panel
believes will contribute directly to the successful realization of the science opportunities
outlined above and discussed in the body of this report.
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The National Ignition Facility Today
The National Ignition Facility (NIF) at Lawrence Livermore National Laboratory (LLNL) is the world’s
largest laser, delivering 50 times more energy than any previous laser system. Construction of NIF was
completed in March 2009, and today the laser is fully operational, providing 24/7 experimental access to a
broad community of users. The main experimental focus is the demonstration of laboratory ignition via
inertial confinement fusion in support of the NNSA Stockpile Stewardship Program (SSP). Other users from
the SSP, broader national security, and fundamental science communities have also begun conducting
experiments on the NIF.

NIF is made up of 192 individual laser
beams grouped into four 48-beam
“clusters,” each of which consists of six 8-
beam “bundles.” To date, NIF has
demonstrated a total of 1.6 megajoules of
ultraviolet light (third harmonic or 3®) on
target in a pulse of 20 nanoseconds for a
total power of nearly 420 terawatts.
Ultimately, the laser will be capable of
delivering nearly 1.8 megajoules and 500
terawatts in the ultraviolet (UV); this level
of performance has been demonstrated on
a single bundle. In addition, NIF could
provide nearly twice this energy at the
second harmonic (2w). The laser is very R :

flexible, capable of providing pulses of National Ignition Facility at Lawrence Livermore

various energy, shape, and duration. National Laboratory.
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Power/beam in terawatts as a function of energy per beam for a variety of
pulse durations, demonstrating the flexibility of the NIF laser system.
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The National Ignition Facility Today (Cont.)
NIF provides a very flexible environment for target illumination. The target configuration for many
experiments utilizes a hohlraum to convert the laser energy to an x-ray drive. Hohlraums have been
demonstrated for long-duration drives at a peak radiation temperature (T,) of 130 eV and, for shorter
duration drives, at a higher peak, T, exceeding 320 eV. In this configuration 96 beams are directed into the
top of a vertically oriented gold cylinder, and the remaining 96 beams are directed into the bottom. The
beams are arranged into 4 cones with angles of incidence on the hohlraum wall of 23.5°, 307, 44.5°, and 507,
respectively. Some of the beams may also be pointed to a spot away from the hohlraum to create an x-ray
back-lighter as a diagnostic probe. These beams can be independently timed and delayed relative to the main
pulse, allowing for a series of diagnostic pulses to be delivered. Alternatively, the beams may be used to
directly illuminate the target, again with great flexibility in pulse duration, temporal evolution, and energy.
A variety of phase plates are available to provide tailored spot profiles and sizes to ensure uniform
illumination.

NIF is also developing a short pulse capability called the “Advanced Radiographic Capability” or ARC.
ARC converts four beams of NIF into eight “beamlets” that can be independently delayed, each beam
providing pulse durations from 1 to 50 ps with energies ranging from 400 to 1700 J at 1®. Each beam will
have intensities on target of 1 x 10™® W/cm? at 2-ps pulse duration. Such high-intensity short pulses can be
used to generate high-energy (75-200 keV) x-ray back-lighters that enable multiple radiographs of high areal
density targets, such as compressed ignition capsules. Short pulse beams will also enable studies of novel
ignition schemes such as fast ignition wherein the ignition capsule is precompressed with the long pulse
beams to a modest compression, and then the hot spot is ignited with an injection of hot electrons into the
core of the fuel.

A broad suite of diagnostics has been developed for use at the NIF to provide information on both laser and
target performance. These include optical, x-ray, gamma, neutron, and charged particle diagnostics. Some
diagnostics have permanent locations on the target chamber, such as instruments to measure hohlraum
radiation temperatures and laser backscatter from hohlraums, while others can be configured for each shot
and are inserted into the NIF chamber via diagnostic insertion manipulators (DIMs) located at (90,78), (90,
315), and (0,0). Several diagnostics have been hardened against the harsh radiation environments that will be
present as fusion yields are increased in the facility. The facility also will have the capability of performing
radiation chemistry measurements by both neutron activation (gaseous collection) and charged particle
activation (solid collection) and neutron activation detection via witness foils. Approximately 50 diagnostics
are now operational at NIF; a representative sampling of current diagnostics is listed in the table below.
Additional information on NIF capabilities may be obtained by contacting the NIF User Office.

Diagnostic —SEs
Alignment

Near Backscatter
Imager

Diagnostic
Instrument
Manipulator (DIM) FFLEX

X-ray imager / ) 5 . / Hard x-ray

spectrometer
Streaked
x-ray detector o i) Diagnostic
P |
!ﬁ ‘ Instrument
, Manipulator
DANTE (DIM)
Soft x-ray
temperature >
Static x-ray
imager VISAR
Full — Velocity
Aperture Cross Measurements
Backscatter Timing
System

Layout of the fixed diagnostic capabilities on the NIF target chamber.

8 Introduction



The National Ignition Facility Today (Cont.)

Diagnostic

Capabilities

Position

Streak Camera (DISC)

Time resolved x-ray camera

DIM

Static X-ray Imager (SXI)

Time integrated x-ray imager

Fixed (161, 326 and 18, 124)

Dante

Broad-band time resolved x-ray
spectrometer

Fixed (143, 274 and 64, 350)

Full Aperture Backscatter
Stations (FABS)

Shape, power and spectrum of
reflected light back into focus
lens

Fixed (150, 236 and 130, 185)

Near Backscatter Imager (NBI)

Power, spectrum and angular
distribution of light back-
scattered near lens

Fixed (150, 236 and 130, 185)

Gated X-ray Detectors (GXD)

Time gated x-ray detectors

DIM

Filter Fluorescer (FFLEX)

Broad-band high energy (20-400
keV) x-ray spectrometer

Fixed (90, 110)

Electro-Magnetic Pulse (EMP)

Chamber area EMP emission
detector

Fixed (102, 84)

Neutron Time-of-Flight (NTOF)
—45m

Neutron time-of-flight
measurement for yield and bang
time measurements

Fixed (64, 253; 64, 275; 64,
309; 64, 330)

NTOF—-20m

Neutron time-of-flight
measurement for yield and bang
time measurements

Fixed (90, 174 and 116, 316)

Velocity Interferometer System
for any Reflector (VISAR)

Time resolved Doppler velocity
camera

Fixed (90, 315)

Streaked Optical Pyrometer
(SOP)

Time resolved optical camera

Fixed (90, 315)

Gamma Ray History (GRH)

Time and spectrally resolved
gamma emission

Fixed (64, 20)

Magnetic Recoil Spectrometer
(MRS)

Neutron spectrum via neutrons
converted to protons and energy
analyzed by magnetic deflection

Fixed (77, 324)

High Energy X-ray Imager High energy x-ray imaging DIM
(HEXRI) system
Wedge Range Filter (WRF) Energy resolved particle emission | DIM

Spectrometer

— EMP insensitive

Neutron Imager (NI)

Image primary and down-
scattered neutrons

Fixed (90, 315)
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LABORATORY ASTROPHYSICS

Introduction

Astrophysical systems are frequently so hot that they produce copious x-rays and are so
violent that they produce ionized, turbulent matter featuring strong magnetic fields or intense
radiation. Qualitatively, NIF and other large lasers produce these same elements and so can
be exploited in research that is relevant to astrophysics. Quantitatively, NIF opens up some
novel areas of research and pushes other areas of research into significant new regimes. This
panel report describes four research directions strongly connected to astrophysics and
enabled by NIF. One cannot, however, narrowly confine the astrophysical applications of
NIF. They arise in all areas of astrophysics, and other panels discuss them where appropriate.
This specifically includes applications of NIF to nuclear astrophysics (Nuclear Physics
Panel), planets (Materials in Extremes and Planetary Physics Panel), and relativistic shock
waves (Beam and Plasma Physics Panel).

Status of the Field

The application of high-energy lasers to astrophysics began in the 1990s, with work aimed at
hydrodynamics during explosions and the spectral absorption of x-rays by hot matter. This
work led to the growth of “high energy density laboratory astrophysics,” a field that now has
two international conferences. The ability to probe properties and processes that are relevant
to astrophysics is, in every case, limited by the available laser energy. By providing more
than a 50-fold increase in available energy, NIF enables both novel experiments, such as the
destruction of clumps of denser matter by radiative shocks, and the exploration of new
regimes, such as the study of magnetic field generation in important novel regimes.

Beyond this, NIF makes possible new science relevant to astrophysics that cannot be
undertaken anywhere else. The examples here relate to the evolution and chemistry of
condensed matter, beginning with small grains that form from the plasmas that flow out of
stars and other objects. These grains are known as “dust” and play an essential role in energy
transport and chemical evolution during planet formation. Those dust grains that become
covered by ice are likely locations for the photochemical interactions that produce the
precursors for life. Only NIF can study dust from its inception in plasma to grain formation
and to further processing by shocks or radiation. Only NIF can produce the type of x-ray
bursts needed, across all relevant energies, to see the photochemistry.

Opportunities for Accelerated Discovery

In the discussion of specific Priority Research Directions, we show how in each area NIF
enables novel discovery. We first provide here a brief overview of the discovery science
within our scope enabled by NIF. As just described, in the fast chemistry of condensed
matter, NIF will advance our ability to predict the chemical and material composition that
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exists during planet formation, the rate at which planets are accumulated, and thus to identify
which planetary systems are most likely to develop organic life.

In the area of the interstellar and intergalactic media, NIF can uniquely address two of the
grand mysteries of the cosmos: magnetization and cosmic-ray generation. Simple physics
calculations readily show that magnetic fields across the Universe should be quite weak;
observations, in contrast, show substantial magnetic fields. Laboratory study of magnetic
field generation is limited by the need to begin with weak magnetic fields, to produce shocks
or turbulent flows that can generate or amplify magnetic fields, and to avoid dissipation of
the fields by plasma heating. Even computer simulations are hampered with regard to plasma
heating; their numerical dissipation is too large to let them model the relevant phenomena.
NIF can access the novel regime in which the dissipation is small over several orders of
magnitude of structure size. In addition, some of the experiments that do this are directly
relevant to the generation of cosmic rays. The “Beam and Plasma Physics” chapter discusses
complementary research directions that explore other aspects of cosmic-ray generation.

Regarding the dynamics of stellar birth and death, one encounters hydrodynamic systems
involving strong shock waves in which radiation often plays an essential role. The
corresponding research areas of radiation hydrodynamics and compressible hydrodynamics
have been active, but progress to date has been limited by the available energy to drive
experiments. First, one has not been able to produce the sustained radiative shock waves that
are involved in the accumulation of matter that leads to thermonuclear supernovae or in the
destruction of molecular clouds (clumps) by high-Mach-number flows. Second, one has not
been able to produce diverging explosions in which the long-term evolution of explosive
instabilities can be followed. Third, one has not been able to observe the evolution of
convective turbulence beyond its very early phases. NIF and only NIF can overcome these
limitations and others, enabling substantial progress in understanding the dynamics of stellar
birth and death.

In the area of the interaction of x-rays with astrophysical plasmas, which depends strongly on
the atomic physics of ionized matter, NIF likewise can access new regimes. The plasmas near
black holes, near neutron stars, and in many binary stars are ionized by the x-rays produced
in those environments rather than by collisions, as is typical elsewhere. To interpret present
and future observations one needs to understand such systems and to test one’s ability to
model them. Only NIF can produce values of the key physical parameter that are solidly in
the astrophysical regime. In addition, stellar structure and evolution depend essentially on the
transport of x-ray radiation; indeed, studies of stars were what first developed the area of
radiation transport. This radiation transport, in turn, depends fundamentally on the absorption
and emission properties of the matter, especially of the high-Z elements such as iron. Only
NIF can produce states of matter as dense and as hot as the interior of the sun, enabling the
measurement of these properties under such conditions.
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In the course of identifying these research directions and identifying what might be done, we
identified advances in facility capability and diagnostics that would be required to pursue
them fully. Table 2 summarizes these facility needs.

Beyond the experimental capabilities listed in the table, most of these experiments require
design calculations to develop the experimental configuration and to help interpret the data.
Moreover, experience has shown that the intellectual center of such efforts tends to be where
the design simulations happen. Correspondingly, as the national community evolves toward
the emergence of collaborative teams that carry forward the work in various research
directions, it is important that each team has full-time design and experimental expertise in
addition to support from LLNL and/or other laboratories.

Table 2. Facility Needs for Laboratory Astrophysics

Facility Capability Needs

Beam delays to 10 ps Off-axis beam pointing to Induction coils to generate magnetic
10 cm fields

X-Ray Diagnostics

Large, field-of-view, high spatial Large aperture, high spectral Versatile x-ray scattering
resolution imager resolution imaging
spectrometer

Diverse x-ray spectroscopy

Optical Diagnostics
Interferometry Faraday rotation UV Thomson scattering
Large field imaging

Other Diagnostics
Particle spectrometers ARC proton imaging Capsule proton imaging
Surface science station

Summary

Only NIF can study dust from its inception in a plasma to grain formation and to
further processing by shocks or radiation. NIF can produce the type of x-ray bursts
needed, across all relevant energies, to see the photochemistry. NIF can achieve the
small normalized dissipation necessary to observe turbulent magnetic-field
generation. NIF can sustain steady radiative shock waves and diverging explosive
hydrodynamics long enough to see long-term nonlinear behavior, enabling substantial
progress in understanding the dynamics of stellar birth and death. NIF can produce
values of the key physical photoionization parameters that are solidly in the
astrophysical regime. NIF can produce states of matter as dense and as hot as the
interior of the sun, enabling the measurement of x-ray transport under such
conditions.
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Magnetic Reynolds number and why it matters
Magnetic fields are present in astrophysical objects ranging from stars to galaxies, active galaxies, and
clusters of galaxies. In all of these objects, the problem of understanding the origin of these fields is two-
fold: (1) understanding the origins of the seed fields that magnetic dynamos require in order to operate (the
“primordial field” problem) and (2) understanding the dynamo process itself, which is generally thought to
involve the interaction of turbulent flows with these seed magnetic fields.

In astrophysical systems, magnetic fields
dissipate slowly by comparison with the
timescales on which dynamos operate. In
contrast, the central difficulty in laboratory or
computational studies of turbulent magnetized
systems is to minimize the dissipation of the
magnetic field. The magnetic Reynolds
number measures the competition between
dynamic behavior, which includes dynamo
effects, and dissipation, which includes decay
by plasma heating and by diffusion. For a
system to be turbulent, it must include small
structures that are no larger than 1% the size
of its large structures. To produce and sustain
magnetic structure over such a range of sizes,
the magnetic Reynolds number must exceed
10,000.

This problem has limited previous attempts to
observe dynamo effects in the laboratory.
These have used conducting fluids such as
liquid metals. The problem is that the
conductivity of typical liquid metals is so low
and the maximum physical size of the
experimental devices is so small that the
effective magnetic Reynolds number in
laboratory dynamo experiments tends to be of
the order of 100 or less. In contrast, the fluid
Reynolds number in such experiments can be
of the order of 10° or larger, so these
experiments can sustain turbulent fluid
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Lines of constant magnetic Reynolds number,
Rey, for a fully stripped boron plasma. (They do
not move much on such a log-log plot as materials
change.) Values achievable by NIF and by kJ-class
lasers are indicated. Laboratory liquid-metal-
based experiments achieve Rey, ~ 100. The
magnetic Reynolds numbers achievable in
experiments at NIF could enable the first studies
of turbulent magnetic field generation.

structure. As a result, typical laboratory experiments tend to be characterized by highly turbulent fluids but
rather laminar (i.e., weakly perturbed) magnetic fields. As a result, it has so far proved to be impossible to
fully explore experimentally the ideas underlying modern turbulent magnetic dynamo theory. One might
hope that computer simulations could provide some insight, but in fact, they suffer the same limitation:
numerical diffusion limits their effective magnetic Reynolds number to several hundred.

Laser-driven plasma experiments at NIF can achieve effective magnetic Reynolds numbers that are orders of
magnitude larger than can be produced in liquid metal-based experiments or at current laser facilities like
OMEGA. Estimates suggest that one could reach magnetic Reynolds numbers of the order of 10,000 (see
figure). As a consequence, generation of genuine magnetohydrodyamic turbulence is possible, enabling the
study of the initial phases of turbulent magnetic field generation.
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Experiments on radiative alteration of Rayleigh-Taylor instabilities relevant to supernovae
Immediately after a star explodes, shock waves travel through the surrounding medium and initiate the
growth of structure by means of Rayleigh-Taylor instabilities like those that produce the structure in rising
cumulus clouds. When the medium is dense enough the shock waves can become radiative shocks. The
intense radiation they emit as they cool can alter the evolution of the instabilities. An early basic-science
experiment at NIF is exploring this

type of radiation hydrodynamics. The

experiment, led by the University of T E:g {[g‘:l':"{sr}

Michigan, involves Florida State Mband flux (GW/sr)

University, the University of Texas, S 350 18000

the University of Arizona, and 2 16000 =
personnel from LLNL and Los g 300 g
Alamos National Laboratory % 250 14000 o
(LANL). & 12000 ;’
The experiment uses a cylindrical E- - S é
gold cavity, known as a “hohlraum,” = 150 . _E
to produce a source of radiation _E 100 N ©
whose temperature is above 3 million B 4om B
degrees. The hohlraum for this type i 2000 @
of experiment must be filled with gas o 0 0

to mitigate the effects of stagnation

of plasma from the hohlraum walls Time (ns)

on its axis. Experiments to date have

demonstrated the diagnostic Data from a NIF shot to demonstrate that one could produce
technique (a type of radiography) and  a thermal x-ray source suitable for the radiative, supernova-
have tested this hohlraum. The relevant Rayleigh-Taylor experiment. The source

adjacent figure shows data from the temperature (Trad) of nearly 4 million degrees is shown on
demonstration of the hohlraum. This the left axis in units of electron volts. The figure also shows
test for many months held the record (right axis) the total radiation flux and the flux of more

as the hottest radiation source to date energetic x-rays produced by gold “M-band” emission. The
(3.8 million kelvin) from a gas-filled  target design must mitigate the otherwise adverse effects of
hohlraum. the M-band x-rays, which is straightforward to do once their

In the experiments using this flux has been measured.

hohlraum, anticipated in FY 2012,

the radiation will drive a shock wave through a layer of dense plastic, the analog of an exploding star, and
into a region of less dense foam, the analog of the matter surrounding the star. The shock wave in the foam
will be strongly radiative, and the radiation is predicted to strongly alter the unstable structure that will
develop at the boundary between the two materials. This will provide evidence of the effects that radiating
shock waves can have on instabilities in flowing plasma, and will provide evidence to test the validity of
astrophysical codes that simulate analogous phenomena in supernova remnants.
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Simulating Astrochemistry: The Origins and Evolution of Interstellar
Dust and Prebiotic Molecules

With NIF, for the first time we have the ability to recreate the evolution of a plasma to dust to
prebiotic molecules under astrophysically realistic conditions.

Introduction

A precursor to the formation of planets and ultimately to life is the existence of dust grains
and prebiotic (organic) molecules. The left portion of Fig. 1 shows a picture of the giant
galactic nebula NGC 3603, where the National Aeronautics and Space Administration
(NASA) Hubble Space Telescope captures various stages of the life cycle of stars in one
single view. To the upper left of center is the evolved blue supergiant called Sher 25. The star
has a circumstellar ring of glowing gas. The color of the ring and the bipolar outflows (blobs
to the upper right and lower left of the star) indicate the presence of processed (chemically
enriched) material. Near the center of the view is a so-called starburst cluster dominated by
young, hot Wolf-Rayet stars and early O-type stars. A torrent of ionizing radiation and fast
stellar winds from these massive stars has blown a large cavity around the cluster. Evidence
for the interaction of ionizing radiation with cold molecular-hydrogen cloud material appears
in the giant gaseous pillars to the right of the cluster. Dark clouds at the upper right are so-
called Bok globules, which are probably in an earlier stage of star formation. To the lower
left of the cluster are two compact, tadpole-shaped emission nebulae. Similar structures were
found by the Hubble Space Telescope in the Orion Nebula and have been interpreted as gas
and dust evaporation from possibly protoplanetary disks (proplyds).

The conditions in which these dust grains and prebiotic molecules form are harsh by any
measure. Stellar outflows spew out torrents of high temperature plasma. As these plasmas
expand and cool, they congeal into dust grains, a necessary precursor to the formation of
planets around their parent star. Further, some of these dust grains eventually acquire an icy
mantle outer layer, as is suggested by the grain on the lower right in Fig. 1. The persistent
exposure to ionizing radiation can initiate a chemical reaction in this icy mantle. This
reaction, in turn, can trigger the formation of prebiotic molecules, which is a key step toward
the formation of biology and life.

Opportunity

With NIF, for the first time we have the ability to recreate this transformational evolution of
plasma to dust to prebiotic molecules under astrophysically realistic conditions. By exploding
a suitable target at the center of the NIF chamber, an expanding star-like plasma outflow can
be created and probed as a function of position, time, and initial plasma outflow conditions.
Hence, in principle the dynamics of dust condensing out of an expanding plasma, in the
presence of harsh radiation fluxes and strong shocks, can be measured, modeled, and
understood. Further, with the ability to dial-in specific energy bands of intense radiation
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Fig. 1. Left: Life cycle of stars. True-color picture taken on March 5, 1999, with the Wide Field
Planetary Camera 2 of the Hubble Space Telescope. Credit: NASA, Wolfgang Brandner, JPL-
IPAC, Eva K. Grebel, University of Heidelberg. Right: Cartoon depicting the model of formation
and processing of cosmic carbon-dust grain formation. Source: Adapted from Pascoli and Polleux,
Astron. Astrophys. 359, 799 (2000); Credit: Cesar Contreras (NASA ARC and NPP) and Farid
Salama (NASA ARC).

fluences, the very critical radiation-driven chemistry, the key spark to the formation of
prebiotic molecules (and life) can be studied as a function of a wide variety of key
parameters. This proposed research is completely new, highly multidisciplinary, and
transformational in the field of science. Example research directions follow.

Research Directions

Dust is an important component of the interstellar medium of galaxies. Interstellar dust grains
are the building blocks of planets and a main source of radiative absorption in a range of
astrophysical environments. In cold and dense environments the dust grains also provide
catalytic surfaces for the formation of simple ices—water, methane, methanol, ammonia,
carbon monoxide, and carbon dioxide—which through interaction with radiation can evolve
into complex organic molecules, including amino acids and sugars. In protoplanetary disks
these icy grains stick together, forming larger bodies and eventually comets and planets.
Understanding how these grains and icy grain mantles form and evolve under astrophysically
relevant conditions is, therefore, key to predict the composition of planets and especially the
amount of organic material associated with the origin of life.

NIF provides unigue opportunities to study grain formation from pl